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Dark Matter relic density: ⌦DM ' 26%

                                                                requires a suppression of the DM particle number density during the 
  radiation dominated era: 

thermal freeze-out scenario:  Boltzmann suppression

nDM/n� ⇠ 10�11

at T = Tf ⇠ mDM/22

mDM ⇠ 100GeV

freeze-in production: slow

production: needs nDM/n� ⇠ 10�11

at T = Tf ⇠ mDM

out-of-equilibrium DM pair

�DM

Fr
ee
ze
in Freezeout

thermalization point

⇥(SMSM � DMDM) ⇥ �2

needs tiny couplings:
� ⇠ 10�11

� ⇠ 10�11

� ⇠ 1

0.26



Super-cool DM: another possibility of                suppressionnDM/n�

                                                                applies to ‘dimensionless models’: no mass term to start with in the L

                                                                no     term(s) for the scalar field(s)µ2

                       EWSB induced by radiative corrections:
     radiative effective potential

Coleman-Weinberg 73’



Super-cool DM: another possibility of                suppressionnDM/n�

                                                                sketch of the general mechanism:

                                                                at           :T = 0

    non trivial minimum:  
   symmetry breaking
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Super-cool DM: another possibility of                suppressionnDM/n�

                                                                sketch of the general mechanism:

                                                                but at              : potential has a minimum at the origin due to finite T

    minimum at origin:
          no symmetry breaking

T >> w
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Super-cool DM: another possibility of                suppressionnDM/n�

                                                                sketch of the general mechanism:

                                                                at intermediate    :

                 scalar field is trapped in false 
               vacuum at origin:  this leads 

          to a period of low scale 
thermal inflation

T

       Witten, …. , 
                   TH, Strumia 12’, …. , 

                        Iso, Serpico, Shimada 17’
0 5000 10000 15000 20000 25000

-50

0

50

100

Field s in TeV

Ef
fe
ct
iv
e
po
te
nt
ia
lV
in
Te
V
4

MX=10 TeV, gX=10-3

T=2Tcr
T=1.2Tcr
T=Tcr
T=0.8Tcr
T=0

Veff

ss = w
|



Super-cool DM: another possibility of                suppressionnDM/n�

                                                                sketch of the general mechanism:

                                                             during inflation DM is still massless at this stage and gets 
                                                           super-cooled (diluted) until end of this inflation period

from bubble nucleation to true vacuum or at the QCD phase transition

V 3 �yq h hqq̄i

                                                                ends inflation at T ⇠ ⇤QCD

                                                                after reheating, given the value of          , the left diluted DM leads⇤QCD

⌦DM = 26% mDM ⇠ TeV

                                                                more generally a new population of DM particles can be created from

to                     if 

       Witten, …. ; Iso, Serpico, Shimada 17’



An explicit example model

Standard Model a new scalar     charged under
a new gauge symmetry 

S

        radiative breaking occurs for 
          this    scalar due to the gauge
        boson loops contributing to    

effective potential

S

S

hSi = w 6= 0



An explicit example model

Standard Model a new scalar     charged under
a new gauge symmetry 

S

L 3 ��HSS
†SH†H

3 ��HS w2 H†H

EWSB        Hempfling 96’



An explicit example model

Standard Model a new scalar     charged under
a new gauge symmetry 

S

L 3 ��HSS
†SH†H

3 ��HS w2 H†H

EWSB

+ we want a DM candidate: a possibility: stabilized by the new gauge symmetry



An explicit example model

Standard Model a new scalar     charged under
a new gauge symmetry 

S

      a new             gauge symmetry 
with    a scalar doublet of it

SU(2)X
S

MX =
gXw

2

S =
1p
2

✓
0

s+ w

◆

the 3     massive gauge bosons are stable because they form a
triplet of remnant             custodial symmetry, whereas all
other particles are singlets of it

SO(3)C

X

DM are the 3 massive non-abelian gauge bosons which
drive the symmetry breaking:  DM = ‘’Hidden forces’’ 

TH 08’ ,    TH, Strumia 13’
``Hidden vector dark matter’’



Potential at zero temperature

V0 = �H |H|4 � �HS |HS|2 + �S |S|4

��S ⌘ d�S

d lnµ
=

1

(4⇡)2


9g4X
8

� 9g2X�S + 2�2
HS + 24�2

S

�
⇡ 1

(4⇡)2
9 g4X
8

�S becomes negative at low scale V1(s) ⇡ ��S

s4

4
ln

s

s⇤

w

s⇤

T = 0

v/w =
p
�HS/2�H

hsi = w = s⇤e
�1/4

Ms = w
p

��S

after we fix                  and                       the model has only 2 parameters v = 246GeV mh = 125GeV
gX , MX =

gXw

2

finally we add a constant to the potential to have ~0 cosmological 
constant today: V⇤ ⇡ ��Sw

4/16 ⇡ 9M4
X/8(4⇡)2
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Finite temperature period

VT (s) =
9T 4

2⇡2
f(

MX

T
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Start of supercool period

           at             : minimum at         due
      to finite temperature potential

T >> w s = 0

T = Tcrit ⇠ 0.3MX             at                              : 2 minimum 
 at same level as a result of: 

      - no           quadratic term 
   - positive quadratic term 
    from thermal potential

            - radiative potential developing 
a second minimum

T = 0

T = Tinfl < Tcrit           at                           : inflation starts when ⇢rad =
g⇤⇡2T 4

infl

30
< ⇢⇤ = V⇤

a = ainfle
Ht

T = Tinfl ainfl/a

eN =
Tinfl

Tend
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                 scalar field is trapped in false vacuum at origin:  this leads to a period of 
       Witten, …. , TH, Strumia 12’, …. , Iso, Serpico, Shimada 17’ low scale thermal inflation



Start of supercool period

           true potential (not shifting it to have           in         ):V = 0 s = 0

T=1.2Tcr T=Tcr
T=0.8Tcr T=0
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End of super-cool period

           could anyway end through bubble T = Tnuc

           but          is very low as soonTnuc
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Figure 1: Left: The nucleation temperature given by vacuum decay, ignoring the QCD phase

transition. Right: 3-loop RGE running in the massless SM.

Nucleation happens at the temperature Tnuc where the tunnelling rate is comparable to the
Hubble rate, S3(Tnuc)/Tnuc ⇡ 4 lnMPl/MX ⇡ 142. The results is shown in fig. 1: Tnuc is very
small for small gX .

In such a case, QCD stops super-cooling earlier [7]. In the ordinary QCD chiral phase
transition scenario where quarks are massive, this phase transition happens at TQCD

cr ⇡ 154 ±
9MeV [42]. However, during super-cooling all quarks are massless, which leads to a smaller
value of ↵3 at low energy. Fig. 1 shows the running of the SM couplings: ↵3(µ̄) diverges
at ⇤h=0

QCD ⇡ 144MeV, with ⇤(6)

MS
= (89 ± 7)MeV if only ↵3 is kept in the RGE [43]. Then

the QCD chiral phase transition happens at a lower temperature, TQCD
cr ⇠ 85MeV according

to the estimate of [44, 7]. When a zero-mode quark condensate forms, the Yukawa coupling
ythhtLtRi/

p
2+h.c. induces a linear term in the Higgs potential, such that the Higgs acquires a

T -dependent vacuum expectation value hhiQCD. Given that the couplings yt and �H too run to
non-perturbative values (see fig. 1) hhiQCD can at best be estimated. We will proceed assuming
hhiQCD ⇡ 100MeV, up to order one factors.

Next, hhi induces a mass term for the s scalar, M2
s = ��HShhi2/2. If �HS < 0, the positive

M2
s delays the end of thermal inflation. If �HS is positive (as needed to break SU(2)L at the

true minimum) the negative M2
s triggers the end of thermal inflation: s too starts rolling down

as soon as its extra mass term Ms becomes larger than its thermal mass MT
s in eq. (14). If �HS

is large enough, this happens immediately at Tend = TQCD
cr ; otherwise this happens later at a

lower temperature

TQCD
end =

r
8�HS

3

hhiQCD

gX
⇡ 0.1 hhiQCD

MX/TeV
. (18)

In the present model the thermal mass MT
s is dominated by DM vectors, so that thermal

inflation ends when their density is diluted enough.
We now have all the factors that determine Tend in eq. (8). During super-cooling, the

8

as gauge coupling below unity  
nucleation at



End of super-cool period

                                               unless gauge coupling very close to unity, the super cool                     
                                 period does not end at        but earlier at the 

QCD phase transition:                       
Tnuc

V 3 �yq h hqq̄i

T=1.8Tend
QCD

T=Tend
QCD

T=Tend
QCD, "〈h〉QCD=0"
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if s field destabilized later when thermal mass          smaller than QCD induced mass  / T 2

massless quarks

       Witten, …. ; Iso, Serpico, Shimada 17’



End of super-cool period
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Figure 2: Left: number of e-folds of thermal inflation, N = lnTinfl/Tend for hhiQCD = 100MeV.
Right: reheating temperature in GeV (solid red curves) and Ms/GeV (diagonal dashed lines).

Universe inflates by a factor Tinfl/Tend plotted in fig. 2a. The horizontal part of the contours
corresponds to end of super-cooling via vacuum decay, and the vertical part to the QCD-
triggered end.

3.3 Reheating

After the end of inflation, the scalars oscillate around the true minimum, dissipating their energy
density ⇢sca with some rate � into radiation that acquires energy density ⇢rad = g⇤⇡

2T 4/30. The
rolling fields s and h finally settle at the true minimum. The scale factor a and the various
components evolve as

8
>>>>><

>>>>>:

ȧ

a
= H =

1

M̄Pl

r
⇢sca + ⇢rad

3
⇢̇sca = �(3H + �)⇢sca
⇢̇rad = �4H⇢rad + �⇢sca
ṅDM = �3HnDM + h�viann(neq2

DM � n2
DM) + h�viseminDM(n

eq
DM � nDM).

(19)

Thereby ⇢sca(t) = ⇢sca(tend)e
��(t�tend)[a(tend)/a(t)]

3. This roughly means that the inflaton s

reheats the Universe up to the temperature

TRH =

✓
45

4⇡3g⇤

◆1/4

M
1/2
Pl min(H,�)1/2 = Tinfl min(1,

�

H
)1/2. (20)

9

             QCD triggered end

             nucleation triggered end 



Oscillation of    field around           and reheatings s = w

reheating with 2 scalar fields which mix

s ! SM SM

h ! SMSM
s� h mixing
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Figure 2: Left: number of e-folds of thermal inflation, N = lnTinfl/Tend for hhiQCD = 100MeV.
Right: reheating temperature in GeV (solid red curves) and Ms/GeV (diagonal dashed lines).

Universe inflates by a factor Tinfl/Tend plotted in fig. 2a. The horizontal part of the contours
corresponds to end of super-cooling via vacuum decay, and the vertical part to the QCD-
triggered end.

3.3 Reheating

After the end of inflation, the scalars oscillate around the true minimum, dissipating their energy
density ⇢sca with some rate � into radiation that acquires energy density ⇢rad = g⇤⇡

2T 4/30. The
rolling fields s and h finally settle at the true minimum. The scale factor a and the various
components evolve as
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3
⇢̇sca = �(3H + �)⇢sca
⇢̇rad = �4H⇢rad + �⇢sca
ṅDM = �3HnDM + h�viann(neq2

DM � n2
DM) + h�viseminDM(n

eq
DM � nDM).

(19)

Thereby ⇢sca(t) = ⇢sca(tend)e
��(t�tend)[a(tend)/a(t)]

3. This roughly means that the inflaton s

reheats the Universe up to the temperature
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✓
45

4⇡3g⇤

◆1/4

M
1/2
Pl min(H,�)1/2 = Tinfl min(1,

�

H
)1/2. (20)

9

instantaneous reheating

             non-instantaneous 
reheating

             smaller TRH

TRH ⇠ Tinfl ⇠ MX/8.5



DM standard freezeout

mDM ⇠ vEW

leads to WIMP miracle

TH, Strumia 13’

DM relic density: standard freezeout case

if             and                           : DM can thermalize againTRH & mDM/22gX ⇠ 1



DM relic density: the super cool thing!

Y
DM

⇡ Y
DM

|
super�cool

+ Y
DM

|
sub�thermal

if             and                           : DM can thermalize againTRH & mDM/22gX ⇠ 1

DM standard freezeout

mDM ⇠ vEW

leads to WIMP miracle

the ‘cool miracle’ !
(not super-cool, just cool)

but as soon as      is sizably smaller than unity, DM doesn’t 
        thermalize after supercooling because                          anyway 

gX

DM can be created only from tail of distribution of thermal bath particles

YDM|sub�thermal << Y EQ
DMwith

TH, Strumia 13’

TRH < mDM/8.5



DM relic density: the super cool DM population!

super-cool DM population:

YDM|super�cool = Y eq
DM

TRH

Tinfl

✓
Tend

Tinfl

◆3

                           DM particles are massless 
                    during super-cooling:
                  even if                  ,

given the value of                               given the value of                             one gets the right amount 
               of dilution to get                      for :  

TQCD
cr ⇠ 100MeV

⌦DM ' 26% mDM ⇠ TeV

⇠ 10 e-folds

                   no Boltzmann suppression!
only dilution!

TRH < mDM



super-cool DM population:

YDM|super�cool = Y eq
DM

TRH

Tinfl

✓
Tend

Tinfl

◆3

given the value of                               given the value of                             one gets the right amount 
               of dilution to get                      for :  

TQCD
cr ⇠ 100MeV

⌦DM ' 26% mDM ⇠ TeV

the ‘super-cool miracle’ !⇠ 10 e-folds

DM relic density: the super cool DM population!

                           DM particles are massless 
                    during super-cooling:
                  even if                  ,

                   no Boltzmann suppression!
only dilution!

TRH < mDM



super-cool DM population:

YDM|super�cool = Y eq
DM

TRH

Tinfl

✓
Tend

Tinfl

◆3

given the value of                               given the value of                             one gets the right amount 
               of dilution to get                      for :  

TQCD
cr ⇠ 100MeV

⌦DM ' 26% mDM ⇠ TeV

the ‘super-cool miracle’ !⇠ 10 e-folds

one-to-one relation between          and  ⌦DM mDM

for                             one gets  hhiQCD ' 100MeV mDM = 520GeV

DM relic density: the super cool DM population!

                           DM particles are massless 
                    during super-cooling:
                  even if                  ,

                   no Boltzmann suppression!
only dilution!

TRH < mDM



DM relic density: the sub-thermal DM population

possible additional sub-thermal population

DM pair production from thermal bath if      not too small   gX

suppressed because created from tail of distribution of thermal bath particles
TRH < mDM

solving:

ṅDM = �3HnDM + h�viann(neq2
DM � n2

DM) + h�viseminDM(neq
DM � nDM)

starting from super-cool population at T = TRH

can also give easily ⌦DM ' 26%



DM relic density: final results

             super-cool DM population
             sub-thermal DM population with instantaneous reheating

             sub-thermal DM population with non-instantaneous reheating
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DM relic density: final results
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Figure 3: Left: The observed DM abundance is reproduced along the solid curves, computed

for di↵erent values of the uncertain QCD factor hhiQCD. The region shaded in orange (blue) is

excluded by direct DM searches (collider searches for the singlet s). Dashed curves show future

detection prospects. Right: Sample evolution of the DM density, of entropy, of the scalar

energy.

It does not depend on gX , giving rise to the vertical contours in the (MX , gX) plane in the left
panel of fig. 3.

As anticipated, this is not the end of the story: one needs to take into account the e↵ects
of thermal scatterings after reheating. One needs to evolve the Boltzmann equation in eq. (19)
starting from the initial condition YDM(TRH) = YDM|super�cool. The s-wave cross-sections for
DM annihilations V V $ ss and semi-annihilations V V $ V s are [1]

h�viann =
11g4X

6912⇡M2
X

, h�visemi�ann =
g4X

128⇡M2
X

. (26)

In the extreme case where the reheating temperature is larger than the DM decoupling temper-
ature, the super-cool population is erased and substituted by the usual thermal relic population.
Otherwise, the super-cool population is negligibly suppressed, and complemented by the addi-
tional sub-thermal population of eq. (7). For instantaneous reheating (zRH ⇡ 8.4) this evaluates
to ⌦DMh

2|sub�thermal ⇡ 0.110(gX/0.00020)
4, giving rise to the horizontal part of the contour in

the (MX , gX) plane of fig. 3. At larger MX reheating is no longer instantaneous, giving rise to
the oblique part of the contour in fig. 3a, which shows the complete numerical results for the
DM density.

In the region of the parameter space relevant for the present work, the Spin-Independent

11

             super-cool DM population
             sub-thermal DM population with instantaneous reheating

             sub-thermal DM population with non-instantaneous reheating



Neutrino masses, baryogenesis?

            baryogenesis must be created after super-cool period because
            supercool period basically dilutes any preexisting B-asymmetry

             cold baryogenesis?           to be seen

             leptogenesis:                   add e.g. right-handed neutrinos     and 
              extra scalar to give masses to them
              once it gets a vev from    scalar vev

Ni

s

leptogenesis:  possible because                                  is possible TRH > Tsphaler. ⇠ 132GeV

                          from total lepton number conserving ARS      oscillation
         setup: not easy because generically requires

Ni

                                from total lepton number violating 
                           Higgs decay setup: fine: infrared 

              production just above Tsphaler.
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Figure 4: Leptonic CP asymmetry ✏CP needed to obtain successful leptogenesis, assuming right-

handed neutrinos in thermal equilibrium at the temperature TRH. For MN & Mh (MN <⇠Mh)

the asymmetry comes from decays of right-handed neutrinos (of the Higgs), and the needed ✏CP

is obtained from right-handed neutrinos degenerate at the �MN/MN ⇡ 10�7 level (at the 10�5

level). We fixed the Yukawa couplings to |YN |2v2/MN = 10�11 eV.

The first possibility, resonant CP-violating decays, mostly produces an asymmetry for T ⇠
MN and thereby needs TRH >⇠MN . Indeed the right-handed neutrino mass must be sizeably
above the electroweak scale to allow N ! HL decays and to produce e�ciently the asymmetry
before Tsph. In the super-cool DM production scenario above, the reheating temperature can
be above a TeV, see fig. 2b. This longer period of electroweak symmetry breaking restoration
makes this scenario easily viable. This is shown in fig. 4. Successful leptogenesis implies a lower
bound on the reheating temperature, depending on MN , which implies a lower bound on MX .

The second possibility of low scale leptogenesis, right-handed neutrino oscillations in L-
conserving processes, requires lighter N , around the GeV scale. However, it is in general fully
operational at temperatures orders of magnitudes larger than the electroweak scale. Thus,
except in special situations, in our context it is suppressed by the low reheating temperature.

The third possibility, L-violating Higgs decay (which requires right-handed neutrino mass
between a GeV up to the Higgs mass), produces dominantly the baryon asymmetry at tem-
peratures just above the sphaleron decoupling temperature Tsph. Therefore, one only needs
TRH >⇠Tsph, which can be realised in the allowed parameter space of fig. 3. This mechanism
explains why in fig. 4, which combines the leptogenesis contributions from L-violating N and
H decays, leptogenesis is viable for masses below the Higgs boson mass and TRH � Tsph. We
solved Boltzmann equations taken from [58] in the single-flavour approximation for the SM
leptons. These do not take into account the reheating temperature suppressed purely-flavoured
ARS contribution.

In all cases (including the model discussed in section 4 below), leptogenesis is significantly
facilitated by the super-cool mechanism, since the required gauge couplings are small and do
not dilute the asymmetry as they do, instead, in the WIMP regime [60, 61], where successful

13

TRH >>> vEW

TH, Teresi 16’, 17’

Akhmedov, Rubakov, Smirnov; Asaka, Shaposhnikov, ….

Servant et al



Another example of simple model

            simply assume:
            -               instead of 

             - a scalar     charged under               instead of  the             doubletS

U(1)B�L

U(1)B�L

SU(2)X

SU(2)X

             inducing sym. breaking radiatively and 
              neutrino masses/leptogenesis through L 3 �YN S N cN + h.c.

             - an extra scalar         stabilized by               : e.g.U(1)B�L (B � L)�DM = 1
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Figure 5: The observed DM abundance is reproduced along the solid curves, computed for

di↵erent values of the uncertain QCD factor hhiQCD. The region shaded in orange (blue) is
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where �⇤
h,s are the decay width into SM particles of a virtual h, s with mass 2MDM.

3 We
neglected the s/h interference. These cross sections are similar to the ones in the DM scalar
singlet model [65, 66].

We now have all the ingredients to compute the DM density. In fig. 5 we plot it in the
(MZ

0 , gB�L) plane, similarly to fig. 3 for the SU(2)X model. However the U(1)B�L has a
few extra free parameters, most importantly the DM mass. In fig. 5 we thereby consider
a few di↵erent values of the DM mass, and assume that the extra free parameters are in
ranges which give neither enhancements nor cancellations in the various equations above. An
important di↵erence with respect to the previous model is that constraints from direct detection
(in orange) are weaker. Baryogenesis through leptogenesis needs TRH >⇠Tsph: in the plotted
parameter region this is satisfied when DM has a sizeable sub-thermal contribution, in addition
to the super-cool contribution.

3Longitudinal components of W±, Z enhance �⇤
h ' 3M3

DM/4⇡v2 at MDM � Mh, such that �(��⇤ ! h⇤ !
W+W�, ZZ) ' 3�(��⇤ ! hh) as demanded by SU(2)L invariance.
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starting from the initial condition YDM(TRH) = YDM|super�cool. The s-wave cross-sections for
DM annihilations V V $ ss and semi-annihilations V V $ V s are [10]

h�viann =
11g4X

6912⇡M2
X

, h�visemi�ann =
g4X

128⇡M2
X

. (26)

In the extreme case where the reheating temperature is larger than the DM decoupling temper-
ature, the super-cool population is erased and substituted by the usual thermal relic population.
Otherwise, the super-cool population is negligibly suppressed, and complemented by the addi-
tional sub-thermal population of eq. (7). For instantaneous reheating (zRH ⇡ 8.4) this evaluates
to ⌦DMh

2|sub�thermal ⇡ 0.110(gX/0.00020)
4, giving rise to the horizontal part of the contour at

gX ⇡ 10�4 in the (MX , gX) plane of fig. 3. At larger MX reheating is no longer instantaneous,
giving rise to the oblique part of the contour in fig. 3a, which shows the complete numerical
results for the DM density. Finally, for even larger masses MX & 300TeV the super-cool abun-
dance reproduces the observed DM relic density with gX ⇠ O(1), so that super-cooling is ended
by nucleation, leading to a DM abundance that depends mainly on gX and not on MX . There-
fore, DM masses can be even PeV-scale or larger, higher than those allowed with freeze-out and
perturbative couplings. At MX ⇡ 100TeV one has Ms ' Mh, so that a resonance-like feature
in the mixing angle ↵, and consequently in TRH and ⌦DM , appears.
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results for the DM density. Finally, for even larger masses MX & 300TeV the super-cool abun-
dance reproduces the observed DM relic density with gX ⇠ O(1), so that super-cooling is ended
by nucleation, leading to a DM abundance that depends mainly on gX and not on MX . There-
fore, DM masses can be even PeV-scale or larger, higher than those allowed with freeze-out and
perturbative couplings. At MX ⇡ 100TeV one has Ms ' Mh, so that a resonance-like feature
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