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Gravitational evidences  of dark matter

•  •  •  •  •  by hand

DM is neutral, stable (                             ), cold,                         , has constrained 
          cross section on Nucleon, produces constrained fluxes of cosmic rays, BBN, ....

τDM > 1026 sec ΩDM ! 23%

                                           but this still leaves an enormous freedom for the DM particle (mass, 
 spin, interactions, stabilization mechanism, ...) 

‐At galactic scale: velocity distribution of stars

‐At galaxy cluster scale: ‐velocity distribution of galaxies
           ‐bullet cluster

‐At cosmological scales: CMB data (WMAP), 
                                      supernovae,....

lead consistently to:  ΩDM ! 0.229± 0.015%



•  •  •  •  •  by hand

Relic density from annihilation freeze out:

The WIMP freeze‐out mechanism

down to                   DM is thermal equilibriumT ∼ mDM

for                   Boltzmann suppression ofT ! mDM neq
DM

freeze‐out of annihilation

ΩDM ∝ 1/〈σannihv〉

if                                     mDM ∼ 1GeV− 10TeV λ ∼ 1and                                      ΩDM ∼ 23% σannihv ! 10−26 cm3/sec

most straightforward/natural mechanism but not at all the only possible/simple one                                  



•  •  •  •  •  by hand

A general visible sector/hidden sector/ mediator DM setup

VISIBLE SECTOR HIDDEN SECTOR

mediator
with its own 

   gauge groups
with its own 

   gauge groups

including DM stabi‐
lization mechanism

such a structure gives 4 regimes to get the observed relic density 



•  •  •  •  •  by hand

A very simple light mediator model
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′
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VISIBLE SECTOR HIDDEN SECTOR

A very simple light mediator model

Standard Model                a            gauge symmetry
              and the lightest particle 

charged under it

U(1)′

a fermion: e′

L = LSM + ψ̄′(i !D′ −mψ)ψ
′

a good DM candidate based on 3 parameters: mDM , α′, ε

= me′

Pospelov, Ritz, Voloshin 08’

for a massive Z’

Feldman, Kors, Nath 06’

kinetic mixing

L !− ε

2
Fµν
Y F ′

µν

γ′
mediator



•  

•  

•  •  •  

       Ackerman, Buckley, 
                   Carroll, Kamionkowski 08’

                      Feng Kaplinghat, Tu, Yu 09’
Feng, Tu , Yu 08    

by hand

Motivations for such a Hidden sector gauge structure

•  

•  

•  

UV......

simplicity

the stability of the DM particle is a fundamental issue! τDM > 1026 sec

not that many stabilization mechanisms

one of the simplest: the lightest charged particle
under a new gauge group

visible sector = Standard Model         mass and interactions of source particles are known

•  new DM long range force from            rich cosmological phenomenology
studied in details in: 

γ′

(without connector)

•  prototype of visible sector/hidden sector/mediator structure

with such a structure: not only freeze‐out and freeze‐in but 4 DM production regimes

see also Foot at al. 06’-10’



•  •  •  •  

Reannihilation
regime

•  

Relic density phase diagram

II III

IVI

Freeze‐in
regime

Reannihilation
regime

Hidden sector
freeze‐out regime Reannihilation

regime

Connector
freeze‐out regime

ΩDM ∼ 23%

Observed relic density: ”square” or “mesa” shape

in each regime             depends essentially on one couplingΩDM

characteristic of the visible sector/hidden sector/mediator structure
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YDM κ
α′ mDM = me, 0.1 , 10 , 1 ΩDMh2 = 0.11

YDMmDM = 4.09 · 10−10

ε = 1/
√

4π
mDM = 10 Z

c YDM = 2Y
ca = 5.0(4.8) e+e− → e′e′ mDM < me mDM > me µ+µ− → e′e′

c = 9.1(4.8) mDM < mµ mDM > mµ c s
mDM >> mi mi

c

IIIII

I IV

L
og

1
0
[α

′ ]

κ ≡ ε
√
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•  •  •  •  •  

Holdom 86’

Relevant processes

Connector processes:

Hidden sector process: >

>

γ′

>
γ′

e′

ē′

e′

γ′

>

>

>

>

ē′

e′

f, W+

f̄ , W−

γ

+

+

L !− ε

2
Fµν
Y F ′

µν

convenient to go in a              basis where 
                kinetic terms are canonical (i.e. no             mixing)

γ − γ′

γ − γ′

basis where       couples to
couples to     andγ

γ′
f

fe′

κ ≡ ε
√

α′/α

σ(e′ē′ → γ′γ′) ∝ α′2

σ(SMSM → e′ē′) ∝ α2κ2

>>

>

>

ē′

e′

Z
+

γ′

+



•  •  •  •  •  by hand

Boltzmann equation

z
H

s

dY

dz
=

∑

i

〈σconnectv〉i(Y 2
eq(T )− Y 2) + 〈σHSv〉(Y 2

eq(T
′)− Y 2)

z ≡ mDM/Tin terms of the usual         : 〈σv〉

γ′γ′ → DMDM

DMDM → γ′γ′DMDM → SMiSMi

SMiSMi → DMDM

Y ≡ ne′

s
(= YDM/2)



•  •  •  •  
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α′ mDM = me, 0.1 , 10 , 1 ΩDMh2 = 0.11

YDMmDM = 4.09 · 10−10

ε = 1/
√

4π
mDM = 10 Z

c YDM = 2Y
ca = 5.0(4.8) e+e− → e′e′ mDM < me mDM > me µ+µ− → e′e′

c = 9.1(4.8) mDM < mµ mDM > mµ c s
mDM >> mi mi

c
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L
og

1
0
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κ ≡ ε
√

α′/α

we consider a HS negligible at high temperature

likely that DM production from inflaton decay negligible
if reheating occurs mostly in one of the feebly coupled sectors

              can be tested if the DM mass and coupling measured
  are the ones which give the right relic density  

YDM ∼ 0

ρ′ ∼ 0
HS energy density



•  •  •  •  •  by hand

          and      are small           freeze‐in regimeα′κ

if      and       small:                                          does not thermalizeα′κ SMSM ↔ DMDM

DMDM ↔ γ′γ′ does not thermalize

only                                           is relevant because only           is largeSMSM → DMDM Y eq
SM

z
H

s

dY

dz
=

∑

i

〈σconnectv〉i(Y 2
eq(T )− Y 2) + 〈σHSv〉(Y 2

eq(T
′)− Y 2)

γ′γ′ → DMDM

DMDM → γ′γ′DMDM → SMiSMi

SMiSMi → DMDM

neq
A

0.01 0.1 1 10 100
10
!13

10
!11

10
!9

10
!7

10
!5

z = mA/T

YDM ≡ nDM

s

DM production IR dominated

freeze‐in regime:

YDM ∝ 1/T down to
                  where

 becomes Boltz. suppressed

ΩDM

0.23 Fr
ee
ze
in Freezeout

 Mc Donald 02’
Hall, Jedamzik, 

              March-Russell, West 09’

thermalization point

T ∼ mDM

κ ∼ 10−10 κ ∼ 1
σ(SM SM → DMDM) ∝ κ2

z
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•  •  •  •  •  by hand

Reannihilation regime

if one increases             more DM created

if one increases                           increases         

κ

α′ 〈σHSv〉 }both favor thermalization of 〈σHSv〉

Γannih > H

neq(T )〈σeffv〉 > H
n2
eq(T )〈σconnectv〉/H

〈σeffv〉 ≡
√

〈σHSv〉〈σconnectv〉

T ′we can define a HS temperature 
nγ′ = neq(T

′) ∼ gγ′T ′3

ρ′ ∼ gHS
∗ T ′4

necessary to know the number of    , i.e. the                                  rateγ′
γ′γ′ → DMDM

z
H

s

dY

dz
=

∑

i

〈σconnectv〉i(Y 2
eq(T )− Y 2) + 〈σHSv〉(Y 2

eq(T
′)− Y 2)

we need to calculate the HS energy density     in order to determineρ′ T ′

Γannih = ne′〈σHSv〉

at some point the     thermalize with the     :γ′
e′



•  •  •  •  by hand

Calculation of the energy transfer from the SM to the HS

energy transfer Boltzmann equation

dρ′

dt
+ 3H(ρ′ + p′) =

∫ 4∏

i=1

d3p̄i · gif1("p1)f2("p2)|iM1 2↔3 4|2(2π)4δ(4)(p1 + p2 − p3 − p4)∆Etr

d(ρ′/ρ)

dT
= − 1

H(T )Tρ

g1g2
32π4

∫
ds · σconnect(s)(s− 4m2)sTK2(

√
s

T
)

mDM = me mDM = 0.1GeV mDM = 10GeV mDM = 1TeV

SMiSMi → DMDM

10!5 0.001 0.1 10 1000
10!14

10!11

10!8

10!5

0.01

T !GeV"

Ρ'
#Ρ

Energy Transfer !mDM#me"
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0.01

T !GeV"

Ρ'
#Ρ

Energy Transfer !mDM# 0.1GeV"

10!5 0.001 0.1 10 1000
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10!11

10!8

10!5

0.01

T !GeV"

Ρ'
#Ρ

Energy Transfer !mDM# 10GeV"

10!5 0.001 0.1 10 1000
10!14

10!11

10!8

10!5

0.01

T !GeV"

Ρ'
#Ρ

Energy Transfer !mDM# 1000GeV"

ρ ρ′

κ = 10−6,−7,−8,−9,−10,−11

γ′

ρ′ Y 2
eq(T ′)

〈σconnectv〉neq ! H T # mDM

κ ! 10−8,−7,−7,−5 mDM = me, 0.1 , 10 , 1 κ T ′ T
ρ′/ρ

T ′/T
ρ′/ρ

T ∼ mDM ρ′/ρ # κ2α2mPl/(mDM (geff
∗ (T = mDM ))3/2)
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Energy Transfer !mDM# 1000GeV"

ρ ρ′

κ = 10−6,−7,−8,−9,−10,−11

γ′

ρ′ Y 2
eq(T ′)

〈σconnectv〉neq ! H T # mDM

κ ! 10−8,−7,−7,−5 mDM = me, 0.1 , 10 , 1 κ T ′ T
ρ′/ρ

T ′/T
ρ′/ρ

T ∼ mDM ρ′/ρ # κ2α2mPl/(mDM (geff
∗ (T = mDM ))3/2)

•  

κ = 10−6

κ = 10−11

ρ′/ρ

T

κ = 10−6κ = 10−6 κ = 10−6

T T T

ρ′/ρ ∼ 1/T for T > mDM

ρ′/ρ ∼ const for T < mDM

ρ′/ρ saturates when T ′ reaches T



•  •  •  •  •  by hand

Reannihilation regime: Boltzmann equation

z
H

s

dY

dz
=

∑

i

〈σconnectv〉i(Y 2
eq(T )− Y 2) + 〈σHSv〉(Y 2

eq(T
′)− Y 2)

HS process in thermal equilibrium but not the connector: T ′/T << 1

DMDM → γ′γ′DMDM → SMiSMi

SMiSMi → DMDM

Y Yeq(T
′)

T ! mDM :

Yeq(T
′)

γ′γ′ → DMDM

SMSM → DMDM T ! mDM

T ′ ! mDMdecouples already at                      )         reannihilation

SMSM → DMDM

gets Boltzmann suppressed          freezes

γ′γ′ → DMDM

T ′ ! mDM :

Γannih = H ↔ Y = Ycrit ≡ H/〈σHSv〉

Cheung, Elor, 
    Hall, Kumar 10’

in 
        decay context

A → DMB

0.1 1 10 100
10!16

10!13

10!10

10!7

10!4

z"mDM!T

Y

Region.II "mDM" 200GeV, Κ"10
!8, Α'"10!2.4#

Y

Yeq"T' #
YQSE

Yeq"T#

Ycrit

0.1 1 10 100
10!16

10!13

10!10

10!7

10!4

z"mDM!T

Y

Region.II "mDM" 200GeV, Κ"10
!9.5, Α'"10!2.6#

Y

Yeq"T' #
YQSE

Yeq"T#

Ycrit

Y z ≡ mDM/T
YQSE Ycrit Yeq(T ′) Yeq(T )

mDM = 200 κ = 10−8 α′ = 10−2.4 T ′/T " 0.067 T = Ta

T ′/T " 0.072 T = Tf mDM = 200 κ = 10−9.5

α′ = 10−2.6

neq(Tf )
√
〈σconnectv〉〈σHSv〉 = H(Tf ) .

〈σeffv〉 ≡
√
〈σconnectv〉〈σHSv〉 Tf

xf = log[0.038
ge′

√
geff
∗

mPlmDM 〈σeffv〉c(c + 2)]

−1
2

log[log[0.038
ge′

√
geff
∗

mPlmDM 〈σeffv〉c(c + 2)]]

Yeq(Tf ) =
3.79xf

√
geff
∗

g!smPlmDM 〈σeffv〉 ,

xf ≡ mDM/Tf c

Y (Tf ) ≡ YQSE(Tf ) =
3.79xf

√
geff
∗

g!smPlmDM 〈σHSv〉 .

Y ∼ YQSE

z
H
s

dY
dz

≈ 2
p
〈σconnectv〉〈σHSv〉Yeq (YQSE − Y ) ,

T = Tf H ∼
p
〈σconnectv〉〈σHSv〉neq(T )

Y = YQSE(Tf )

Ycrit

YQSE
Y

Y

z = mDM/T

after thermalization     follows

at                                          becomes Boltzmann suppressed

                                                rate (which decouples only at                   )
gets larger than the                                   rate (which

at                       the                                       source term 
Yeq(T

′)



Reannihilation regime: Boltzmann equation

when the                                                        rate goes below the                                                               rate:SMSM → DMDM ∝ Y 2
eq(T )γ′γ′ → DMDM ∝ Y 2

eq(T
′)

z
H

s

dY

dz
=

∑

i

〈σconnectv〉i(Y 2
eq(T )− Y 2) + 〈σHSv〉(Y 2

eq(T
′)− Y 2)

DMDM → γ′γ′DMDM → SMiSMi

SMiSMi → DMDM γ′γ′ → DMDM

in thermal equilibrium  out of thermal equilibrium 

z
dY

dz
=

〈σconnectv〉s
H

Y 2
eq(T )−

Y 2

Ycrit

period of Quasi Static Equilibrium where both terms compensates each other

Y = YQSE ≡
√

Ycrit
〈σconnectv〉s

H
Y 2
eq(T )

until                                           where Y freeze

simultaneous freezing of both connector source term and HS reannihilation term

Y = YQSE = Ycrit T ≡ Tfat



•  •  •  •  •  by hand

Reannihilation regime: analytical result

in practice: if the HS thermalize but the connector does  not 
        one has always a period of reannihilation

Freeze‐out equation to determine        :

ordinary freeze‐out equation but with another cross section:

Tf

neq(Tf )〈σeffv〉 = H(Tf ) 〈σeffv〉 ≡
√

〈σconnectv〉〈σHSv〉

〈σeffv〉

xf = log[0.038
ge′√
geff∗

mPlmDM 〈σeffv〉c(c+ 2)]

−1

2
log[log[0.038

ge′√
geff∗

mPlmDM 〈σeffv〉c(c+ 2)]]

Y (Tf ) ≡ YQSE(Tf ) =
1

〈σHSv〉
3.79xf

(g!s/
√

geff∗ )
mPlmDM .

as in usual freeze‐out but with a        determined by another cross sectionΩDM ∝ xf

〈σHSv〉 xf

∝ log(α′κ)/α′2

xf ≡ mDM/Tf

〈σeffv〉

    (except through Z decay 
for                                   ) mDM ! mZ/2
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Relic density phase diagram
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Hidden sector freeze‐out regime

starting from a reannihilation situation
κ T ′ = T

SMSM ↔ DMDM

                          one enters a regime where even if the connector thermalizes

if one increases      further      the connector interaction thermalizes:

                          the HS interaction thermalizes much more

                          standard freeze‐out (only one temperature) dominated by the HS interaction

ΩDM ∝ 1

〈σHSv〉
∝ 1

α′2 II III

IVI

Hidden sector
freeze‐out regime

〈σHSv〉 > 〈σconnectv〉

IVI
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Connector freeze‐out regime

κif one increases      further      the connector not only thermalizes but
dominates the  freeze‐out process 〈σconnectv〉 > 〈σHSv〉

ΩDM ∝ 1

〈σconnectv〉
∝ 1

κ2

I

κ ≡ ε
√

α′/α if                               non perturbativesmall
κ
α′

big ε
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Relic density phase diagram

mDM = me mDM = 0.1GeV

mDM = 10GeV mDM = 1TeV
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Generality of the “mesa” phase diagram: the Higgs portal example

VISIBLE SECTOR HIDDEN SECTOR

 coupled through 
the Higgs portal

Standard Model                a            gauge symmetry
              and the lightest particle 

charged under it

U(1)′

a scalar:
L !− λmφφ†HH†

φ

L ! LSM +D′
µφ

†D′µφ− µ2
φφφ

† − λφ(φφ
†)2



Generality of the “mesa” phase diagram: the Higgs portal example
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Figure 12: Higgs portal phase diagrams for mDM = me, 0.1 GeV, 10 GeV, 1 TeV (same label
definitions than in Fig. 2, and the dashed blue line stands for the transition between III-A and
III-B, as explained in the text).

γDconnect = nh
eqΓh(T ) the decay reaction density of the Higgs boson to φφ∗, and

Γi
h(T ) ≡ Γ(h → φφ∗)

K1(mh/T )

K2(mh/T )
.

The phase diagram, Fig. 12, turns out to have the same characteristic "Mesa" shape as for the kinetic
mixing portal, despite the fact that the mediator is massive. It also displays 4 phases: freeze-in,
reannihilation, freeze-out in the hidden sector and connector interaction freeze-out. Similarly, as
for the kinetic mixing case, one gets a truncated volcano shape in Fig. 13, where Y is displayed as
a function of λm for various values of α′ and mDM . There are nevertheless important differences
one observes by looking closer at the way these diagrams are obtained.

27

mDM = me mDM = 0.1GeV

mDM = 10GeV mDM = 1TeV

same general structure despite of important differences: the mediator is massive
mh ! 120GeV

production through                        decay ifmh → φφ† mDM < mh/2

visible/hidden sector communication cut‐off at T ∼ Max[mh,mDM ]

if the HS thermalizes but not the connector: both reannihilation and HS freeze‐out possible
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Test of mesa phase diagrams for kinetic mixing: direct detection

DM elastic cross section on Nucleon

huge enhancement

>

>>

>

N N

+
γ′

γ
1

q2
→ 1

E2
r

dσ

dEr
=

1

E2
r

1

v2
2πκ2Z2α2

mA
F 2
A(qrA)

Er ∼ few KeV

      direct detection sensitive 
to very small      valuesκ

DM DM

ε

√
α′



Test of mesa phase diagrams for kinetic mixing: direct detection
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Cosmological constraints

associated to new long range             force

‐ BBN

U(1)′

‐ bullet cluster
‐ galactic dynamics
‐ ... DM Rutherford scattering may affect  formation of DM halo

γ′

e′
− >

>

>
>e′

−
e′

−

e′
−

ellipticity of galaxies: α′ ! 10−7 (mDM/GeV)3/2

       Ackerman, Buckley, 
                   Carroll, Kamionkowski 08’

                      Feng Kaplinghat, Tu, Yu 09’
Feng, Tu , Yu 08    



Ellipticity and relic density constraints combined

κ

freeze‐in always allowed

reannihilation allowed for: 
mDM >∼ few 100 GeV

α′
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Ellipticity constraint for the case of a slightly massiveγ
′

if we break the            slightly withU(1)′ mγ′ << mDM

the relic density plot doesn’t change
the lightest charged fermion remains stable

but the cosmological constraints change a lot

0.01 0.1 1 10 100 1000
10
!9

10
!7

10
!5

0.001

0.1

mDM

Α#

Figure 10: Ellipticity bounds (see text) in the α′ −mDM (in GeV) plane for (from the bottom up)
interaction through a massless hidden photon (lower line), and mγ′ = 1 keV, 10 keV, 100 keV, 1
MeV, 10 MeV, 100 MeV (bottom-up).

To show how the mass of the γ′ affects the direct detection analysis above, let us consider for
the massive case the differential cross section for scattering on a nuclei, substituting in Eq.(38) 14

dσ

dER

∣∣∣∣
mγ′=0

∝ 1

E2
R

−→ dσ

dER
∝ 1

(ER +m2
γ′/2mA)2

. (46)

For A =Xe and ER in the few keV range, the mass of the hidden photon becomes significant
only for mγ′ ∼

√
mXeER ! 50 MeV. From Fig. 8, we see that a candidate with mDM ∼ 10 GeV

and κ ∼ 10−9 is below the Xenon100 exclusion limit, but within reach of Xenon1T. Hence, light
mediators open the possibility to also probe the reannihilation regime of the model, while being
consistent with laboratory and astrophysical constraints.

Other constraints for massive hidden photons: There are numerous astrophysical, cosmological and
laboratory constraints on massive hidden photons and their coupling to ordinary matter. Here we
may refer to Fig. 10 of Ref. [30] (see also [25]) where constraints on the mixing parameter (our ε, their
χ) and hidden photon mass are summarized. The range of interest for our discussion corresponds
to mγ′ ! 100 keV. Below this value, there are strong constraints on the mixing parameter from
constraints on energy loss in stars. For 1 MeV " mγ′ " 100 MeV, there is a constraint on ε "
10−8 from the duration of the SN1987A neutrino burst, which is consistent with the values of
κ ≈ ε

√
α′/α ∼ 10−9 and α′ ∼ 10−4 required in the reannihilation regime. Above mγ′ ∼ 100

MeV, the constraints are much milder, but, in our opinion, we may not really speak of a light γ′

anymore.15 If the hidden photon is in the MeV range, one should worry about constraints from
nucleosynthesis, possibly ruining the production of light elements [5]. For the sake of illustration, let
us consider again the reannihilation scenario for mDM ∼ 10 GeV, and so ε ∼ 10−8. To begin with,
we may be confident that the Universe is radiation dominated at the time of BBN, as the energy
density in the DM and in the hidden photons are comparable around the MeV scale. Furthermore,
T ′ ' T (for instance T ′ ≈ T/10 for mDM ∼ 10 GeV and α′ ∼ 10−4), so that a massive photon in the

14See also [32, 31] for recent work on long range forces in direct detection.
15Lighter hidden photons mγ′ " 1 eV are also less constrained but they have little impact on the ellipticity bound.
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Depletion of DM in galactic disk

the DM feels the galactic magnetic field via κ

sufficient for a DM coming off the disk not to enter in the disk

Mc Dermott, Yu, Zurek 11’

Chuzhoy, Kolb 09’

Figure 2: CoGeNT (blue), DAMA (green) allowed regions at 99% C.L. The CDMS-Si (yellow) line

is included as a sample exclusion at 99% C.L. In the gray area, the charged DM is evacuated from

the Galactic disk. Also shown the bound from Recombination epoch (red). Below the dotted line

(black), charged DM may diffuse to the disk.

demand that the particle loss fraction f be smaller than 30%, i.e.

f =

∑

m

mX

∫

dΩ∗
dσXX

dΩ∗
=

∑

m

mX

4πα2
emε

4

m2
Xv

2
1

(

1

v2esc
−

1

v21 − v2esc

)

< 30%. (27)

The Bullet Cluster bound is given in Fig. 1.

VI. DIRECT DETECTION OF CHARGED DARK MATTER

Because of the large enhancement of the scattering cross-section at low velocity, even DM
with a very small charge can give rise to a large scattering cross-section in direct detection
experiments. In [20], it was found, for example, that a charge of ε ∼ 10−9 was sufficient
to give rise to the relatively large signals in CoGeNT and DAMA. Thus, if correct, direct
detection experiments have a potential to give rise to even tighter constraints on epsilon-
charged DM with mass in the range mX ∼ 10 GeV− 1 TeV. We find, however, that in the

12

Mc Dermott, Yu, Zurek 11’

shielding

only freeze‐in regime is allowed for                                 but the 
    constraint vanishes as soon as the     becomes slightly massive γ′

mDM ! 100GeV



Summary

•  

•  Visible/hidden sectors/mediator structure:

Kinetic mixing portal:

natural “analytic prolongation” of the usual freeze-out regime towards small coupling values

- all 4 regimes can be tested from direct detection, even the freeze-in one                               

- rich cosmological phenomenology (which strongly depends on the mass of the    )

the observed relic density can be produced through characteristic 4 regimes

“mesa” phase diagram...

Summary

γ′
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Figure 10. Summary of astrophysical, cosmological and laboratory constraints for hidden photons (kinetic mixing χ vs. mass mγ′ ). At
higher mass we have electroweak precision measurements (EW), bounds from upsilon decays (Υ3S) and fixed target experiments

(EXXX)). Areas that are especially interesting are marked in light orange. Compilation from Ref. [93].

different nuclear species. For instance, it is well known that the abundance of 4He depends crucially on the
freeze-out temperature of the weak interactions that interconvert protons and neutrons, which depends
upon H. The extra radiation density ρx is normally parametrized with the effective number of extra
thermal neutrino species,

N eff
ν,x ≡

4

7

30

π2T 4
ρx. (39)

The success of standard BBN reflected in, among other things, the estimate of this parameter to be
compatible with zero supporting the absence of extra particles present during BBN. For instance, Ref. [109]
estimated recently N eff

ν,x = −0.6+0.9
−0.8 (95% C.L.) for three standard neutrinos. However, even more recently,

a careful reexamination of the primordial 4He abundance with a more detailed account of systematics has
pointed to a higher value, N eff

ν,x = 0.68+0.8
−0.7 (95% C.L.), i.e. on the boundary of implying new physics [110].

Therefore, while an extra neutral spin-zero particle thermalised during BBN (Nx = 4/7) is not only
allowed but even preferred by current data, a spin-zero MCP (Nx = 8/7) or a massive hidden photon
(Nx = 12/7) are only marginally allowed, other WISPs like a Dirac mini-charged (Nx = 2) particle could
still be excluded at 95% C.L. Thus, the interactions of these MCPs with the standard bath should not
allow thermalization before BBN which leads to a boundQ < 2× 10−9 [111] (cf. Fig. 9, labelled “BBN”).

5.3 Bounds from the cosmic microwave background

The cosmic microwave background (CMB) features an almost perfect blackbody spectrum with O(10−5)
angular anisotropies. It is released at a temperature T ∼ 0.1 eV, but the reactions responsible for the
blackbody shape freeze out much earlier, at T ∼ keV. Reactions like γ + ... →WISP+... would have
depleted photons in a frequency dependent way, which can be constrained by the precise COBE/FIRAS
spectrum measurements [112]. This can be used to constrain light MCPs and ALPs [113] as well as hidden
photons [86]. More generally [114], (resonant) production of hidden photons leads to distortions in the
CMB spectrum measured by FIRAS strongly constraining their existence in a wide mass range, as can be
seen from Fig. 10 (similar bounds can be obtained for ALPs but they depend on the unknown strength
of the intergalactic magnetic field [115]). Similarly, in presence of MCPs, when the CMB photons pass
through the magnetic field of clusters this leads to a local distortions of the CMB spectrum in the direction

Redondo, Ringvald 10’
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Figure 6: Values of α′ required to get the WMAP relic density as a function of mDM assuming
no connector between the hidden sector and the SM sector, for different values of the temperature
ratio ξ ≡ T ′/T = 0.01, 0.1, 1 (bottom-up).

freeze-out temperature Tf we obtain:

xf = ξ · ln[0.038 · ξ5/2〈σannihv〉mP lmDM
ge′√
geff∗

c(c+ 2)]

−ξ
1

2
· ln{ξ · ln[0.038 · ξ5/2〈σannihv〉mP lmDM

ge′√
geff∗

c(c+ 2)]} , (36)

which gives

ΩDMh2 = 2
1.07× 109xf ·GeV −1

(g∗s/
√

geff∗ )mP l〈σannihv〉
. (37)

where here too a factor 2 comes from the fact that DM is composed of both a particle and its
antiparticle. c is a numerical constant of order unity. We get that the values c = 0.22, 0.35, 0.4 give
the correct abundance for ξ = 0.01, 0.1, 1 respectively.

Here we have assumed that the present value of the ratio of temperatures, or better ξ3, is small, so
that g∗s(today)≈ 3.91 (which implicitly means that the Hubble expansion rate is dominated by the
visible sector particle species). In Fig. 6 we show the values of mDM and α′ which, from a numerical
integration of the Boltzmann equation, lead to a relic density of ΩDMh2 = 0.11. This plot can be
understood in the following way. Given the Boltzmann suppressed behavior of the DM equilibrium
number density around freeze-out, nDM (T ′) ∝ (T ′)3/2e−mDM/T ′ , the value of mDM/T ′

f = xf/ξ does
not change much with ξ, even though the smaller ξ is, the larger is the Hubble parameter at T ′ ( T ′

f
(when Γannih ( H): the dependence is only logarithmic. In other words xf = ξx′f changes linearly
in ξ, up to a logarithmic factor, see Eq. (36). But if one considers a smaller ξ the value of the Hubble
constant (dominated by the visible sector, i.e. H ∼ const ·T 2

f ) at freeze-out changes as ξ−2 since
H(Tf ) ∝ T 2

f ∝ T ′2
f /ξ2. This implies that the number of DM particles left at freeze-out, nDM (T ′

f ),
increases as ξ−2 (since H(Tf ) = Γannih(T ′

f ) ( 〈σannihv〉nDM (T ′
f )). However the entropy at freeze-

out (also dominated by the visible sector, s ∼ const ·T 3) increases similarly as ξ−3. Therefore
ΩDM = mDM nToday

DM /ρToday ( mDM (nDM (T ′
f )/s(T

′
f )).(sToday/ρToday) is proportional to ξ, in the

same way as xf , see Eq. (37). For smaller ξ this must be compensated by taking a smaller σannih,
as shown in Fig. 6, so that freeze-out occurs earlier. Note that these results agree with the one of
Ref. [8] up to the power 5/2 instead of 3/2 in Eq. (36) (which is freeze-out prescription dependent
and has a moderate numerical effect).
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Figure 14: Higgs portal parameter required to get the observed DM relic density through freeze-in
(α′ = 0).

within the range mh ! T > mDM , and because the Higgs decay width is independent of mDM (to
lowest order in m2

DM/m2
h). Therefore, taking into account the dependence Γ(h → DMDM) ∝

λ2
mv2/mh, the DM relic density scales as mφλ2

m/m3
h and, the larger the Higgs boson mass is, the

larger mφλ2
m has to be to reproduce the observed relic density. This parametric dependence can be

seen in Fig. 14, which gives the value of λm necessary to get the observed relic density as a function
of mDM (see also Fig. 13). Note that in this case the DM particles are produced when they are
relativistic, since mh/2 > mDM , but as well-known, as long as mDM is above the ∼ keV scale, this
is still compatible with the constraints on the fact that DM should be cold.

In the opposite regime, mDM > mh/2, the Higgs boson decay production ceases to contribute
and the scattering processes become the relevant ones, producing DM down to T ∼ mDM . This
gives in a similar way

Y = c
γconnect
sH

∣∣∣
T=mDM

(57)

with c of order unity. For the WW,ZZ, hh channels we get c = 2.5, 2.5, 2.4 respectively. This leads
to a relic density, ΩDM ∝ λ2

m, independent of mDM . As a result, as can be seen in Fig. 14, the
value of λm which gives the observed relic density,

λm $ 7.6 · 10−12, (58)

is also independent of mDM in this regime. The WW process is dominant but is not the only relevant
one. For example for mDM = 1 TeV the WW,ZZ, hh and tt processes contribute respectively to
49%, 25%, 25% and 0.5% of the relic density.

6.2 Phase II, III and IV: the reannihilation and freeze-out regimes

In the case of the kinetic mixing we have seen that, if the hidden sector thermalizes, but not the
connector, the DM abundance freezes according to the reannihilation regime, where both the source
term and the hidden sector thermalization process are active down to the freezing temperature. In
this case, as explained above, Y first follows the thermal density Yeq(T ′), then follows the quasi
static number density YQSE until it intercepts Ycrit where it freezes. Y follows YQSE because Yeq(T ′)
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Figure 15: Examples of evolution of the DM number density Y as a function of z ≡ mDM/T . The
first example corresponds to a case of hidden sector interaction freeze-out without thermalization
of the connector (region III-A), obtained with mDM = 10 GeV, λm = 10−8 and α′ = 10−4. The
second example corresponds to a reannihilation case (region II), obtained with mDM = 10 GeV,
λm = 10−11 and α′ = 10−4.7. Also shown are YQSE (blue), Ycrit (purple) and Yeq(T ′) (green).

This equation can also be found in Ref. [3]. Taking into account the fact that Tf ! mh (when the
connector source term gets suppressed), i.e. nh

eq(T ) = (mhT
2π )3/2exp[−mh/T ] and Γh(T ) # Γh, from

Eq. (60), we get

xf # mDM

mh
log[0.0229c(c+ 2)

〈σHSv〉M2
pl

geff∗

m3/2
h Γ

m5/2
DM

]

+
5

2

mDM

mh
log[log[0.0229c(c+ 2)

〈σHSv〉M2
pl

geff∗

m3/2
h Γ

m5/2
DM

]], (61)

From this value of xf one gets therefore Y (Tf ) by substituting it in

Y (Tf ) = Ycrit(Tf ) =
H

〈σHSv〉s

∣∣∣
T=Tf

=
5

3

45

2π2

√
g∗

g∗s

xf
〈σHSv〉mDMmP l

(62)

c is a numerical constant of order unity. One gets the numerically exact result for c between 0.4
(for large values of α′) and 1 (for small values of α′), related to the fact that Y freezes-out in reality
a little bit later after that YQSE = Ycrit). In this regime we find that xf varies between ∼ 1 and
∼ 5. As with the kinetic mixing interaction in the reannihilation regime, the final relic density is
inversely proportional to 〈σHSv〉 but xf depends on both interactions, so that it is smaller than the
usual ∼ 20 value.

The transition line between the freeze-in and reannihilation regimes is given by the condition

ΓHS

H

∣∣∣
T=mDM

# 1 (63)

which using Eq. (56) can be rewritten as
√
〈σHSv〉
H

∣∣∣
T=mDM

√
Γh(T )nh

eq(T )|T$T̃

(mDM

T̃

)3/2
# 1 (64)
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