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CMB today (1994 actually...)
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COBE/FIRAS photon spectrum dataset of 43 measurements.

C. Gonzalez Diaz. PUC XII SILAFAE 2018 29-Nov-2018



Introduction

Fenomenology

The existence of those particles can be motivated as string compactifications.

C. Gonzalez Diaz. PUC XII SILAFAE 2018 29-Nov-2018



Introduction

Fenomenology

The existence of those particles can be motivated as string compactifications.

The Hidden photon arises as a U(1) gauge boson of a hidden sector.
It’s very light (WISPs).
Only interact with SM through our usual photon.

C. Gonzalez Diaz. PUC XII SILAFAE 2018 29-Nov-2018



Introduction

Fenomenology

The existence of those particles can be motivated as string compactifications.

The Hidden photon arises as a U(1) gauge boson of a hidden sector.
It’s very light (WISPs).
Only interact with SM through our usual photon.

ALPs interacts with photons also, only in the presence of electromagnetic fields.
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Photon-HP Oscillations
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L = −1
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BµνF

µν +
cosχ0

2

2
m2
γ′BµB

µ,

Non Orthogonal Lagrangian!, proposed transformation:

AR = cosχ0A,

S = B − sinχ0A,

New Lagrangian...

Lint = −1

4
FµνF

µν − 1

4
SµνS

µν +
1

2
(Aµ Sµ)TM2(Aµ Sµ) (1)
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Photon-HP Oscillations

M2 =

(
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γ′ sin

2 χ0 m2
γ′ sinχ0 cosχ0

m2
γ′ sinχ0 cosχ0 m2

γ′ cos2 χ0

)
. (2)

this matrix can be diagonalized by a simple rotation

U =

(
cχ0 −sχ0

sχ0 cχ0

)
and allows us to identify propagation states(

γ1
γ2

)
= U

(
γ
γs

)
and the probability

P vac
γ→γs = sin2 2χ0 sin

(
m2
γ′losc

4ω

)2

(3)
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Photon-HP Oscillations in a medium
just add a “mass term” for the photon 1

2m
2
γAµA

µ

this implies

M̄2 =

(
m2
γ′ sin

2 χ0+m
2
γ m2

γ′ sinχ0 cosχ0

m2
γ′ sinχ0 cosχ0 m2

γ′ cos2 χ0

)
.

this mass matrix is diagonalized now by

sin 2χ =
sin 2χ0√

sin 2χ0
2 + (cos 2χ0 − ξ)2

; cos 2χ =
cos 2χ0 − ξ√

sin 2χ0
2 + (cos 2χ0 − ξ)2

(4)

where

ξ =
m2
γ

m2
γ′
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Primordial plasma, mγ

the “mass term” refers to a effective photon mass acquired in the travel of the
photon trough the primordial universe

(mγ

eV

)2
' ω2

P − 2ω2(n− 1)H

= 1,4× 10−21
(
Xe − 7,3× 10−3

( ω
eV

)2
(1−Xe)

)( np
cm−3

)
, (5)
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Then...
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Then...

I0(ω) =
ω3

2π2
[exp(ω/T )− 1]−1
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Then...
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Then...
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where
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πm2
γ′χ

2
0

ω

∣∣∣∣∣d ln m2
γ(t)

dt

∣∣∣∣∣
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χ2 =
1

N − 1
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i=1

(
Iexp − I(χ0,mγ, z)

σexpi

)2

. (6)
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photon-HP exclusion plot with 99 % C.L.
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HP constraints obtained from arXiv:1002.0329. Summary of astrophysical,
cosmological and laboratory observations.
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Axion-Photon Oscillation
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Axion-Photon Oscillation

Lpseudoscalar = −1

4
g−FµνF̃

µνφ = g− ~B · ~Eφ

Lscalar =
1

4
g+FµνF

µνφ =
1

2
g+(B2 − E2)φ

⇒ Lpseudoscalar = g−BTωA||φ

⇒ Lscalar = g+BTωA⊥φ

sin 2θ =
2gBω√

m4
φ + (2gBω)2

; cos 2θ =
m2
φ√

m4
φ + (2gBω)2
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ALPs bounds in medium

sin 2θ̃ =
sin 2θ√

sin 2θ2 + (cos 2θ − ξ)2
; cos 2θ̃ =
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ALPs bounds in medium
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ALPs-photon exclusion plot with 99 % C.L.

C. Gonzalez Diaz. PUC XII SILAFAE 2018 29-Nov-2018



Finally...

3-particle Oscillations: ALPs-HP-photons
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3-particle Oscillations: ALPs-HP-photons
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SµνS

µν +
1
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gφSµνS̃
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3-Particle Mass Matrix

we can linearize the equations because the interactions between the particles
are very weak and terms like AγS, φS and SS can be neglected, obtaining

−(∂2t − ~∇2) ~A+ g sin2 χ0∂tφ~Bext =

(
m2
χ sin2 χ0 +

m2
γ

cos2 χ0

)
~A+

m2
χ sin 2χ0

2
~S

(7)

(∂2t − ~∇2)~φ+m2
φ
~φ = −g sinχ0∂t~S · ~Bext − g sin2 χ0∂t ~A · ~Bext (8)

−(∂2t − ~∇2)~S + g sinχ0∂tφ~Bext = m2
χ

(
cos2 χ0

~S +
1

2
sin 2χ0

~A

)
(9)
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3-Particle Mass Matrix
With the equations decoupled, we use the next Ansatz for the fields

~A(y, t) = eiωt ~A(y)

φ(y, t) = eiωtφ(y)

~S(y, t) = eiωt~S(y)

and, with the relativistic approximation (ω2 + ∂y) ≈ 2ω(ω − i∂y), the redefinitions
~A→ i ~A and ~S → i~S, the system (7), (8) and (9) takes the form

[(ω − i∂y)I2×2 + M1]

(
A⊥
S⊥

)
= 0 (10)

[(ω − i∂y)I3×3 + M2]

A‖φ
S‖

 = 0 (11)
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3-Particle Mass Matrix

M1 =

− 1
2ω

(
m2
χ sin2 χ0 +

m2
γ

cos2 χ0

)
−m

2
χ sin 2χ0

4ω

−m
2
χ sin 2χ0

4ω −m
2
χ cos2 χ0

2ω

 (12)

M2 =


− 1

2ω

(
m2
χ sin2 χ0 +

m2
γ

cos2 χ0

)
−gB2 tan2 χ0 −m

2
χ

4ω sin 2χ0

−gB2 tan2 χ0 −m
2
φ

2ω −gB2 tanχ0

−m
2
χ

4ω sin 2χ0 −gB2 tanχ0 −m
2
χ

2ω cos2 χ0

 (13)
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Effective mixing in matter

When we deal with oscillations in matter, there is a effective mixing of the
particles, related to the vacuum mixing. We have to compute this new mixing
through the multiplication of our non-diagonal mass matrix (13) with 3 different
rotation matrix, where each of one corresponds to a mixing coupling of the theory

Uχ23 =

 1 0 0
0 cχ23 −sχ23

0 sχ23 cχ23

 , Uχ13 =

 cχ13 0 sχ13

0 1 0
−sχ13 0 cχ13


and Uχ12 =

 cχ12 −sχ12 0
sχ12 cχ12 0

0 0 1


this is analogue to PMNS matrix for neutrino oscillations.
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Blue line corresponds to mφ = 0, g = 0, orange for mφ = 10−13, g = 10−21 and
green for mφ = 10−13, g = 10−19. χ0 was fixed to 10−5 and mγ′ = mγ
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