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420 B Particle Physics

The two parts of the Lagrangian one needs to compute the scalar annihilation of
Dark Matter (( ! ⌘ ! 5̄ 5 are (see B.235)9
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�� being the width of the Higgs boson (including its own decay into ((, see next
section). When ones implement this value of |M|

2 into Eq.(B.111) one obtains after
simplification
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B.4.4.11 Annihilation in the case of vectorial Dark Matter to pairs of fermions

+`

+`

5

5̄

⌘

One can compute this annihilation cross section by the normal procedure or noticing
that a neutral vectorial dark matter of spin 1 corresponds to 3 degrees of freedom.
After averaging on the spin one can then write hfEi

+ = 3
3⇥3 hfEi

( = 1
3 hfEi

( . The
academical computation for +` (?1)+` (?2) ! 5 5 gives

9 Notice the factor 2 between L�(( and C�(( coming from the fact that ( is real: ( = (
⇤ (it

corresponds to the 2 possible contractions)
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Fig. 5.9 Interaction of a high energy particle of charge /4 with an electron at rest.
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Fig. 5.10 Moving particle in an interstellar medium of density #4.

distance at which the influence of the traveling particle on the electron is negligible.
It corresponds roughly to the time when the orbital period is lower than the typical
interaction time. In other words, if the electron takes more time to move around the
nucleus than to interact with the moving particle, the electromagnetic influence of
the later becomes weak. If one write g the interacting time and a0 the frequency of
the rotating electron in the atom (a0 = l0/2c), it corresponds to

g '
21
E

<

1
a0

) 1 <

E

2a0
= 1<0G (5.37)

The lower limit 1<8= can be obtained if we suppose, by a quantum treatment and
the application of the uncertainty principle, that the maximum energy transfer is
�?<0G = 2<4E (because as we discussed earlier, the maximum velocity transferred
to the electron is 2E) from �?�G & \ (Heisenberg principle) we have �G & \/2<4E.
We can then write
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Supposing 0 ' constant, we can neglect �. This equation is one form of the Mathieu
equation, which is the equation for an oscillator with a time dependant frequency
l

2
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periodical force. It can be shown that for

<�

2
�

`�0

2<�
<

:

0

<

<�

2
+
`�0

2<�
, (2.171)

we enter in a regime where the solution grows exponentially with time23. We can
understand it easily, from the shape of the Mathieu equation, where, periodically,
the coe�cient cos(<�C) becomes negative and drives the evolution of ( toward an
exponential solution, periodically. The evolution of ( is shown in Fig.(2.8). A more
refined treatment necessitate to compute the Bogoliubov coe�cient to extract the
occupation number [10], but we give in the following section a more intuitive view
of the phenomena, solving the equation for the density of the q decay products. For
the analytical solution of the Mathieu equation (2.170) the reader is directed to [9]
which is without doubt the best textbook treating it, and [10] which is (paradoxically)
the seminal research paper on the subject and one of the clearer and more detailed
in the literature.
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Fig. 2.8 Ilustration of the parametric (also called narrow) resonance in the context of preheating.
We can see clearly the exponential envelop of the periodic solution.

23 This situation corresponds to a narrow resonance if one considers ` ⌧ �0. The regime ` & �0
is a broad resonance regime but exhibits similar features [10].



Plan 

1) Thermal production  (WIMP…) 

2) Non Thermal production (FIMP…) 

3) Non-perturbative production (resonances…)   

4) Gravitational production  



How and when to produce (dark) matter?



A brief history of the energy in the 
Early Universe

« Available energy is the main object at stake in the struggle for existence 
and the evolution of the world. »

L. Boltzmann



Producing (dark) matter from 
thermal equilibrium (WIMP)



Freeze out

Infrared freeze in 
(FIMP)

Observed 
abundance
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« The Waning of the WIMP?  
Review of Models, Searches and Constraints » 

G. Arcadi, M. Dutra, P. Ghosh, M. Lidner, Y.M.,  
M. Pierre, S. Profumo and F. Queiroz;  

Eur. Phys. J. C 78 (2018) no.3,  203 
arXiv:1703.07364

« The Dawn of FIMP Dark Matter: A Review of Models and Constraints » 
  

N. Bernal, M. Heikinheimo, T. Tenkanen, K. Tuominen and V. Vaskonen 

Int. J. Mod. Phys. A 32 (2017) no.27, 1730023 



WIMP : the « issue » of the Yield

Even if the energy density of dark matter dominates the energy density of photons,  
the number density of dark matter is suppressed: 

n0
DM

n0
γ

= Y0
DM ≃ 10−9 ( mDM

1 GeV )

Remark: the number density of dark matter is similar to the number density of baryons  
(roughly 5 times more) :   

 

Thus, any process explaining the relic abundance, also explain the (lepto)baryogenesis, thermal 
or non-thermal. 

ηb ≃ 6 × 10−10



⌦A =
xf

h�vi
(10�9GeV�2)

8.8 ⇥ 10�7

p
g⇢⇢0

c

GeV cm�3 (2.104)

Taking g⇢ ' 100 (see Fig.(2.5)), xf ⇠ 20 (Eq.(2.114)) and the value of ⇢0

c of Eq.(2.4) we can
write22

⌦Ah2 ' 0.17
h�vi

(1.2⇥10�26 cm3 s�1)

(2.105)

This is oftenly called ”WIMP miracle”. Indeed, we see that for a typical electroweak cross
section the relic abundance ⌦A reach 0.17/h2 ' 0.3 which is the measured value of the
matter content in the Universe. Some corrections has to be taken into account: the velocity
at decoupling time is not c, the value of xf should be computed iteratively (see next section
for a more complete calculation) and the dependance on the e↵ective degree of freedom or
mass of dark matter should be looked carefully. However, this approximation is surprisingly
quite accurate in any models with s-wave dominated annihilation process.

General solution

Now that we understood how to compute the relic abundance in a specific case, we can now
apply the same method in the generic case, developing �v = a + bv2, v being the relative
velocity between the two annihilating particles23. Notice that in the In the he Boltzmann
equation, it is not �v which enters in the definition of � in Eq.(2.98) but the thermal averaged
cross section h�vi. At the temperature of interest at freeze out (xf = m/Tf ⇡ 20 as we will
compute more in detail later on) we can consider that the annihilating particles ”1” and
”2” is non-relativistic and thus their Boltzmann distributions (2.23) can be approximate by
fi ' e�Ei/T ' e�(m+p2

i /2m)/T . One thus can write

h�vi =

R
1

R
2
d3p1d3p2(a + bv2)e�E1/T e�E2/T

R
1

R
2
d3p1d3p2e�E1/T e�E2/T

(2.106)

We can thus deduce ha+bv2i = a+bhv2i with in the non-relativistic limit v = |p2�p1|/m We
then have v2 = (|p1|2 + |p2|2 � 2p1p2 cos ✓)/m2, ✓ being the angle between the two colliding
particles. Noticing by symmetry that hcos ✓i = 0 and h|p1|2i = h|p2|2i, using Eq.(B.39) we
then can write24

hv2i = 2

R
1
p2

1
dp1(p2

1
/m2)e�p2

1/2mT

R
1
p2

1
dp1e�p2

1/2mT
=

2

m2

3/8
p

⇡(2mT )5/2

1/4
p

⇡(2mT )3/2
= 6

T

m
= 6x�1 (2.107)

giving

22h�vi has been normalized to a typical electroweak cross section for a 100 GeV particle: 10�9 GeV�2 =
1.2 ⇥ 10�26cm3 s�1, Eq.(2.99).

23We define the relative velocity between two particles i and j by vij =
p

(pi.pj)2�m
2
i m

2
j

EiEj
, with pi and Ei

being four-momentum and energy of particle i.
24See the section (2.5.1) for another way to lead the integration for the mean h�vi.
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The Boltzmann equation 
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FIG. 1. Comoving number density evolution as a function of the ratio m�/T in the context of

the thermal freeze-out. Notice that the size of the annihilation cross section determines the DM

abundance since ⌦DM / 1/h�vi.

remarkable is the fact that independent theoretical reasons, such as naturalness and the

hierarchy problem, indicate that it is plausible to expect new physics at EEW; Moreover,

weak interactions are the only gauge interactions in the Standard Model that a DM

particle might interact through.

The WIMP paradigm is thus an attractive solution of the DM issues since the DM

abundance is set to the observed value by a new physics scale that is well motivated,

and by interactions mediated by one of the Standard Model gauge interactions. As a

result, concrete realizations of WIMP models had been developed in di↵erent Beyond

the Standard Model (BSM) frameworks, accessible to several di↵erent search strategies,

as reviewed in the next sections.

Operationally, all the information about the particle physics framework connected to

a specific DM particle candidate is contained in the thermally pair averaged cross section

Pl
an

ck

h�vi = 1.2⇥ 10�26cm3s�1

= 10�9GeV�2
⇣ mDM

1 GeV

⌘2
' G�2

F

⇣ mDM

1 GeV

⌘2

<latexit sha1_base64="Z3aEO9gKr050X3K25+1zt0oV2pY="></latexit><latexit sha1_base64="Z3aEO9gKr050X3K25+1zt0oV2pY="></latexit><latexit sha1_base64="Z3aEO9gKr050X3K25+1zt0oV2pY="></latexit><latexit sha1_base64="Z3aEO9gKr050X3K25+1zt0oV2pY="></latexit>

SM
Z 

SM

χ

χ

One needs a phase of depletion of dark 
matter, annihilating to SM  to avoid the 

overabundance. Can we deplete it without 
even coupling to the SM, and thus 

avoiding the direct detection conflict? p

χ

p

Z

χ



Direct detection of dark matter  
(basic principle)

nucleus (A,Z) 
A nucleons  
Z protons 
mass MN

dark matter χ 
mass mχ 

velocity vχ
vχ

v’χ

ER 

(momentum transfer q, 
elastic collision)



g1 = 0.46; g2 = 0.65; g3 = 1.22; σdm ≲ 10−36 × 10−10 cm2 ⇒ gdm ≲ 10−5

or gdm ≃ 1 and Mmed ≳ 2 TeV

XENON1T (2021)

WIMP 
(GF)

10 orders  
of magnitude



Eν
R =

|p8B
ν |2

2mXe
≃

|10 MeV |2

100 GeV
≃ 1 keV

EDM
R =

1
2

mDM ( vDM

c )
2

≃
mDM

2 GeV ( 300
300000 )

2

≃ 1 keV

The neutrino fog



Z-portal Higgs-portal

22

FIG. 4. The SM Higgs portal with scalar (upper left panel), fermionic (upper right panel) and vector

(bottom) DM. In each plot, the red line represents the model points featuring the correct DM relic

density. The blue region is excluded by the current LUX limits. The magenta coloured region would

be excluded in case of absence of signals in XENON1T after two years of exposure time while the

purple region is within reach of future LZ limits. Finally, the green region is excluded because of a

experimentally disfavored invisible branching fraction of the SM Higgs boson.

The models defined by Lagrangians of eq. (12) have only two free parameters, the

DM masses m�, ,V and couplings �H

�, ,V
. The constraints on these models can be then

straightforwardly summarized in bi-dimensional planes.

In figs. (4) we summarize our results for scalar, fermion and vector DM, respectively.

All the plots report basically three set of constraints 9. The first one (red contours) is

represented by the achievement of the correct DM relic density. The DM annihilates into

SM fermions and gauge bosons, through s-channel exchange of the Higgs boson, and, for

higher masses, also into Higgs pairs through both s- and t-channel diagrams (in this last

9 We will report in the main text just the results of the analysis. Analytical expressions of the relevant

rates are extensively reported in the appendix.

26

FIG. 6. The same as fig. (5) but for Dirac fermion DM with both vectorial and axial couplings (left

panel), set to the same value, and only axial couplings (right panel) with the Z-boson.

FIG. 7. The same as fig. (5) but for Vector DM with (i) Abelian case (left-panel) and (ii) Non-Abelian

case (right-panel).

As evident, in all but the Majorana Z-portal case, thermal DM is already excluded,

even for masses above the TeV scale, by current constraints by LUX. These constraints

are even stronger with respect to the case of the Higgs portal. This because, apart

the lighter mediator, the scattering cross section on Xenon nuclei is enhanced by the

isospin violation interactions of the Z with light quarks. Low DM masses, possibly

out of the reach DD experiments, are instead excluded by the limit on the invisible

width of the Z. As already pointed the only exception to this picture is represented by

the case of Majorana DM where the SI component of the DM scattering cross-section is

largely suppressed due to the absence of a vectorial coupling of the DM with the Z. This

scenario is nevertheless already (partially) within the reach of current searches for a Spin

37

FIG. 11. Summary of constraints for Z
0 portal in the context of a scalar DM for the three di↵erent

realizations i.e., SSM (left), E6� (middle) and E6 (left) (see table (I)). In these plots the red coloured

contours represent the correct DM relic density. The blue coloured region is already excluded by LUX

while the magenta, purple coloured regions are allowed by LUX but within the sensitivity of XENON1T

(assuming two years of exposure) and LZ, respectively. Finally, the green and orange coloured regions

represent the exclusions from dilepton searches by the LEP/Tevatron and LHC experiments.

comes, in general, as already remarked, from the fact that fp 6= fn. As a consequence,

an absence of signal from XENON1T would exclude values of the masses of the DM

and of the Z 0 even above 5 TeV. Sizable limits from DD, although weaker with respect

to the previous two cases, are remarkably present also for the E6 realization, despite

the assignations of the charges of the quarks under the new U(1) imply a null vectorial

combination. Indeed non-null vectorial couplings, at the typical energy scale of DM

scattering with nucleons, are radiatively generated by the axial couplings of the Z 0, in

originated by matrix element hN |qq|Ni which is related to the mass of the nucleon. In the case of

spin-1 mediator one instead evaluates the matrix element hN |q�µ
q|Ni which is, instead, related to the

electric charge of the nucleon.

Z’-portal
SM χ

χSM

Z’

SM

Z SM χ

χ

SM

h

SM

χ

χ



How to escape?

« Shy » dark matter :  

Pseudoscalar dark matter … same 

Pseudo-Goldstone dark matter :  

Double Higgs portal … cancelation in the amplitude 

…

ℒ = χγ5χH ⇒ |ℳ |2 ∝ (p − mχ)2 ⇒ σp ∝
v2

c2

ℒ = (∂μa)p̄p ⇒ |ℳ |2 ∝ m2
p ⇒ σp ∝

m2
p

m2
DM



Electron recoil

M. Lindner, Y. Mambrini, T. B. de Melo and F. S. Queiroz,  
Phys. Lett. B 811 (2020), 135972

e

χ/ν

e

γ′ 

χ/ν

γ

δ

mγ′ [MeV]

δ

Y. Farzan and M. Rajaee, 
Phys. Rev. D 102 (2020) no.10, 103532

G. Alonso-Alvarez, F. Ertas, J. Jaeckel, F. Kahlhoefer and L. J. Thormaehlen,  
JCAP 11 (2020), 029

S. M. Choi, H. M. Lee, Y. Mambrini and M. Pierre,  
``Vector SIMP dark matter with approximate custodial symmetry,’'  

JHEP 07 (2019), 049 



Indirect detection limit

 see spin 3/2→



Mechanisms to produce (dark) matter 
at the thermal reheating stage 



Infrared FIMP

R(T ) = αT4 ⇒ Y0 = ∫
mDM

TRH

α
T2

≃
α

mDM
⇒ Ωh2 ≃ 0.1 ( α

10−11 )

dn
dt

+ 3Hn = R(t) ⇒
dY
dT

=
R(T )
T4H

, Y =
n
T3

, H =
T2

3MP

FIMP miracle : no dependance on the dark matter mass.



UV freeze in



Spin-1 mediator
3

In the unitary gauge, the term related to the Z 0-SM-SM
vertex can be extracted from Eq.(3) as

L =
g̃

M2
@↵Z 0

↵✏µ⌫⇢�@µAa
⌫@⇢A

a
� , (4)

where Aa are the SM gauge bosons. From now on, with-
out any loss of generality, we consider the gluons as the
gauge bosons appearing in Eq. (4), and define 1

⇤2 ⌘
g̃

M2

as the results would be exactly the same with electroweak
gauge bosons, just by rescaling the couplings. We con-
sider the heavy fermions generating the GCS couplings
to be charged under SU(3)C so that they dominate the
production process2. With this approach, the relevant
Lagrangian would then read [22]

Le↵ =
1

⇤2
@↵Z 0

↵✏µ⌫⇢�Tr[Ga
µ⌫G

a
⇢�] + L

i
DM

, (5)

where L
i
DM

represents the interactions between the Z 0

and the DM candidate, which can be fermionic (�), or
vectorial of abelian (X1) or non-abelian (XN ) types. The
respective Lagrangians are given by3:

L
�
DM

= ↵ �̄�µ�5�Z 0
µ, (6)

L
X1

DM
= � ✏µ⌫⇢�Z 0µX⌫

1
X⇢�

1
, (7)

and

L
XN
DM = � @↵Z 0

↵✏µ⌫⇢�Tr[Xµ⌫
N X⇢�

N ]. (8)

III. RESULTS

The evolution of dark matter number density nDM is gov-
erned by the Boltzmann equation

dnDM

dt
= �3H(T )nDM + R(T ), (9)

where H (T ) is the Hubble expansion rate and R(T ) is the
temperature dependent interaction rate. In the regime
where the abundance of dark matter is much smaller
than the abundance of particles in the thermal bath, the
back-reaction term in the rate (dark matter producing
standard particles) may be neglected, which is usually
the case in the freeze-in mechanism4.

2 Considering fermions without hypercharge Y leads to a simplifi-
cation as kinetic mixing of the type � Z

0
µ⌫B

µ⌫ can be avoided.
E↵ects of such mixing have been extensively studied in the liter-
ature [24]

3 Only axial coupling is present for the fermionic dark matter.
The derivative @

↵ before Z
0
↵ in Eq. (4) ensures that the vector

coupling do not contribute in a GG ! �� process.
4 The correct amount of dark matter is generated in a regime where

nDM ⌧ nSM, since
⌦0

DM
h
2

0.12 ⇠ YDM

10�10

mDM

GeV and YDM / nDM/nSM.

FIG. 1: Production of dark matter through gluon fusion in
the early Universe

In our set-up, the freeze-in occurs through the process
depicted in Fig. 1. For a 1 + 2 ! 3 + 4 process the
rate can be written as R(T ) = n2

sm
h�vi where nsm is the

number density of SM species and h�vi is the thermal
averaged production cross-section. For a dark matter
particle i, the rate reads

R(T ) =

Z
f1f2

E1E2dE1dE2 d cos ✓12
1024⇡6

Z
|M|

2

id⌦13 ,

(10)

with E1,2 and f1,2 as the energy and the distribution
function of the initial SM particles, ✓12 as the angle be-
tween them, and d⌦13 being the solid angle between the
particles 1 and 3.

For the fermionic dark matter case,

Z
|M|

2

� d⌦13 = 210⇡
↵2

⇤4

m2

�

M4

Z0

s3(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 210⇡
↵2

⇤4

m2

�

M4

Z0
s3

(11)

For the abelian dark matter case,

Z
|M|

2

X1
d⌦13 = 210⇡

�2

⇤4

s3

M4

Z0

(s � 4m2

X1
)(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 210⇡
�2

⇤4

1

M4

Z0
s4

(12)

For the non-abelian dark matter case,

Z
|M|

2

XN
d⌦13 = 212⇡

�2

⇤4

s5

M4

Z0

(s � 4m2

XN
)(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 212⇡
�2

⇤4

1

M4

Z0
s6

(13)

Above, �Z0 is the total width of Z 0 (see the Appendix
for details), s is the center-of-mass energy squared, and
m�, mX1

, mXN
and MZ0 are the three types of dark mat-

ter and Z 0 masses, respectively. Note that we recover the
Landau-Yang e↵ect in the above expressions, though the
pole-enhancement studied in [11] is not present in our

@µ@⌫
⇤2
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Heavy mediator regime

In the heavy mediator scenario, for scalar dark mat-
ter3 one can extract from Eq. (16) the expression for ⌦h

2

in the term proportional to �3. This result (based on in-
stantaneous reheating) should be multiplied by a “boost”
factor, BF , to account for non-instant reheating. It was

calculated in [27] to be BF = f(n) 56
5

ln
⇣

Tmax

TRH

⌘
' 20 for

Tmax/TRH ⇠ 100 and numerically f(6) ⇡ 0.4. We plot
in Fig. (2) the values of TRH and m

h̃
required to obtain

a relic density of ⌦h
2 ' 0.1 for two choices of dark mat-

ter masses (1 GeV and 1010 GeV) and4 ⇤ = 1016 GeV.
It is important to underline that, to produce this figure,
we took into account the enhancement of the production
rate due to non-instantaneous reheating. Indeed, as it
was shown in [27], such a high power-law dependence on
the reheating temperature implied that the majority of
dark matter is produced at the beginning of the reheating
process and the approximation of instant reheating is not
valid anymore. However, this enhancement does not de-
pend on the production process of dark matter but only
on the ratio Tmax/TRH.

FIG. 2: Values of TRH and m
h̃

giving rise to the
observed scalar DM relic abundance for mX = 1 GeV
and 1010 GeV, gDM = gSM = 1 and ⇤ = 1016 GeV. The

dotted diagonal lines with m
h̃

= TRH and
m

h̃
= Tmax = 100 TRH are shown for reference.

In the heavy mediator regime, we can verify the
fact that the relic abundance is compatible with
WMAP/Planck data when mX ' 1010 GeV and ⇤ =
1016 GeV, from the analytical expression (16). Agree-
ment between the curve and our analytical expression re-
quires the boost factor of about 20. Thus for m

h̃
= 1017

3
The Appendix also includes the exact formulae for fermionic and

vectorial dark matter. However, these di↵er only by a factor of

order one to ten.
4
When not specified, we will fix gDM = gSM = 1.

GeV, we find TRH ' 3 ⇥ 1013 GeV. Note that for this
value of mX , the solid curve cuts o↵ at TRH = 1010 GeV
as we must require TRH > mX so that the production of
the dark matter is kinematically allowed. At lower value
of m

h̃
the analytical expression (16) would require a sig-

nificantly larger boost factor as the e↵ect of the pole can
not be neglected and this e↵ect is not accurately taken
into account in the analytical expression. In fact, un-
der close examination of the solid line in Fig. 2, we see a
change in slope at m

h̃
⇡ 1016 GeV. At higher masses, the

e↵ect of the pole is safely neglected and the term propo-
tional to �3 in Eq. (16) describes the numerical result
reasonably well.

At still higher m
h̃
, the curve flattens out, when the

term proportional to ↵ in Eq. (16) dominates, corre-
sponding to graviton exchange. Indeed, Eq. (16) shows

that when m
h̃

> 3000B
1/4

F
TRH (for the parameters shown

in the figure), graviton exchange dominates and the nec-
essary reheat temperature is independent of m

h̃
and is

TRH ' 1014 GeV as seen in Fig. (2). This is easily un-
derstood once one notices that, even if massless, graviton
exchange is highly suppressed by Planck mass couplings
to the standard-model and dark sector. Note that in the
case of graviton exchange there is e↵ectively no boost fac-
tor as the rate depends on T

8 rather than T
12. A large

reheating temperature is needed to compensate the weak-
ness of the coupling. Then for all masses m

h̃
> 7 ⇥ 1017

GeV, graviton exchange dominates.
For mX = 1 GeV (as seen by the dashed line), the

heavy mediator is only important at extremely high val-
ues of m

h̃
as seen by the slight bend in the curve at the

upper right of the figure. This bend corresponds to the
point where the e↵ect of the pole ceases to dominate as
we previously saw for mX = 1010 GeV and discussed
above.

Light mediator regime

As we discussed above, if m
h̃

is lighter than the reheat-
ing temperature TRH , there is the possibility of resonant
production of the mediator h̃µ⌫ [41]. One can easily un-
derstand that once the temperature of the thermal bath
T dropped to the value T ' m

h̃
/2, dark matter produc-

tion will be enhanced by the rapid s-channel cross section
on resonance. The important parameter in this case is
the width of h̃. Within the narrow width approximation,
one can compute the rate and relic density (see the Ap-
pendix for details) which is given in Eq. (16) by the term
proportional to �2. This expression is obviously indepen-
dent of TRH because it corresponds to rapid dark mat-
ter production around T ⇠ m

h̃
. This pole-phenomena

is clearly visible in Fig. (2), represented by the verti-
cal line (for mX = 1 GeV) corresponding to the value
m

h̃
' 5 ⇥ 109 in good agreement with our analytical

computation Eq. (16).
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In this work we generalize this to the case in which the
exchanged spin-2 particle is massive. We borrow con-
cepts from the theory of massive gravity. The Lorentz
invariant linear theory of a massive graviton was formu-
lated by Fierz and Pauli in [30], where it was shown that
only one specific choice for the mass term is free from sin-
gularities. At the linear level, the massive graviton has 5
polarizations, as expected for a massive spin-2 particle.
It was then shown that a generic nonlinear completion
introduces a sixth state, that is a ghost [31]. Ref. [32]
provided a nonlinear construction that is ghost free. 1 We
are not interested here in the nonlinear self-interactions
of the massive spin-2 field, so we will simply employ the
Fierz and Pauli linear term, implicitly assuming a ghost-
free nonlinear completion.

The coupling of the spin-2 mediator is expected to be
universal, but it might couple more strongly to the SM
(and the dark sector) than a Planck suppressed gravita-
tional coupling. Thus we consider here, a massive spin-2
mediator coupling via the energy momentum tensor but
with an intermediate mass scale, thus enhancing its cou-
plings relative to gravity. We generalize spin-2 couplings
to dark matter and study the production mechanism of
dark matter through a massive spin-2 portal.

The paper is organized as follows. In the next section,
we lay out the model which includes a massive spin-2
mediator which is coupled to both the dark matter sector
and the SM. In section III, we discuss our computation
of the relic dark matter abundance and our results are
given in section IV where we consider separately the cases
of heavy and light mediators and discuss the impact of
dropping the instantaneous reheating approximation and
our conclusions are given in section V.

II. THE MODEL

The model we consider is a relatively minimal exten-
sion of the SM which includes (in addition to the massless
graviton hµ⌫) a dark matter candidate X, and a massive
spin-2 mediator h̃µ⌫ and is described by the Lagrangian

L = LSM + LDM + LEH + L
h̃

+ L1

int
+ L2

int
, (2)

with LSM (LDM) the standard model (dark matter) La-
grangian. LEH is the Einstein-Hilbert sector which con-
tains the kinetic terms of the massless graviton ob-
tained after expanding the metric around flat space,
gµ⌫ ' ⌘µ⌫ + hµ⌫/MP . L

h̃
is the ghost-free Fierz-Pauli

1
In fact, such a model was already formulated in [33, 34], using the

vielbein formalism. It was noted in these works that the ghost

does not appear in the scalar sector of the theory. A conclusive

proof that the ghost is absent in the full theory was later obtained

in [35], also using the vielbein formulation.

Lagrangian which contains the kinetic and mass terms
for the massive spin-2 field. The final two terms, Li

int
are

the interaction Lagrangians with the massless graviton
hµ⌫ (i = 1) and the massive spin-2 mediator h̃µ⌫ (i = 2)
that can be written, from the equivalence principle:

L1

int
=

1

2MP

hµ⌫ (Tµ⌫

SM
+ T

µ⌫

X
) (3)

L2

int
=

1

⇤
h̃µ⌫ (gSMT

µ⌫

SM
+ gDMT

µ⌫

X
) (4)

where MP is the reduced Planck mass MP ' 2.4 ⇥ 1018

GeV, and ⇤ . MP is an intermediate scale and governs
the strength of the new spin-2 interaction. The couplings,
gSM (gDM) of the messenger to the standard model (dark
matter) allow us to distinguish interactions between the
two sectors. Of course only 2 of the three parameters
(⇤, gSM, gDM) are independent.

The form of the stress-energy tensor of a field, T
a

µ⌫

depends on its spin a = 0, 1/2, 1.2 In general, we can
write

T
0

µ⌫
=

1

2
(@µ� @⌫�+ @⌫� @µ�� gµ⌫@

↵
� @↵�) ,

T
1/2

µ⌫
=

i

4
 ̄ (�µ@⌫ + �⌫@µ) � i

4

�
@µ ̄�⌫ + @⌫ ̄�µ

�
 ,

T
1

µ⌫
=

1

2


F

↵

µ
F⌫↵ + F

↵

⌫
Fµ↵ � 1

2
gµ⌫F

↵�
F↵�

�
. (5)

The amplitudes relevant for the computation of the pro-
cesses SMa(p1)+SMa(p2) ! DMb(p3)+DMb(p4) can be
parametrized by

Mab /
X

i=1,2

hpa
1
p
a

2
|Li

int
|pb

3
p
b

4
i /

X

i=1,2

M
a

µ⌫
⇧µ⌫⇢�

i
M

b

⇢�
,

(6)
where b denotes the spin of the DM involved in the pro-
cess and b = 0, 1/2, 1. ⇧µ⌫⇢�

i
denotes the propagators

of the graviton (i = 1) and massive spin-2 (i = 2) which
are given in the Appendix. The partial amplitudes, M

a

µ⌫
,

can be expressed as

M
0

µ⌫
=

1

2
(p1µp2⌫ + p1⌫p2µ � gµ⌫p1.p2) ,

M
1/2

µ⌫
=

1

4
v̄(p2) [�µ(p1 � p2)⌫ + �⌫(p1 � p2)µ] u(p1) ,

M
1

µ⌫
=

1

2

"
✏
⇤
2
.✏1(p1µp2⌫ + p1⌫p2µ) � ✏

⇤
2
.p1(p1µ✏1⌫ + ✏1µp2⌫)

�✏1.p2(p1⌫✏⇤2µ + p1µ✏
⇤
2⌫

) + p1.p2(✏1µ✏
⇤
2⌫

+ ✏1⌫✏
⇤
2µ

)

+⌘µ⌫(✏
⇤
2
.p1✏1.p2 � p1.p2 ✏

⇤
2
.✏1)

#
, (7)
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In this work we generalize this to the case in which the
exchanged spin-2 particle is massive. We borrow con-
cepts from the theory of massive gravity. The Lorentz
invariant linear theory of a massive graviton was formu-
lated by Fierz and Pauli in [30], where it was shown that
only one specific choice for the mass term is free from sin-
gularities. At the linear level, the massive graviton has 5
polarizations, as expected for a massive spin-2 particle.
It was then shown that a generic nonlinear completion
introduces a sixth state, that is a ghost [31]. Ref. [32]
provided a nonlinear construction that is ghost free. 1 We
are not interested here in the nonlinear self-interactions
of the massive spin-2 field, so we will simply employ the
Fierz and Pauli linear term, implicitly assuming a ghost-
free nonlinear completion.

The coupling of the spin-2 mediator is expected to be
universal, but it might couple more strongly to the SM
(and the dark sector) than a Planck suppressed gravita-
tional coupling. Thus we consider here, a massive spin-2
mediator coupling via the energy momentum tensor but
with an intermediate mass scale, thus enhancing its cou-
plings relative to gravity. We generalize spin-2 couplings
to dark matter and study the production mechanism of
dark matter through a massive spin-2 portal.

The paper is organized as follows. In the next section,
we lay out the model which includes a massive spin-2
mediator which is coupled to both the dark matter sector
and the SM. In section III, we discuss our computation
of the relic dark matter abundance and our results are
given in section IV where we consider separately the cases
of heavy and light mediators and discuss the impact of
dropping the instantaneous reheating approximation and
our conclusions are given in section V.

II. THE MODEL

The model we consider is a relatively minimal exten-
sion of the SM which includes (in addition to the massless
graviton hµ⌫) a dark matter candidate X, and a massive
spin-2 mediator h̃µ⌫ and is described by the Lagrangian

L = LSM + LDM + LEH + L
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+ L1

int
+ L2

int
, (2)

with LSM (LDM) the standard model (dark matter) La-
grangian. LEH is the Einstein-Hilbert sector which con-
tains the kinetic terms of the massless graviton ob-
tained after expanding the metric around flat space,
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Lagrangian which contains the kinetic and mass terms
for the massive spin-2 field. The final two terms, Li

int
are

the interaction Lagrangians with the massless graviton
hµ⌫ (i = 1) and the massive spin-2 mediator h̃µ⌫ (i = 2)
that can be written, from the equivalence principle:
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=
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where MP is the reduced Planck mass MP ' 2.4 ⇥ 1018

GeV, and ⇤ . MP is an intermediate scale and governs
the strength of the new spin-2 interaction. The couplings,
gSM (gDM) of the messenger to the standard model (dark
matter) allow us to distinguish interactions between the
two sectors. Of course only 2 of the three parameters
(⇤, gSM, gDM) are independent.

The form of the stress-energy tensor of a field, T
a

µ⌫

depends on its spin a = 0, 1/2, 1.2 In general, we can
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FIG. 3: Relic density curves for the fermionic (orange
dashed line), Abelian (green dashed line) and non-Abelian

(blue dashed line) dark matter.

teresting feature in the change of slope between TRH and
TMAX in the fermionic dark matter case. This is a novel
feature that was not treated in Ref. [23] nor Ref. [12].
Indeed, in the case in which dark matter is heavier than
TRH, there is still a possibility to produce it as long as
mDM . TMAX. If the temperature dependence of the rate
is small enough (fermionic case), most of the DM density
is produced at the lowest scale available, and we notice a
change of slope in the curve giving the correct relic den-
sity. It is worth commenting that, due to statistical dis-
tribution, the production rate does not vanish completely
when T . mDM, which explains why the DM production
window is still open when mDM > TMAX

7. Therefore, in
this regime, a small e↵ective scale ⇤ is required to com-
pensate the thermal suppression of the rate, as one can
see in Fig.3.

Moreover, a quick look at Fig.3 shows to what extent the
allowed parameter space is technically natural. Indeed,
for a very large range of the DM mass, from O(TeV)
to TRH, values of the beyond SM scale ⇤ range from
TRH to GUT/string scale and can still populate the Uni-
verse with the correct relic abundance. This means that
the heavy spectrum of masses above the reheating tem-
perature TRH generates naturally small couplings of an
invisible Z 0 to the SM bath to satisfy the cosmologi-
cal constraints through the freeze-in process. This con-
stitutes one of the most important observations of our
work.

7 The corresponding region of parameter space as shown in Fig. 3
is quantitatively less precise as the EFT approach becomes less
reliable.

FIG. 4: Triangle diagram containing heavy chiral fermions
 i (left panel) and the resulting e↵ective vertex at low

energy (right panel).

IV. TOWARD A MICROSCOPIC APPROACH

As mentioned earlier, we consider processes happening at
a temperature below the U(1)0 phase transition scale. We
have also assumed that the radial component of the com-
plex scalar that breaks U(1)0 is way too heavy compared
to the corresponding VEV (V ). Then, Z 0 is primarily
longitudinal absorbing the axion field (a), and the e↵ec-
tive Lagrangian containing Z 0 realizes the gauge symme-
try nonlinearly à la Stueckelberg. Now, we attempt to
look deep inside the e↵ective GCS vertices searching for
microscopic details. Importantly, the masses of the loop
fermions ( ) generating the GCS couplings, as shown in
Fig. 4, must be invariant both under the SM and the
U(1)0 gauge symmetries to ensure that the induced low-
energy GCS operators are gauge invariant. One can, in
fact, write the microscopic (gauge-invariant) Lagrangian
introducing pairs of heavy fermions ( ) that are vector-
like with respect to the SM group, but necessarily chiral
under U(1)0. This generates the e↵ective Lagrangian (5)
at energies below the U(1)0 breaking scale,

L =LSM +
1

2
(@µa � MZ0Z 0

µ)2 � Mi  
i
Lei(qL�qR)

a
V  i

R

+ i 
i
L�µ(@µ � i

g̃

2
qiLZ 0

µ) i
L + i 

i
R�µ(@µ � i

g̃

2
qiRZ 0

µ) i
R

(19)

which is manifestly invariant under the (nonlinear) U(1)0

transformation of parameter ↵,

 i
R !  i

Rei
g̃
2
qR↵ ;  i

L !  i
Lei

g̃
2
qL↵

Z 0
µ ! Z 0

µ + @µ↵ ; a ! a +
g̃

2
V ↵ ⌘ a + MZ0 ↵

From the Lagrangian in Eq. (19), we compute the tri-
angle loops shown in Fig. 4 and integrate out the heavy
fermions. We then obtain the same e↵ective Lagrangian
as in Eq. (5), but now we can express the e↵ective cou-
pling of the dimension-6 Lagrangian in terms of the pa-
rameters of the microscopical theory. In agreement with
Ref. [25], we obtain

Lloop =
1

⇤2

loop

@↵Z 0
↵✏µ⌫⇢�Tr[Ga

µ⌫G
a
⇢�], (20)

3

the present work, we shall consider this particular
set-up, even if our results can be applied to a gen-
eral class of GCS couplings just by a redefinition of
parameters.

In the unitary gauge, the term related to the Z 0-SM-SM
vertex can be extracted from Eq. (3) as

L =
g̃

M2
@↵Z 0

↵✏µ⌫⇢�@µAa
⌫@⇢A

a
� , (4)

where Aa are the SM gauge bosons. From now on, with-
out any loss of generality, we consider the gluons as the
gauge bosons appearing in Eq. (4) and define 1

⇤2 ⌘
g̃

M2 ,
as the results would be exactly the same with electroweak
gauge bosons, just by rescaling the couplings. We con-
sider the heavy fermions generating the GCS couplings
to be charged under SU(3)C so that they dominate the
production process2. With this approach, the relevant
Lagrangian would then read [25]

Le↵ =
1

⇤2
@↵Z 0

↵✏µ⌫⇢�Tr[Ga
µ⌫G

a
⇢�] + L

i
DM

, (5)

where L
i
DM

represents the interactions between the Z 0

and the DM candidate, which can be fermionic (�), or
vectorial of Abelian (X1) or non-Abelian (XN ) types.
The respective Lagrangians are given by3

L
�
DM

= ↵ �̄�µ�5�Z 0
µ, (6)

L
X1

DM
= � ✏µ⌫⇢�Z 0µX⌫

1
X⇢�

1
, (7)

and

L
XN
DM = � @↵Z 0

↵✏µ⌫⇢�Tr[Xµ⌫
N X⇢�

N ]. (8)

III. RESULTS

The evolution of dark matter number density nDM is gov-
erned by the Boltzmann equation

dnDM

dt
= �3H(T )nDM + R(T ), (9)

where H (T ) is the Hubble expansion rate and R(T ) is the
temperature-dependent interaction rate. In the regime
in which the abundance of dark matter is much smaller

2 Considering fermions without hypercharge Y leads to a simplifi-
cation as kinetic mixing of the type � Z

0
µ⌫B

µ⌫ can be avoided.
E↵ects of such mixing have been extensively studied in the liter-
ature [27]

3 Only axial coupling is present for the fermionic dark matter.
The derivative @

↵ before Z
0
↵ in Eq. (4) ensures that the vector

coupling does not contribute in a GG ! �� process.

than the abundance of particles in the thermal bath, the
backreaction term in the rate (dark matter producing
standard particles) may be neglected, which is usually
the case in the freeze-in mechanism4.

FIG. 1: Production of dark matter through gluon fusion in
the early Universe

In our set-up, the freeze-in occurs through the process
depicted in Fig. 1. For a 1 + 2 ! 3 + 4 process, the
rate can be written as R(T ) = n2

sm
h�vi, where nsm is

the number density of the SM species and h�vi is the
thermal averaged production cross section. For a dark
matter particle i, the rate reads

R(T ) =

Z
f1f2

E1E2dE1dE2 d cos ✓12
1024⇡6

Z
|M|

2

id⌦13 ,

(10)

with E1,2 and f1,2 as the energy and the distribution
function of the initial SM particles, ✓12 as the angle be-
tween them, and d⌦13 as the solid angle between particles
1 and 3.

For the fermionic dark matter case,
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For the Abelian dark matter case,
Z

|M|
2
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For the non-Abelian dark matter case,
Z

|M|
2
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4 The correct amount of dark matter is generated in a regime in

which nDM ⌧ nSM, since
⌦0

DM
h
2

0.12 ⇠ YDM

10�10

mDM

GeV and YDM /
nDM/nSM.
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the present work, we shall consider this particular
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vertex can be extracted from Eq. (3) as

L =
g̃

M2
@↵Z 0

↵✏µ⌫⇢�@µAa
⌫@⇢A

a
� , (4)

where Aa are the SM gauge bosons. From now on, with-
out any loss of generality, we consider the gluons as the
gauge bosons appearing in Eq. (4) and define 1

⇤2 ⌘
g̃

M2 ,
as the results would be exactly the same with electroweak
gauge bosons, just by rescaling the couplings. We con-
sider the heavy fermions generating the GCS couplings
to be charged under SU(3)C so that they dominate the
production process2. With this approach, the relevant
Lagrangian would then read [25]

Le↵ =
1

⇤2
@↵Z 0

↵✏µ⌫⇢�Tr[Ga
µ⌫G

a
⇢�] + L

i
DM

, (5)

where L
i
DM

represents the interactions between the Z 0

and the DM candidate, which can be fermionic (�), or
vectorial of Abelian (X1) or non-Abelian (XN ) types.
The respective Lagrangians are given by3

L
�
DM

= ↵ �̄�µ�5�Z 0
µ, (6)

L
X1

DM
= � ✏µ⌫⇢�Z 0µX⌫

1
X⇢�

1
, (7)

and

L
XN
DM = � @↵Z 0

↵✏µ⌫⇢�Tr[Xµ⌫
N X⇢�

N ]. (8)

III. RESULTS

The evolution of dark matter number density nDM is gov-
erned by the Boltzmann equation

dnDM

dt
= �3H(T )nDM + R(T ), (9)

where H (T ) is the Hubble expansion rate and R(T ) is the
temperature-dependent interaction rate. In the regime
in which the abundance of dark matter is much smaller

2 Considering fermions without hypercharge Y leads to a simplifi-
cation as kinetic mixing of the type � Z

0
µ⌫B

µ⌫ can be avoided.
E↵ects of such mixing have been extensively studied in the liter-
ature [27]

3 Only axial coupling is present for the fermionic dark matter.
The derivative @

↵ before Z
0
↵ in Eq. (4) ensures that the vector

coupling does not contribute in a GG ! �� process.

than the abundance of particles in the thermal bath, the
backreaction term in the rate (dark matter producing
standard particles) may be neglected, which is usually
the case in the freeze-in mechanism4.

FIG. 1: Production of dark matter through gluon fusion in
the early Universe

In our set-up, the freeze-in occurs through the process
depicted in Fig. 1. For a 1 + 2 ! 3 + 4 process, the
rate can be written as R(T ) = n2

sm
h�vi, where nsm is

the number density of the SM species and h�vi is the
thermal averaged production cross section. For a dark
matter particle i, the rate reads

R(T ) =

Z
f1f2

E1E2dE1dE2 d cos ✓12
1024⇡6

Z
|M|

2

id⌦13 ,

(10)

with E1,2 and f1,2 as the energy and the distribution
function of the initial SM particles, ✓12 as the angle be-
tween them, and d⌦13 as the solid angle between particles
1 and 3.

For the fermionic dark matter case,
Z

|M|
2

� d⌦13 = 210⇡
↵2

⇤4

m2

�

M4

Z0

s3(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 210⇡
↵2

⇤4

m2

�

M4

Z0
s3

(11)

For the Abelian dark matter case,
Z

|M|
2

X1
d⌦13 = 210⇡

�2

⇤4

s3

M4

Z0

(s � 4m2

X1
)(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 210⇡
�2

⇤4

1

M4

Z0
s4

(12)

For the non-Abelian dark matter case,
Z

|M|
2

XN
d⌦13 = 212⇡

�2

⇤4

s5

M4

Z0

(s � 4m2

XN
)(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 212⇡
�2

⇤4

1

M4

Z0
s6

(13)

4 The correct amount of dark matter is generated in a regime in

which nDM ⌧ nSM, since
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discuss bounds on the moduli masses coming from cos-
mology. In section IV, we outline the dark matter relic
abundance through the freeze-in mechanism in the early
Universe, taking into account non-instantaneous reheat-
ing. Section V is devoted to the computation of the
the dark matter production rate in the early Universe
in our model and we delineate the parameter space for
the model in consideration. In section VI, we summarize
the main results of our work and conclude by highlighting
the new aspects that emerged from our analysis.

II. THE MODEL

Let ⇤ being the new physics scale (that can be string
scale, unification scale or SUSY/SUGRA breaking scale,
for instance). Consistency of the effective field theory
requires that ⇤ is the largest mass scale of theory, in
particular larger than dark matter or mediator masses,
and the maximum temperature after reheating. One can
then define the couplings of the complex modulus field1

T decomposed as T ⌘ t+ia, to the Standard Model field
k by expanding the wave-functions Zk:

Zk(T , T̄ ) ⇡ 1 +
ck

⇤
T +

dk

⇤
T̄ ⌘ 1 +

↵k

⇤
t + i

�k

⇤
a , (1)

where ck and dk are real coefficients of order one and we
defined the couplings to the real and imaginary compo-
nents of T as ↵k = ck+dk and �k = ck�dk respectively2.
We can then express generic couplings of the moduli fields
to the Standard Model sector as

LSM

T � ZH |DµH|2 � µ
2(T , T̄ )|H|2 � �(T , T̄ )|H|4

+
1

2

�
ZLf̄Li /DfL + ZRf̄Ri /DfR + h.c.

�

� 1

4
ZG Gµ⌫G

µ⌫ � Z 0
G

Gµ⌫G̃
µ⌫

, (2)

where ZH(= 1+ ↵H

⇤ t), ZL,R(= 1+ ↵L,R

⇤ t+i
�L,R

⇤ a), ZG(=

1 + ↵G

⇤ t) and Z 0
G

(= �G

⇤ a) are the wave functions of the
scalar (H), fermionic (f) and (Abelian and non-Abelian)
gauge (Gµ) fields of the Standard Model respectively. In
the above equation, Gµ⌫ is the field strength tensor of
the gauge field (Gµ) and G̃

µ⌫(= 1
2✏

µ⌫⇢�
G⇢�) is its dual

field strength tensor.

From the first line of Eq.(2) we see that the scalar po-
tential depends on the mass parameter µ which is also

1
We will consider only one modulus field throughout our work.

Generalization to several fields is straightforward.
2

For simplicity, throughout our work, we will consider CP-

conserving Lagrangians and therefore real coefficients in the cou-

plings of moduli to matter. Extension to CP-violating couplings

is interesting but beyond the goal of our paper.

a function of the moduli fields. Parametrizing the con-
tribution of the moduli to the µ-parameter in a similar
fashion as in Eq.(1) we can write,

µ
2 = µ

2
0

⇣
1 +

↵H

⇤
t

⌘
, (3)

with µ0 being the SM µ-parameter that reproduces the
observed Higgs mass at the electroweak scale. As ⇤ is
the highest scale in the theory, contribution to the Higgs
mass due to the moduli is small. On the other hand
there is a second possibility that the µ-parameter gets
generated at a scale (

p
hF i) close to the Planck scale. In

this case the effective µ-parameter can be written

µ
2 = µ

2
0 +

hF i
MP

t , (4)

where hF i is the vev of the “spurion” field. In this case,
one needs a considerable amount of cancellation or fine-
tuning between the two contributions in Eq.(4) to repro-
duce the observed Higgs mass. In contrast to the Eq.(3),
in this case the coupling of t to the Higgs is quite large.
This leads to the fact that the width of t could be larger
than the mass of t unless we demand that the width to
be at most the mass of t. This sets an upper bound on
the spurion vev, hF i . mtMP , where mt is the mass of
t. Throughout our analysis, we will consider the case of
Eq.(3) unless otherwise stated.

The effective interactions between the components of
the moduli and SM fields, at the first order in 1/⇤,
reads

LSM

T �↵H

⇤
t |DµH|2 � ↵H

⇤
µ
2
0 t |H|2

+

✓
1

2⇤
t f̄ i�

µ(↵f

V � ↵
f

A�5)Dµf + h.c.
◆

+
1

2⇤
@µa f̄�

µ(�f

V � �
f

A�5)f (5)

� 1

4

↵G

⇤
t Gµ⌫G

µ⌫ + 2
�G

⇤
@µa ✏

µ⌫⇢�
G⌫@⇢G� ,

where we have identified the chiral couplings as ↵
f

V =

(↵L + ↵R)/2 and ↵
f

A = (↵L � ↵R)/2, with analogous
definitions for the couplings of the imaginary part of the
moduli.
Before we proceed further we can make some remarks
after having a quick look at Eq.(5):

• Since the kinetic term of Higgs needs to be real, the
Higgs sector only couples with the real part of the
modulus field t.

• One observes that the Lagrangian in Eq.(5) is in-
variant under a shift in the imaginary part of the
moduli (a ! a + const.). This can also be ob-
served in SUGRA models for instance, where the
Kähler metric depends explicitly on the combina-
tion T + T̄ . In other words the Lagrangian could
be written by imposing the shift symmetry from

6

FIG. 1: Evolution of the production rate of fermionic dark
matter as function of the temperature for different masses of

dark matter and real component of the modulus field.

We have computed numerically the total production
rates, Eq.(B4), where the integration was computed using
the CUBA package [34], with Bose-Einstein distribution
function for the Higgs and gauge bosons in the initial
states.

In Fig. 1, we show the exact solutions of the total pro-
duction rate of the fermionic dark matter for a represen-
tative set of free parameters, as a function of the variable
x = ms/T which may be regarded as a parametrization
of time. We set the new physics scale ⇤ to be 1016 GeV
(GUT scale), TMAX = 1012 GeV and the mass of the ax-
ionic modulus to be 108 GeV. For simplicity, all the cou-
plings are set to unity. From left to right, the mass of the
real component of the modulus is set to 1010, 1013 and
1015 GeV (green, orange and blue curves, respectively).
The mass of the fermionic dark matter is set to be be-
tween the mediator masses in the first case (109 GeV)
and to be relatively light in the second and third cases
(104 GeV).

It is easy to understand the mechanism at work in the
dark matter production after a look at Fig. 1. First of
all, a general feature of the rate is the strong temper-
ature dependence: the higher the temperature (small x

region), the more dark matter would be produced. The
second generic feature is the threshold for dark matter
production which is due to the Boltzmann suppressed
photon distribution having T > MDM (large x). This
happens just after x = 10, 109 and 1011 for the three
case respectively.
Between those two extremes, we can notice the effects
of the pole regions once T reaches mt (x ⇠ 1) and ma

(x = 102, 105 and 107 for mt = 1010, 1013 and 1015 GeV
respectively). Notice that the production rates for the
scalar dark matter would not have the effect of the poles
of ma since it couples only with the real component of the
modulus. The production rate of a vectorial dark matter
would have the same qualitative features of the fermionic
case but with a steeper bend at high temperatures, since
the temperature dependence in the heavy regime is T

12

in the vector dark matter case and T
10 in the fermionic

case.

The presence of the pole regions depend on the low and
high temperature thresholds. It will not appear if the
Boltzmann suppression takes place before it (as in the
green curve, for x ⇠ 100). Since the Universe has a
maximal temperature, fixed to 1012 GeV in Fig. 1, the
production rate will have maximal values at x = 10�2

, 10
and 103. As a consequence, the pole due to the real
component exchange would not contribute for the cases
in orange and blue.

B. Relic abundance

From the approximate rates given in the last section, we
can have an idea about the parameter space in agreement
with the inferred value of the dark matter relic density
⌦h

2 = 0.1200 ± 0.0012 [1]. Taking the limit of heavy
moduli, we find

⌦h
2

0.12
⇡
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2
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(25)

It is important to underline that the expressions in
Eq.(25) are computed with simplified hypothesis, espe-
cially in the limit mt � TMAX. Comparing Eq.(25)
with our numerical results, we noticed that pole effects

due to the exchange of t can be important even when
mDM lies above TMAX as the enhancement due to a small
value width can compensate the Boltzmann suppression
e
�mDM/TMAX .
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Ultraviolet FIMP

R(T ) = α
Tn+4

Λn
⇒ Y0 = ∫

mDM

TRH

α
MP

Λn
Tn−2 ≃ αTn−1

RH ⇒ Ωh2 ≃ Tn−1
RH mDM

dn
dt

+ 3Hn = R(t) ⇒
dY
dT

=
R(T )
T4H

, Y =
n
T3

, H =
T2

3MP

To know « n », we need to know the evolution of 

 T = f(t), or equivalently T=f(a) 
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II. THE FRAMEWORK

The universal interaction that surely exists between
the inflaton and any dark sector is gravity. In particular,
the s-channel exchange of a graviton shown in Fig. 1 can
be obtained from the Lagrangian (see e.g., [32])

L =
1

2MP
hµ⌫T

µ⌫
� +

1

2MP
hµ⌫T

µ⌫
S/� (1)

where hµ⌫ is the metric perturbation corresponding to
the graviton and we consider either a scalar1 S or a
fermion � as dark matter, whose stress-energy tensors
are given by

T
µ⌫
X=�,S = @

µ
X@

⌫
X � g

µ⌫


1

2
@
↵
X@↵X � V (X)

�
(2)

T
µ⌫
� =

i

4


�̄�

µ
$
@
⌫
� + �̄�

⌫
$
@
µ
�

�

�g
µ⌫


i

2
�̄�

↵
$
@↵� � m��̄�

�
, (3)

where V (X) is the scalar potential for either the inflaton
or scalar dark matter.

�

�

S/�

S/�

T µ�
S/�

2MP

T µ�
�

2MP
hµ�

Bµ

Bµ

�

�
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Bµ

Bµ
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�

Bµ

Bµ
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�
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FIG. 1: Illustration of the production of dark matter through

the gravitational scattering of the inflaton.

The amplitudes relevant for the computation of the
processes �(p1) + �(p2) ! DMj(p3) + DMj(p4) can be
parametrized by

M�j / M
�
µ⌫⇧

µ⌫⇢�
M

j
⇢� , (4)

where j denotes the spin of the DM involved in the pro-
cess and j = 0, 1/2. ⇧µ⌫⇢� denotes the propagator of the
graviton with momentum k = p1 + p2,

⇧µ⌫⇢�(k) =
1

2
⌘
⇢⌫

⌘
�µ + 1

2
⌘
⇢µ

⌘
�⌫ � 1

2
⌘
⇢�

⌘
µ⌫

k2
. (5)

1 We will consider a real scalar or dirac fermionic as dark matter.
Generalizations to a complex scalar or vectorial dark matter is
straightforward.

The partial amplitudes, M
a
µ⌫ , can be expressed as

M
0

µ⌫ =
1

2
(p1µp2⌫ + p1⌫p2µ � gµ⌫p1 · p2 � gµ⌫m

2

�) ,

M
1/2
µ⌫ =

1

4
v̄(p4) [�µ(p3 � p4)⌫ + �⌫(p3 � p4)µ] u(p3) ,(6)

with a similar expression for scalar dark matter in terms
of the dark matter momenta, p3, p4, and mass m

2

S .

It is then straight forward to compute the production
rate of the dark matter, given the density of dark matter,
n� = ⇢�/m�, depicted in Fig. 1. We obtain

���!SS =
⇢�m�

1024⇡M
4

P

 
1 +

m
2

s

2m
2

�

!2s
1 � m2

s

m
2

�

(7)

���!�� =
⇢�m

2

�

4096⇡M
4

Pm�

 
1 �

m
2

�

m
2

�

!3/2

(8)

Note the di↵erence in behavior in the expressions for
fermionic and scalar dark matter, especially in the mass
dependence. On dimensional grounds, both are propor-
tional to n�m

2

�/M
4

P = ⇢�m�/M
4

P . However, our rates in
Eqs. (7) and (8) correspond to s-wave scattering within
the condensate. As a result, in the case of a Dirac
fermion-antifermion pair in the final state, we require a
spin flip leading to a suppression by a factor (m�/m�)2,
making the rate proportional to ⇢�m

2

�/m�M
4

P . A sim-
ilar expression for the rate producing scalars was found
in [26].

III. DARK MATTER PRODUCTION

In many models of inflation, after the period of ex-
ponential expansion, the inflaton begins a series of os-
cillations about a minimum. During the initial stages of
oscillations, the Universe expands as if it were dominated
by non-relativistic matter. Inflaton decays begin the pro-
cess of reheating [12, 33]. While we assume that decay
products thermalize rapidly [34], we do not assume that
the decay is instantaneous. Instead, include the e↵ects
due to the evolution of the temperature of the radiation
bath from its initial creation at a temperature Tmax until
it begins to dominate the expansion at TRH.

The relic abundance of dark matter is obtained by solv-
ing the Boltzmann equation for the number density of
dark matter particles

dnj

dt
+ 3Hnj = Rj(T ) . (9)

During the period in which inflaton oscillations dominate
and the inflaton decays are producing radiation, the tem-
perature falls more slowly than in a radiation dominated
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Introducing the inflaton Φ



A progressive approach



ρRρϕ
ρ

Instantaneous 
reheating

1/T1/TRH

ρRρϕ
ρ

1/T1/TRH

Non-instantaneous 
reheating



Scaling factor (a)

Temperature  
(T) Basic : instantaneous decay

ρR = 0, t < Γ−1
Φ ρΦ = 0, t > Γ−1

Φ

T ∝
a −1

ρΦ Φ=inflaton TRH



Scaling factor (a)

Temperature  
(T)

Refinement I :  
Non-instantaneous 

dρΦ

dt
+ 3HρΦ = − ΓΦρΦ

dρR

dt
+ 4HρR = + ΓΦρΦ

T ∝
a −1

T ∝ a − 3
8



Scaling factor (a)

Temperature  
(T)

Refinement II : 
Taking into account the potential 

dρΦ

dt
+

6k
k + 2

HρΦ = − ΓΦρΦ

dρR

dt
+ 4HρR = + ΓΦρΦ

dρΦ

dt
+ 3H(ρΦ + PΦ) = − ΓΦρΦ

ρΦ =
1
2

·Φ + V(Φ)

PΦ =
1
2

·Φ − V(Φ)

V(Φ) ∝ ΦkT ∝
a −1

T ∝
a − 3k − 3

2k + 4



Scaling factor (a)

<Energy>

Newton

Refinement III : 
Non thermal bath

Taking into account a non thermal 
 phase where ER = 

mΦ

2

Φ
ER = 

mΦ

2
ER = 

mΦ

2

Φ
ER = 

mΦ

2
ER = 

mΦ

2

Φ Φ
n⟨σv⟩ ∝ a− 3

2 ×
a2

m2
Φ

∼ a

n⟨σv⟩ ≳ H ⇒ thermal equilibrium

TEq

mΦ

2



tend

mϕ

2

n

E

t1

mϕ

2

n

E

t2

mϕ

2

n

E

mϕ

2 ( tend

t1 )
2/3

mϕ

2 ( tend

t2 )
2/3 mϕ

2 ( t1
t2 )

2/3

12.5 12.6 12.7 12.8 12.9 13.0 13.1

2×1024

4×1024

6×1024

8×1024

1×1025

Log10[E] (GeV)

dn
/d
E

(G
eV

2 )

����-���

����-���

��-���

��=��-�

f(p) =
8 2π2ΓϕM2

P

p3/2m5/2
ϕ t

f(p) =
1

e
p
kT ± 1



Mechanisms to produce (dark) matter 
at the end of inflation 



After several oscillations (  : 
The reheating phase

N ≳ 100)



··ϕ(t) + 3H ·ϕ −
∇
a2

ϕ(t) + V′ (ϕ) = 0

V(ϕ) = λkϕk

mϕ

2λ

⟨ |ϕ |⟩ ∝ a−1

⟨ |ϕ |⟩ ∝ a−3/2

V(ϕ) =
1
2

m2
ϕϕ2 + λϕ4

ρϕ = Tϕ
00 =

1
2

·ϕ2 + V(ϕ)

Pϕ = Tϕ
ii =

1
2

·ϕ2 − V(ϕ) ·ρϕ +
6k

k + 2
Hρϕ = 0

⇒ ρϕ ∝ a− 6k
k + 2 = ⟨V(ϕ)⟩



Adding a coupling to matter (1) 

 V = V(ϕ) +yϕf̄f +σϕ2χ2

σ = 0



··ϕ(t) + 3H ·ϕ −
∇
a2

ϕ(t) + V′ (ϕ) = 0

mϕ

2λ

⟨ |ϕ |⟩ ∝ a−1

⟨ |ϕ |⟩ ∝ a−3/2

V(ϕ) =
1
2

m2
ϕϕ2 + λϕ4

·ρϕ +
6k

k + 2
Hρϕ = 0



V(ϕ) =
1
2

m2
ϕϕ2 + λϕ4+yϕf̄f

f f

Reheating

Γϕ

ρf = ρRρϕ
ρ

Instantaneous 
reheating

1/T1/TRH

·ρϕ +
6k

k + 2
Hρϕ = −Γϕρϕ

··ϕ(t) + 3H ·ϕ −
∇
a2

ϕ(t) + V′ (ϕ) = −Γϕ
·ϕ



V(ϕ) =
1
2

m2
ϕϕ2 + λϕ4

f f

Reheating

+yϕff

−Γϕ
·ϕ

Γϕ

f ff ff f
f f

f f

ρf = ρRρϕ
ρ

1/T1/TRH

Non-instantaneous 
reheating

··ϕ(t) + 3H ·ϕ −
∇
a2

ϕ(t) + V′ (ϕ) =



χ χ

V(ϕ) =
1
2

m2
ϕϕ2 +yϕf̄f +σϕ2 χ2

f f
f ff ff f

f f

f f

··χ(t, x) + 3H ·χ −
∇
a2

χ(t, x) +2σϕ2 χ = 0

meff
χ = 2σϕ

χ χχ χχ χχ χ

χ χ
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M. A. G. Garcia, K. Kaneta, Y. Mambrini and K. A. Olive, JCAP 04 (2021), 012[arXiv:2012.10756 [hep-ph]]. 

ρf ∝ a −3/2

ρ
χ ∝ a −4

ρϕ ∝ a −3



··χ(t, x) + 3H ·χ(t, x) −
∇
a2

χ(t, x) +2σϕ2 χ(t, x) = 0

meff
χ = 2σΦ

χ
χχ

χ

χ
χ χ

χ

χ
χ

χ
χ

Resonant  
production

1 102 104 106 108 1010

a/aend

10°45

10°40

10°35

10°30

10°25

10°20

10°15

Ω R
[M

4 P
]

Ω¡

√ [ R

y = æ = 10°7 total
¡¡ ! bb (meÆ = 0)

¡¡ ! bb
¡ ! f̄f

χχ
χχ

a−3

a−3/2

a−4

σ ≠ 0, σ × ϕ2
end ≳ m2

ϕ [meff
χ ≳ mϕ]



··χ(t, x) + 3H ·χ(t, x) −
∇
a2

χ(t, x) +2σϕ2 χ(t, x) = 0

··χp(t) + [ p2

a2
+ (meff

χ )2 + σΦ2(t) × cos 2mϕt] χp(t) = 0

meff
χ = 2σΦ

χ = ∫
d3p

(2π)3/2 [e−ipxχp(t)ap + eipxχ*p (t)a†
p]

Mathieu  
equation

The Mathieu equation is present in any system with a periodical source of energy. 
From electric circuit to mechanical balance, spring excitations…  



··χp(t) + [ p2

a2
+ (meff

χ )2 + σΦ2(t) × cos 2mϕt] χp(t) = 0
Mathieu  
equation
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χp ∝ e0.27mϕt
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e

p=0

Stable



σ ∼ 2 × 10−8 σ ∼ 2 × 10−7

σ ∼ 2 × 10−6 σ ∼ 2 × 10−5



σ ∼ 2 × 10−6
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σΦ2 ≲ H2

··χ(t) + 3H ·χ −
∇
a2

χ(t) +2σϕ2 χ = 0

Back-reaction effects of  on χ ϕ



Backreactions 

Formally speaking, this is the effect of  on the condensate  through the 
equation of motion 

The net effect is the destruction of the -condensate into -particles  

χ ϕ

ϕ ϕ

··χ + 3H ·χ −
∇
a2

χ +2σϕ2 χ = 0

··ϕ(t, x) + 3H ·ϕ(t, x) + m2
ϕϕ(t, x) −

∇
a2

ϕ(t, x) + 2σχ2ϕ = 0



··ϕ(t, x) + 3H ·ϕ(t, x) + m2
ϕϕ(t, x) −

∇
a2

ϕ(t, x) + 2σχ2ϕ = 0

Frequency mϕ

⇔
x   N coherent oscillators  of density 

 and  frequency  

⇔
nϕ =

ρϕ

mϕ
mϕ



··ϕ(t, x) + 3H ·ϕ(t, x) + m2
ϕϕ(t, x) −

∇
a2

ϕ(t, x) + 2σχ2ϕ = 0

Frequency mϕ

⇔
x

χ(p1) χ(p2)
χ(p3)

χ(p4)

  N coherent oscillators  of density 

 and  frequency  

⇔
nϕ =

ρϕ

mϕ
mϕ



··ϕ(t, x) + 3H ·ϕ(t, x) + m2
ϕϕ(t, x) −

∇
a2

ϕ(t, x) + 2σχ2ϕ = 0

Frequency mϕ

⇔
x   N incoherent oscillators  of mean 

momentum 
⇔

p* = mϕmχ
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(Dark) matter from gravitational 
scattering of the inflaton



The meaning of  
« gravitational production »



|p1⟩Thermal source

|0⟩ →t |0⟩ + ϵ |0⟩ = |0⟩+g4Tn |p1p2p2 . . . ⟩

g

Perturbative approach



Thermal source

|0⟩ →t |0⟩ + ϵ |0⟩ = |0⟩+g4Tn |p1p2p2 . . . ⟩

|p1, p2, p3 . . . ⟩g

Perturbative approach



Thermal source

|0⟩ →t |0⟩ + ϵ |0⟩ = |0⟩+g4Tn |p1p2p2 . . . ⟩

|p1, p2, p3 . . . ⟩g

Perturbative approach

|p1⟩ |p2⟩
|p3⟩

χ′ ′ − ∇2χ + a2m2
χ χ −

a′ ′ 

a
χ = 0

a′ ′ 

a
= −

1
6

ℛa2 =
1
2

a2H2(1 − 3w)

a

Bogoliubov approach

χ ∼ ∫ e−iωpt ap+eiωpt a†
p

ap →a1→a2
αp × ap + βp × a†

p

βp = ∫
ω′ p

2ωp
e2i ∫ ωp

ap |0⟩ = 0



Thermal source

|0⟩ →t |0⟩ + ϵ |0⟩ = |0⟩+g4Tn |p1p2p2 . . . ⟩

|p1, p2, p3 . . . ⟩g

Perturbative approach

|p1⟩ |p2⟩
|p3⟩

Bogoliubov approach Hawking radiation



gμν = ημν +
2

M2
P

hμν

ℒ =
−g

2
gμν∂μΦ ∂νΦ ⇒ δℒ =

1
12

ℛΦ2



Can we gravitationally produce 
DM in a sufficiently large amount? 

Yes!



2019  2022 : Gravitational (and thus unavoidable) production of (dark) 
matter in the early Universe

→

⇒ ℒ ⊃
1

MP
hμν (Tμν

ϕ + Tμν
h + Tμν

X )

Y. Mambrini and K. A. Olive, Phys. Rev. D 103 (2021) no.11, 115009 [arXiv:2102.06214]

S. Clery, Y. Mambrini, K. A. Olive and S. Verner, Phys. Rev. D 105 (2022) no.7, 075005 ; [arXiv:2112.15214]

ℒ = −g (−
M2

P

2
R + ℒϕ + ℒh + ℒX) ; gμν = ημν +

2
MP

hμν

V(ϕ) = λM4
P ( ϕ

MP )
k

ϕϕ → XX

M
aximum DM

 mass  

(unavoidable)

See also : B. Barman and N. Bernal, ``Gravitational SIMPs,’' JCAP 06 (2021), 011 



Adding the possibility for non-minimal gravitational coupling

S. Clery, Y. Mambrini, K. A. Olive, A. Shkerin and S. Verner, ``Gravitational Portals with Non-Minimal Couplings,’' ; [arXiv:2203.02004 [hep-ph]]. 

ℒ = −g −
M2

P

2 [1+ξϕ
ϕ2

M2
P

+ ξh
h2

M2
P

+ ξX
X2

M2
P ] R + ℒϕ + ℒh + ℒX

⇒ ℒ ⊃
1

MP
hμν (Tμν

ϕ + Tμν
h + Tμν

X )+σξ
ϕhϕ

2h2 + σξ
ϕXϕ2X2 + σξ

hXh2X2

V(ϕ) = λM2
Pϕ2



Can we reheat? 

Yes!



ℒ =
1

MP
hμνT

μν
ϕ +

1
MP

hμνT
μν
S

Y. Mambrini and K. A. Olive, Phys. Rev. D 103 (2021) no.11, 115009 [arXiv:2102.06214]. 

There exists a  
minimal maximal temperature  
in the Universe ∼ 1012 GeV

S. Clery, Y. Mambrini, K. A. Olive, and S. Verner,  Phys. Rev. D 105 (2022) no.9, 095042 [arXiv:2112.15214]. 



S. Clery, Y. Mambrini, K. A. Olive, and S. Verner,  Phys. Rev. D 105 (2022) no.9, 095042 [arXiv:2112.15214]. 

We can even gravitationally reheat!!

TRH = 2 GeV

V(ϕ) = λM4
P ( ϕ

MP )
k



ℒ = −g −
M2

P

2 [1+ξϕ
ϕ2

M2
P

+ ξh
h2

M2
P

+ ξX
X2

M2
P ] R + ℒϕ + ℒh + ℒX

V(ϕ) = λM4
P ( ϕ

MP )
k



Can we generate leptogenesis? 

Yes!!



Adding the possibility for Leptogenesis 

R. T. Co, Y. Mambrini and K. A. Olive, ``Inflationary Gravitational Leptogenesis,’' ; [arXiv:2205.01689 [hep-ph]]. 

ℒ = −g −
M2

P

2 [1+ξϕ
ϕ2

M2
P

+ ξh
h2

M2
P

+ ξX
X2

M2
P ] R + ℒϕ + ℒh + ℒX−MRN̄c

RNR

⇒ ℒ ⊃
1

MP
hμν (Tμν

ϕ + Tμν
h + Tμν

X +Tμν
NR)+σξ

ϕhϕ
2h2 + σξ

ϕXϕ2X2 + σξ
hXh2X2

V(ϕ) = λM4
P ( ϕ

MP )
k

ϕϕ → NRNR

See also : N. Bernal and C. S. Fong, ``Dark matter and leptogenesis from gravitational production,’' JCAP 06 (2021), 028 



Can we combine everything? 
(Gravitational reheating + relic 

abundance + leptogenesis) 

Yes!!!





Low mode regime



χ′ ′ −∇2χ + a2m2
χ χ −

a′ ′ 

a
χ = 0 ⇔ χ′ ′ p + (p2+a2m2

χ −
a′ ′ 

a
)χ = 0

If ,  

 

large production diverging   for massless modes

p2 <
a′ ′ 

a
∝ a2H2

χ′ ′ p − a2H2χp = 0

∝
1
p

H = cst = Hend

a = a⋆

a = aend

p⋆



K. Kaneta, S. M. Lee and K. Y. Oda, JCAP 09 (2022), 018 

M. A. G. Garcia, M. Pierre and S. Verner, [arXiv:2206.08940 [hep-ph]]. 



Can we observe it? 

…



Kazunori Nakayama and Yong Tang, Phys. Lett. B 788 (2019), 341-346 ; arXiv[1810.04975]



Conclusions



Thermal source

WIMP : thermal source
Thermal source

FIMP : external source

Oscillating background Gravitational production



SM
Z 

SM

χ

χ

ρRρϕ

ρ

1/T1/TRH

Non-instantaneous 
reheating

ρRρϕ

ρ

Instantaneous 
reheating

1/T1/TRH

3

In the unitary gauge, the term related to the Z 0-SM-SM
vertex can be extracted from Eq.(3) as

L =
g̃

M2
@↵Z 0

↵✏µ⌫⇢�@µAa
⌫@⇢A

a
� , (4)

where Aa are the SM gauge bosons. From now on, with-
out any loss of generality, we consider the gluons as the
gauge bosons appearing in Eq. (4), and define 1

⇤2 ⌘
g̃

M2

as the results would be exactly the same with electroweak
gauge bosons, just by rescaling the couplings. We con-
sider the heavy fermions generating the GCS couplings
to be charged under SU(3)C so that they dominate the
production process2. With this approach, the relevant
Lagrangian would then read [22]

Le↵ =
1

⇤2
@↵Z 0

↵✏µ⌫⇢�Tr[Ga
µ⌫G

a
⇢�] + L

i
DM

, (5)

where L
i
DM

represents the interactions between the Z 0

and the DM candidate, which can be fermionic (�), or
vectorial of abelian (X1) or non-abelian (XN ) types. The
respective Lagrangians are given by3:

L
�
DM

= ↵ �̄�µ�5�Z 0
µ, (6)

L
X1

DM
= � ✏µ⌫⇢�Z 0µX⌫

1
X⇢�

1
, (7)

and

L
XN
DM = � @↵Z 0

↵✏µ⌫⇢�Tr[Xµ⌫
N X⇢�

N ]. (8)

III. RESULTS

The evolution of dark matter number density nDM is gov-
erned by the Boltzmann equation

dnDM

dt
= �3H(T )nDM + R(T ), (9)

where H (T ) is the Hubble expansion rate and R(T ) is the
temperature dependent interaction rate. In the regime
where the abundance of dark matter is much smaller
than the abundance of particles in the thermal bath, the
back-reaction term in the rate (dark matter producing
standard particles) may be neglected, which is usually
the case in the freeze-in mechanism4.

2 Considering fermions without hypercharge Y leads to a simplifi-
cation as kinetic mixing of the type � Z

0
µ⌫B

µ⌫ can be avoided.
E↵ects of such mixing have been extensively studied in the liter-
ature [24]

3 Only axial coupling is present for the fermionic dark matter.
The derivative @

↵ before Z
0
↵ in Eq. (4) ensures that the vector

coupling do not contribute in a GG ! �� process.
4 The correct amount of dark matter is generated in a regime where

nDM ⌧ nSM, since
⌦0

DM
h
2

0.12 ⇠ YDM

10�10

mDM

GeV and YDM / nDM/nSM.

FIG. 1: Production of dark matter through gluon fusion in
the early Universe

In our set-up, the freeze-in occurs through the process
depicted in Fig. 1. For a 1 + 2 ! 3 + 4 process the
rate can be written as R(T ) = n2

sm
h�vi where nsm is the

number density of SM species and h�vi is the thermal
averaged production cross-section. For a dark matter
particle i, the rate reads

R(T ) =

Z
f1f2

E1E2dE1dE2 d cos ✓12
1024⇡6

Z
|M|

2

id⌦13 ,

(10)

with E1,2 and f1,2 as the energy and the distribution
function of the initial SM particles, ✓12 as the angle be-
tween them, and d⌦13 being the solid angle between the
particles 1 and 3.

For the fermionic dark matter case,

Z
|M|

2

� d⌦13 = 210⇡
↵2

⇤4

m2

�

M4

Z0

s3(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 210⇡
↵2

⇤4

m2

�

M4

Z0
s3

(11)

For the abelian dark matter case,

Z
|M|

2

X1
d⌦13 = 210⇡

�2

⇤4

s3

M4

Z0

(s � 4m2

X1
)(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 210⇡
�2

⇤4

1

M4

Z0
s4

(12)

For the non-abelian dark matter case,

Z
|M|

2

XN
d⌦13 = 212⇡

�2

⇤4

s5

M4

Z0

(s � 4m2

XN
)(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 212⇡
�2

⇤4

1

M4

Z0
s6

(13)

Above, �Z0 is the total width of Z 0 (see the Appendix
for details), s is the center-of-mass energy squared, and
m�, mX1

, mXN
and MZ0 are the three types of dark mat-

ter and Z 0 masses, respectively. Note that we recover the
Landau-Yang e↵ect in the above expressions, though the
pole-enhancement studied in [11] is not present in our

@µ@⌫
⇤2

<latexit sha1_base64="hk9D/jkzrR7dz1QPfmO37CUJI1g="></latexit><latexit sha1_base64="hk9D/jkzrR7dz1QPfmO37CUJI1g="></latexit><latexit sha1_base64="hk9D/jkzrR7dz1QPfmO37CUJI1g="></latexit><latexit sha1_base64="hk9D/jkzrR7dz1QPfmO37CUJI1g="></latexit>

DM

DM



Studying the details of dark matter production in the earliest 
phase of the Universe is important for DM production in 

freeze-in scenario

Preheating effect important for couplings ≳ 10−7

Gravitational production can make it



To do 

1) Barman work 

2) Grav. Bremstrahlung 

3) Expansion, Minkowski, Bogoliubov 

4) R <=> graviton <=> expansion 

5) Hawking H=T  



Mechanisms to produce (dark) matter 
during a phase of inflation



Thermal source

WIMP : thermal source
Thermal source

FIMP : external source

Oscillating background 



Résumé production 
gravitationnelle



Gravitational production

Who believe graviton exists? 
Who Believe Einstein = effective theory? 

Who believe energy is conserved? 

Tell the 3 (2) possibilities  
Graviton = perturbation of metric  

Inflaton oscillations-> gravitational current -> production of matter  
MP=effective scale, coupling to Ricci equivalent Higgs 

 



Example: decaying spin 3/2



Ellis, Kim and Nanopoulos (84) then considered for the first time the 
dominant process (in fact, they listed 10 processes) 

�

�

G

G

�

�

�

t

t̄

�

G

G

�

�

�

G

G

G

G

�

G

G

g̃

G̃

G

3

⌦3/2h
2 ⇠ 0.3

✓
1 GeV

m3/2

◆✓
TRH

1010 GeV

◆X⇣ mG̃

100 GeV

⌘2

gravitino
gluino gluon

L =
1

4MPl
 ̄↵�↵[�

µ, �⌫ ] G̃ Gµ⌫



Generic spin 3/2

M. A. G. Garcia, Y. Mambrini, K. A. Olive and S. Verner, ``Case for decaying spin- 3/2 dark matter,’' Phys. Rev. D 102 (2020) no.8, 083533 

130 GeV line (FERMI)

PeV neutrino (IceCube)



Early Universe physics

 dependance  

  

one needs to understand the physics of particle creation in the early Universe 

TRH

⇒





Scaling factor (a)

Temperature  
(T)

dρΦ

dt
+

6k
k + 2

HρΦ = − ΓΦρΦ

dρR

dt
+ 4HρR = + ΓΦρΦ

T ∝
a −1

T ∝
a − 3k − 3

2k + 4

V(ϕ) = λkϕk



Adding a coupling to matter (2) 

 V = V(ϕ) +yϕf̄f +σϕ2χ2

σ ≠ 0, σ × ϕ2
end ≪ m2

ϕ



χ χ

V(ϕ) =
1
2

m2
ϕϕ2 +yϕf̄f +σϕ2 χ2

f f
f ff ff f

f f

f f

··χ(t, x) + 3H ·χ −
∇
a2

χ(t, x) +2σϕ2 χ = 0

meff
χ = 2σϕ

χ χχ χχ χχ χ

χ χ
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M. A. G. Garcia, K. Kaneta, Y. Mambrini and K. A. Olive, JCAP 04 (2021), 012[arXiv:2012.10756 [hep-ph]]. 

ρf ∝ a −3/2

ρ
χ ∝ a −4

ρϕ ∝ a −3



··χ(t, x) + 3H ·χ(t, x) −
∇
a2

χ(t, x) +2σϕ2 χ(t, x) = 0

meff
χ = 2σΦ

χ
χχ

χ

χ
χ χ

χ

χ
χ

χ
χ

Resonant  
production
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Summary



Summaryρpertu
f

ρpertu
ϕ

ρnon−pertu
ϕ

ρnon−pertu
f

ρnon−pertu
χ
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Ghosh

Important remark : the preheating says 
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In the unitary gauge, the term related to the Z 0-SM-SM
vertex can be extracted from Eq.(3) as

L =
g̃

M2
@↵Z 0

↵✏µ⌫⇢�@µAa
⌫@⇢A

a
� , (4)

where Aa are the SM gauge bosons. From now on, with-
out any loss of generality, we consider the gluons as the
gauge bosons appearing in Eq. (4), and define 1

⇤2 ⌘
g̃

M2

as the results would be exactly the same with electroweak
gauge bosons, just by rescaling the couplings. We con-
sider the heavy fermions generating the GCS couplings
to be charged under SU(3)C so that they dominate the
production process2. With this approach, the relevant
Lagrangian would then read [22]

Le↵ =
1

⇤2
@↵Z 0

↵✏µ⌫⇢�Tr[Ga
µ⌫G

a
⇢�] + L

i
DM

, (5)

where L
i
DM

represents the interactions between the Z 0

and the DM candidate, which can be fermionic (�), or
vectorial of abelian (X1) or non-abelian (XN ) types. The
respective Lagrangians are given by3:

L
�
DM

= ↵ �̄�µ�5�Z 0
µ, (6)

L
X1

DM
= � ✏µ⌫⇢�Z 0µX⌫

1
X⇢�

1
, (7)

and

L
XN
DM = � @↵Z 0

↵✏µ⌫⇢�Tr[Xµ⌫
N X⇢�

N ]. (8)

III. RESULTS

The evolution of dark matter number density nDM is gov-
erned by the Boltzmann equation

dnDM

dt
= �3H(T )nDM + R(T ), (9)

where H (T ) is the Hubble expansion rate and R(T ) is the
temperature dependent interaction rate. In the regime
where the abundance of dark matter is much smaller
than the abundance of particles in the thermal bath, the
back-reaction term in the rate (dark matter producing
standard particles) may be neglected, which is usually
the case in the freeze-in mechanism4.

2 Considering fermions without hypercharge Y leads to a simplifi-
cation as kinetic mixing of the type � Z

0
µ⌫B

µ⌫ can be avoided.
E↵ects of such mixing have been extensively studied in the liter-
ature [24]

3 Only axial coupling is present for the fermionic dark matter.
The derivative @

↵ before Z
0
↵ in Eq. (4) ensures that the vector

coupling do not contribute in a GG ! �� process.
4 The correct amount of dark matter is generated in a regime where

nDM ⌧ nSM, since
⌦0

DM
h
2

0.12 ⇠ YDM

10�10

mDM

GeV and YDM / nDM/nSM.

FIG. 1: Production of dark matter through gluon fusion in
the early Universe

In our set-up, the freeze-in occurs through the process
depicted in Fig. 1. For a 1 + 2 ! 3 + 4 process the
rate can be written as R(T ) = n2

sm
h�vi where nsm is the

number density of SM species and h�vi is the thermal
averaged production cross-section. For a dark matter
particle i, the rate reads

R(T ) =

Z
f1f2

E1E2dE1dE2 d cos ✓12
1024⇡6

Z
|M|

2

id⌦13 ,

(10)

with E1,2 and f1,2 as the energy and the distribution
function of the initial SM particles, ✓12 as the angle be-
tween them, and d⌦13 being the solid angle between the
particles 1 and 3.

For the fermionic dark matter case,

Z
|M|

2

� d⌦13 = 210⇡
↵2

⇤4

m2

�

M4

Z0

s3(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 210⇡
↵2

⇤4

m2

�

M4

Z0
s3

(11)

For the abelian dark matter case,

Z
|M|

2

X1
d⌦13 = 210⇡

�2

⇤4

s3

M4

Z0

(s � 4m2

X1
)(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 210⇡
�2

⇤4

1

M4

Z0
s4

(12)

For the non-abelian dark matter case,

Z
|M|

2

XN
d⌦13 = 212⇡

�2

⇤4

s5

M4

Z0

(s � 4m2

XN
)(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 212⇡
�2

⇤4

1

M4

Z0
s6

(13)

Above, �Z0 is the total width of Z 0 (see the Appendix
for details), s is the center-of-mass energy squared, and
m�, mX1

, mXN
and MZ0 are the three types of dark mat-

ter and Z 0 masses, respectively. Note that we recover the
Landau-Yang e↵ect in the above expressions, though the
pole-enhancement studied in [11] is not present in our

@µ@⌫
⇤2
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Heavy mediator regime

In the heavy mediator scenario, for scalar dark mat-
ter3 one can extract from Eq. (16) the expression for ⌦h

2

in the term proportional to �3. This result (based on in-
stantaneous reheating) should be multiplied by a “boost”
factor, BF , to account for non-instant reheating. It was

calculated in [27] to be BF = f(n) 56
5

ln
⇣

Tmax

TRH

⌘
' 20 for

Tmax/TRH ⇠ 100 and numerically f(6) ⇡ 0.4. We plot
in Fig. (2) the values of TRH and m

h̃
required to obtain

a relic density of ⌦h
2 ' 0.1 for two choices of dark mat-

ter masses (1 GeV and 1010 GeV) and4 ⇤ = 1016 GeV.
It is important to underline that, to produce this figure,
we took into account the enhancement of the production
rate due to non-instantaneous reheating. Indeed, as it
was shown in [27], such a high power-law dependence on
the reheating temperature implied that the majority of
dark matter is produced at the beginning of the reheating
process and the approximation of instant reheating is not
valid anymore. However, this enhancement does not de-
pend on the production process of dark matter but only
on the ratio Tmax/TRH.

FIG. 2: Values of TRH and m
h̃

giving rise to the
observed scalar DM relic abundance for mX = 1 GeV
and 1010 GeV, gDM = gSM = 1 and ⇤ = 1016 GeV. The

dotted diagonal lines with m
h̃

= TRH and
m

h̃
= Tmax = 100 TRH are shown for reference.

In the heavy mediator regime, we can verify the
fact that the relic abundance is compatible with
WMAP/Planck data when mX ' 1010 GeV and ⇤ =
1016 GeV, from the analytical expression (16). Agree-
ment between the curve and our analytical expression re-
quires the boost factor of about 20. Thus for m

h̃
= 1017

3
The Appendix also includes the exact formulae for fermionic and

vectorial dark matter. However, these di↵er only by a factor of

order one to ten.
4
When not specified, we will fix gDM = gSM = 1.

GeV, we find TRH ' 3 ⇥ 1013 GeV. Note that for this
value of mX , the solid curve cuts o↵ at TRH = 1010 GeV
as we must require TRH > mX so that the production of
the dark matter is kinematically allowed. At lower value
of m

h̃
the analytical expression (16) would require a sig-

nificantly larger boost factor as the e↵ect of the pole can
not be neglected and this e↵ect is not accurately taken
into account in the analytical expression. In fact, un-
der close examination of the solid line in Fig. 2, we see a
change in slope at m

h̃
⇡ 1016 GeV. At higher masses, the

e↵ect of the pole is safely neglected and the term propo-
tional to �3 in Eq. (16) describes the numerical result
reasonably well.

At still higher m
h̃
, the curve flattens out, when the

term proportional to ↵ in Eq. (16) dominates, corre-
sponding to graviton exchange. Indeed, Eq. (16) shows

that when m
h̃

> 3000B
1/4

F
TRH (for the parameters shown

in the figure), graviton exchange dominates and the nec-
essary reheat temperature is independent of m

h̃
and is

TRH ' 1014 GeV as seen in Fig. (2). This is easily un-
derstood once one notices that, even if massless, graviton
exchange is highly suppressed by Planck mass couplings
to the standard-model and dark sector. Note that in the
case of graviton exchange there is e↵ectively no boost fac-
tor as the rate depends on T

8 rather than T
12. A large

reheating temperature is needed to compensate the weak-
ness of the coupling. Then for all masses m

h̃
> 7 ⇥ 1017

GeV, graviton exchange dominates.
For mX = 1 GeV (as seen by the dashed line), the

heavy mediator is only important at extremely high val-
ues of m

h̃
as seen by the slight bend in the curve at the

upper right of the figure. This bend corresponds to the
point where the e↵ect of the pole ceases to dominate as
we previously saw for mX = 1010 GeV and discussed
above.

Light mediator regime

As we discussed above, if m
h̃

is lighter than the reheat-
ing temperature TRH , there is the possibility of resonant
production of the mediator h̃µ⌫ [41]. One can easily un-
derstand that once the temperature of the thermal bath
T dropped to the value T ' m

h̃
/2, dark matter produc-

tion will be enhanced by the rapid s-channel cross section
on resonance. The important parameter in this case is
the width of h̃. Within the narrow width approximation,
one can compute the rate and relic density (see the Ap-
pendix for details) which is given in Eq. (16) by the term
proportional to �2. This expression is obviously indepen-
dent of TRH because it corresponds to rapid dark mat-
ter production around T ⇠ m

h̃
. This pole-phenomena

is clearly visible in Fig. (2), represented by the verti-
cal line (for mX = 1 GeV) corresponding to the value
m

h̃
' 5 ⇥ 109 in good agreement with our analytical

computation Eq. (16).
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In this work we generalize this to the case in which the
exchanged spin-2 particle is massive. We borrow con-
cepts from the theory of massive gravity. The Lorentz
invariant linear theory of a massive graviton was formu-
lated by Fierz and Pauli in [30], where it was shown that
only one specific choice for the mass term is free from sin-
gularities. At the linear level, the massive graviton has 5
polarizations, as expected for a massive spin-2 particle.
It was then shown that a generic nonlinear completion
introduces a sixth state, that is a ghost [31]. Ref. [32]
provided a nonlinear construction that is ghost free. 1 We
are not interested here in the nonlinear self-interactions
of the massive spin-2 field, so we will simply employ the
Fierz and Pauli linear term, implicitly assuming a ghost-
free nonlinear completion.

The coupling of the spin-2 mediator is expected to be
universal, but it might couple more strongly to the SM
(and the dark sector) than a Planck suppressed gravita-
tional coupling. Thus we consider here, a massive spin-2
mediator coupling via the energy momentum tensor but
with an intermediate mass scale, thus enhancing its cou-
plings relative to gravity. We generalize spin-2 couplings
to dark matter and study the production mechanism of
dark matter through a massive spin-2 portal.

The paper is organized as follows. In the next section,
we lay out the model which includes a massive spin-2
mediator which is coupled to both the dark matter sector
and the SM. In section III, we discuss our computation
of the relic dark matter abundance and our results are
given in section IV where we consider separately the cases
of heavy and light mediators and discuss the impact of
dropping the instantaneous reheating approximation and
our conclusions are given in section V.

II. THE MODEL

The model we consider is a relatively minimal exten-
sion of the SM which includes (in addition to the massless
graviton hµ⌫) a dark matter candidate X, and a massive
spin-2 mediator h̃µ⌫ and is described by the Lagrangian

L = LSM + LDM + LEH + L
h̃

+ L1

int
+ L2

int
, (2)

with LSM (LDM) the standard model (dark matter) La-
grangian. LEH is the Einstein-Hilbert sector which con-
tains the kinetic terms of the massless graviton ob-
tained after expanding the metric around flat space,
gµ⌫ ' ⌘µ⌫ + hµ⌫/MP . L

h̃
is the ghost-free Fierz-Pauli

1
In fact, such a model was already formulated in [33, 34], using the

vielbein formalism. It was noted in these works that the ghost

does not appear in the scalar sector of the theory. A conclusive

proof that the ghost is absent in the full theory was later obtained

in [35], also using the vielbein formulation.

Lagrangian which contains the kinetic and mass terms
for the massive spin-2 field. The final two terms, Li

int
are

the interaction Lagrangians with the massless graviton
hµ⌫ (i = 1) and the massive spin-2 mediator h̃µ⌫ (i = 2)
that can be written, from the equivalence principle:

L1

int
=

1

2MP

hµ⌫ (Tµ⌫

SM
+ T

µ⌫

X
) (3)

L2

int
=

1

⇤
h̃µ⌫ (gSMT

µ⌫

SM
+ gDMT

µ⌫

X
) (4)

where MP is the reduced Planck mass MP ' 2.4 ⇥ 1018

GeV, and ⇤ . MP is an intermediate scale and governs
the strength of the new spin-2 interaction. The couplings,
gSM (gDM) of the messenger to the standard model (dark
matter) allow us to distinguish interactions between the
two sectors. Of course only 2 of the three parameters
(⇤, gSM, gDM) are independent.

The form of the stress-energy tensor of a field, T
a

µ⌫

depends on its spin a = 0, 1/2, 1.2 In general, we can
write

T
0

µ⌫
=

1

2
(@µ� @⌫�+ @⌫� @µ�� gµ⌫@

↵
� @↵�) ,

T
1/2

µ⌫
=

i

4
 ̄ (�µ@⌫ + �⌫@µ) � i

4

�
@µ ̄�⌫ + @⌫ ̄�µ

�
 ,

T
1

µ⌫
=

1

2


F

↵

µ
F⌫↵ + F

↵

⌫
Fµ↵ � 1

2
gµ⌫F

↵�
F↵�

�
. (5)

The amplitudes relevant for the computation of the pro-
cesses SMa(p1)+SMa(p2) ! DMb(p3)+DMb(p4) can be
parametrized by

Mab /
X

i=1,2

hpa
1
p
a

2
|Li

int
|pb

3
p
b

4
i /

X

i=1,2

M
a

µ⌫
⇧µ⌫⇢�

i
M

b

⇢�
,

(6)
where b denotes the spin of the DM involved in the pro-
cess and b = 0, 1/2, 1. ⇧µ⌫⇢�

i
denotes the propagators

of the graviton (i = 1) and massive spin-2 (i = 2) which
are given in the Appendix. The partial amplitudes, M

a

µ⌫
,

can be expressed as

M
0

µ⌫
=

1

2
(p1µp2⌫ + p1⌫p2µ � gµ⌫p1.p2) ,

M
1/2

µ⌫
=

1

4
v̄(p2) [�µ(p1 � p2)⌫ + �⌫(p1 � p2)µ] u(p1) ,

M
1

µ⌫
=

1

2

"
✏
⇤
2
.✏1(p1µp2⌫ + p1⌫p2µ) � ✏

⇤
2
.p1(p1µ✏1⌫ + ✏1µp2⌫)

�✏1.p2(p1⌫✏⇤2µ + p1µ✏
⇤
2⌫

) + p1.p2(✏1µ✏
⇤
2⌫

+ ✏1⌫✏
⇤
2µ

)

+⌘µ⌫(✏
⇤
2
.p1✏1.p2 � p1.p2 ✏

⇤
2
.✏1)

#
, (7)
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We assume real scalars and Dirac fermions throughout our work.
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In this work we generalize this to the case in which the
exchanged spin-2 particle is massive. We borrow con-
cepts from the theory of massive gravity. The Lorentz
invariant linear theory of a massive graviton was formu-
lated by Fierz and Pauli in [30], where it was shown that
only one specific choice for the mass term is free from sin-
gularities. At the linear level, the massive graviton has 5
polarizations, as expected for a massive spin-2 particle.
It was then shown that a generic nonlinear completion
introduces a sixth state, that is a ghost [31]. Ref. [32]
provided a nonlinear construction that is ghost free. 1 We
are not interested here in the nonlinear self-interactions
of the massive spin-2 field, so we will simply employ the
Fierz and Pauli linear term, implicitly assuming a ghost-
free nonlinear completion.

The coupling of the spin-2 mediator is expected to be
universal, but it might couple more strongly to the SM
(and the dark sector) than a Planck suppressed gravita-
tional coupling. Thus we consider here, a massive spin-2
mediator coupling via the energy momentum tensor but
with an intermediate mass scale, thus enhancing its cou-
plings relative to gravity. We generalize spin-2 couplings
to dark matter and study the production mechanism of
dark matter through a massive spin-2 portal.

The paper is organized as follows. In the next section,
we lay out the model which includes a massive spin-2
mediator which is coupled to both the dark matter sector
and the SM. In section III, we discuss our computation
of the relic dark matter abundance and our results are
given in section IV where we consider separately the cases
of heavy and light mediators and discuss the impact of
dropping the instantaneous reheating approximation and
our conclusions are given in section V.

II. THE MODEL

The model we consider is a relatively minimal exten-
sion of the SM which includes (in addition to the massless
graviton hµ⌫) a dark matter candidate X, and a massive
spin-2 mediator h̃µ⌫ and is described by the Lagrangian

L = LSM + LDM + LEH + L
h̃

+ L1

int
+ L2

int
, (2)

with LSM (LDM) the standard model (dark matter) La-
grangian. LEH is the Einstein-Hilbert sector which con-
tains the kinetic terms of the massless graviton ob-
tained after expanding the metric around flat space,
gµ⌫ ' ⌘µ⌫ + hµ⌫/MP . L

h̃
is the ghost-free Fierz-Pauli

1
In fact, such a model was already formulated in [33, 34], using the

vielbein formalism. It was noted in these works that the ghost

does not appear in the scalar sector of the theory. A conclusive

proof that the ghost is absent in the full theory was later obtained

in [35], also using the vielbein formulation.

Lagrangian which contains the kinetic and mass terms
for the massive spin-2 field. The final two terms, Li

int
are

the interaction Lagrangians with the massless graviton
hµ⌫ (i = 1) and the massive spin-2 mediator h̃µ⌫ (i = 2)
that can be written, from the equivalence principle:

L1

int
=

1

2MP

hµ⌫ (Tµ⌫

SM
+ T

µ⌫

X
) (3)

L2

int
=

1
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h̃µ⌫ (gSMT

µ⌫

SM
+ gDMT
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X
) (4)

where MP is the reduced Planck mass MP ' 2.4 ⇥ 1018

GeV, and ⇤ . MP is an intermediate scale and governs
the strength of the new spin-2 interaction. The couplings,
gSM (gDM) of the messenger to the standard model (dark
matter) allow us to distinguish interactions between the
two sectors. Of course only 2 of the three parameters
(⇤, gSM, gDM) are independent.

The form of the stress-energy tensor of a field, T
a

µ⌫

depends on its spin a = 0, 1/2, 1.2 In general, we can
write

T
0

µ⌫
=

1

2
(@µ� @⌫�+ @⌫� @µ�� gµ⌫@

↵
� @↵�) ,

T
1/2

µ⌫
=

i

4
 ̄ (�µ@⌫ + �⌫@µ) � i

4

�
@µ ̄�⌫ + @⌫ ̄�µ

�
 ,

T
1

µ⌫
=

1

2


F

↵

µ
F⌫↵ + F

↵

⌫
Fµ↵ � 1

2
gµ⌫F

↵�
F↵�

�
. (5)

The amplitudes relevant for the computation of the pro-
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where b denotes the spin of the DM involved in the pro-
cess and b = 0, 1/2, 1. ⇧µ⌫⇢�
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denotes the propagators

of the graviton (i = 1) and massive spin-2 (i = 2) which
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can be expressed as
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FIG. 3: Relic density curves for the fermionic (orange
dashed line), Abelian (green dashed line) and non-Abelian

(blue dashed line) dark matter.

teresting feature in the change of slope between TRH and
TMAX in the fermionic dark matter case. This is a novel
feature that was not treated in Ref. [23] nor Ref. [12].
Indeed, in the case in which dark matter is heavier than
TRH, there is still a possibility to produce it as long as
mDM . TMAX. If the temperature dependence of the rate
is small enough (fermionic case), most of the DM density
is produced at the lowest scale available, and we notice a
change of slope in the curve giving the correct relic den-
sity. It is worth commenting that, due to statistical dis-
tribution, the production rate does not vanish completely
when T . mDM, which explains why the DM production
window is still open when mDM > TMAX

7. Therefore, in
this regime, a small e↵ective scale ⇤ is required to com-
pensate the thermal suppression of the rate, as one can
see in Fig.3.

Moreover, a quick look at Fig.3 shows to what extent the
allowed parameter space is technically natural. Indeed,
for a very large range of the DM mass, from O(TeV)
to TRH, values of the beyond SM scale ⇤ range from
TRH to GUT/string scale and can still populate the Uni-
verse with the correct relic abundance. This means that
the heavy spectrum of masses above the reheating tem-
perature TRH generates naturally small couplings of an
invisible Z 0 to the SM bath to satisfy the cosmologi-
cal constraints through the freeze-in process. This con-
stitutes one of the most important observations of our
work.

7 The corresponding region of parameter space as shown in Fig. 3
is quantitatively less precise as the EFT approach becomes less
reliable.

FIG. 4: Triangle diagram containing heavy chiral fermions
 i (left panel) and the resulting e↵ective vertex at low

energy (right panel).

IV. TOWARD A MICROSCOPIC APPROACH

As mentioned earlier, we consider processes happening at
a temperature below the U(1)0 phase transition scale. We
have also assumed that the radial component of the com-
plex scalar that breaks U(1)0 is way too heavy compared
to the corresponding VEV (V ). Then, Z 0 is primarily
longitudinal absorbing the axion field (a), and the e↵ec-
tive Lagrangian containing Z 0 realizes the gauge symme-
try nonlinearly à la Stueckelberg. Now, we attempt to
look deep inside the e↵ective GCS vertices searching for
microscopic details. Importantly, the masses of the loop
fermions ( ) generating the GCS couplings, as shown in
Fig. 4, must be invariant both under the SM and the
U(1)0 gauge symmetries to ensure that the induced low-
energy GCS operators are gauge invariant. One can, in
fact, write the microscopic (gauge-invariant) Lagrangian
introducing pairs of heavy fermions ( ) that are vector-
like with respect to the SM group, but necessarily chiral
under U(1)0. This generates the e↵ective Lagrangian (5)
at energies below the U(1)0 breaking scale,

L =LSM +
1

2
(@µa � MZ0Z 0

µ)2 � Mi  
i
Lei(qL�qR)

a
V  i

R

+ i 
i
L�µ(@µ � i

g̃

2
qiLZ 0

µ) i
L + i 

i
R�µ(@µ � i

g̃

2
qiRZ 0

µ) i
R

(19)

which is manifestly invariant under the (nonlinear) U(1)0

transformation of parameter ↵,

 i
R !  i

Rei
g̃
2
qR↵ ;  i

L !  i
Lei

g̃
2
qL↵

Z 0
µ ! Z 0

µ + @µ↵ ; a ! a +
g̃

2
V ↵ ⌘ a + MZ0 ↵

From the Lagrangian in Eq. (19), we compute the tri-
angle loops shown in Fig. 4 and integrate out the heavy
fermions. We then obtain the same e↵ective Lagrangian
as in Eq. (5), but now we can express the e↵ective cou-
pling of the dimension-6 Lagrangian in terms of the pa-
rameters of the microscopical theory. In agreement with
Ref. [25], we obtain

Lloop =
1

⇤2

loop

@↵Z 0
↵✏µ⌫⇢�Tr[Ga

µ⌫G
a
⇢�], (20)

3

the present work, we shall consider this particular
set-up, even if our results can be applied to a gen-
eral class of GCS couplings just by a redefinition of
parameters.

In the unitary gauge, the term related to the Z 0-SM-SM
vertex can be extracted from Eq. (3) as

L =
g̃

M2
@↵Z 0

↵✏µ⌫⇢�@µAa
⌫@⇢A

a
� , (4)

where Aa are the SM gauge bosons. From now on, with-
out any loss of generality, we consider the gluons as the
gauge bosons appearing in Eq. (4) and define 1

⇤2 ⌘
g̃

M2 ,
as the results would be exactly the same with electroweak
gauge bosons, just by rescaling the couplings. We con-
sider the heavy fermions generating the GCS couplings
to be charged under SU(3)C so that they dominate the
production process2. With this approach, the relevant
Lagrangian would then read [25]

Le↵ =
1

⇤2
@↵Z 0

↵✏µ⌫⇢�Tr[Ga
µ⌫G

a
⇢�] + L

i
DM

, (5)

where L
i
DM

represents the interactions between the Z 0

and the DM candidate, which can be fermionic (�), or
vectorial of Abelian (X1) or non-Abelian (XN ) types.
The respective Lagrangians are given by3

L
�
DM

= ↵ �̄�µ�5�Z 0
µ, (6)

L
X1

DM
= � ✏µ⌫⇢�Z 0µX⌫

1
X⇢�

1
, (7)

and

L
XN
DM = � @↵Z 0

↵✏µ⌫⇢�Tr[Xµ⌫
N X⇢�

N ]. (8)

III. RESULTS

The evolution of dark matter number density nDM is gov-
erned by the Boltzmann equation

dnDM

dt
= �3H(T )nDM + R(T ), (9)

where H (T ) is the Hubble expansion rate and R(T ) is the
temperature-dependent interaction rate. In the regime
in which the abundance of dark matter is much smaller

2 Considering fermions without hypercharge Y leads to a simplifi-
cation as kinetic mixing of the type � Z

0
µ⌫B

µ⌫ can be avoided.
E↵ects of such mixing have been extensively studied in the liter-
ature [27]

3 Only axial coupling is present for the fermionic dark matter.
The derivative @

↵ before Z
0
↵ in Eq. (4) ensures that the vector

coupling does not contribute in a GG ! �� process.

than the abundance of particles in the thermal bath, the
backreaction term in the rate (dark matter producing
standard particles) may be neglected, which is usually
the case in the freeze-in mechanism4.

FIG. 1: Production of dark matter through gluon fusion in
the early Universe

In our set-up, the freeze-in occurs through the process
depicted in Fig. 1. For a 1 + 2 ! 3 + 4 process, the
rate can be written as R(T ) = n2

sm
h�vi, where nsm is

the number density of the SM species and h�vi is the
thermal averaged production cross section. For a dark
matter particle i, the rate reads

R(T ) =

Z
f1f2

E1E2dE1dE2 d cos ✓12
1024⇡6

Z
|M|

2

id⌦13 ,

(10)

with E1,2 and f1,2 as the energy and the distribution
function of the initial SM particles, ✓12 as the angle be-
tween them, and d⌦13 as the solid angle between particles
1 and 3.
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4 The correct amount of dark matter is generated in a regime in
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than the abundance of particles in the thermal bath, the
backreaction term in the rate (dark matter producing
standard particles) may be neglected, which is usually
the case in the freeze-in mechanism4.
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discuss bounds on the moduli masses coming from cos-
mology. In section IV, we outline the dark matter relic
abundance through the freeze-in mechanism in the early
Universe, taking into account non-instantaneous reheat-
ing. Section V is devoted to the computation of the
the dark matter production rate in the early Universe
in our model and we delineate the parameter space for
the model in consideration. In section VI, we summarize
the main results of our work and conclude by highlighting
the new aspects that emerged from our analysis.

II. THE MODEL

Let ⇤ being the new physics scale (that can be string
scale, unification scale or SUSY/SUGRA breaking scale,
for instance). Consistency of the effective field theory
requires that ⇤ is the largest mass scale of theory, in
particular larger than dark matter or mediator masses,
and the maximum temperature after reheating. One can
then define the couplings of the complex modulus field1

T decomposed as T ⌘ t+ia, to the Standard Model field
k by expanding the wave-functions Zk:

Zk(T , T̄ ) ⇡ 1 +
ck

⇤
T +

dk

⇤
T̄ ⌘ 1 +

↵k

⇤
t + i

�k

⇤
a , (1)

where ck and dk are real coefficients of order one and we
defined the couplings to the real and imaginary compo-
nents of T as ↵k = ck+dk and �k = ck�dk respectively2.
We can then express generic couplings of the moduli fields
to the Standard Model sector as

LSM

T � ZH |DµH|2 � µ
2(T , T̄ )|H|2 � �(T , T̄ )|H|4

+
1

2

�
ZLf̄Li /DfL + ZRf̄Ri /DfR + h.c.

�

� 1

4
ZG Gµ⌫G

µ⌫ � Z 0
G

Gµ⌫G̃
µ⌫

, (2)

where ZH(= 1+ ↵H

⇤ t), ZL,R(= 1+ ↵L,R

⇤ t+i
�L,R

⇤ a), ZG(=

1 + ↵G

⇤ t) and Z 0
G

(= �G

⇤ a) are the wave functions of the
scalar (H), fermionic (f) and (Abelian and non-Abelian)
gauge (Gµ) fields of the Standard Model respectively. In
the above equation, Gµ⌫ is the field strength tensor of
the gauge field (Gµ) and G̃

µ⌫(= 1
2✏

µ⌫⇢�
G⇢�) is its dual

field strength tensor.

From the first line of Eq.(2) we see that the scalar po-
tential depends on the mass parameter µ which is also

1
We will consider only one modulus field throughout our work.

Generalization to several fields is straightforward.
2

For simplicity, throughout our work, we will consider CP-

conserving Lagrangians and therefore real coefficients in the cou-

plings of moduli to matter. Extension to CP-violating couplings

is interesting but beyond the goal of our paper.

a function of the moduli fields. Parametrizing the con-
tribution of the moduli to the µ-parameter in a similar
fashion as in Eq.(1) we can write,

µ
2 = µ

2
0

⇣
1 +

↵H

⇤
t

⌘
, (3)

with µ0 being the SM µ-parameter that reproduces the
observed Higgs mass at the electroweak scale. As ⇤ is
the highest scale in the theory, contribution to the Higgs
mass due to the moduli is small. On the other hand
there is a second possibility that the µ-parameter gets
generated at a scale (

p
hF i) close to the Planck scale. In

this case the effective µ-parameter can be written

µ
2 = µ

2
0 +

hF i
MP

t , (4)

where hF i is the vev of the “spurion” field. In this case,
one needs a considerable amount of cancellation or fine-
tuning between the two contributions in Eq.(4) to repro-
duce the observed Higgs mass. In contrast to the Eq.(3),
in this case the coupling of t to the Higgs is quite large.
This leads to the fact that the width of t could be larger
than the mass of t unless we demand that the width to
be at most the mass of t. This sets an upper bound on
the spurion vev, hF i . mtMP , where mt is the mass of
t. Throughout our analysis, we will consider the case of
Eq.(3) unless otherwise stated.

The effective interactions between the components of
the moduli and SM fields, at the first order in 1/⇤,
reads

LSM

T �↵H

⇤
t |DµH|2 � ↵H

⇤
µ
2
0 t |H|2

+

✓
1

2⇤
t f̄ i�

µ(↵f

V � ↵
f

A�5)Dµf + h.c.
◆

+
1

2⇤
@µa f̄�

µ(�f

V � �
f

A�5)f (5)

� 1

4

↵G

⇤
t Gµ⌫G

µ⌫ + 2
�G

⇤
@µa ✏

µ⌫⇢�
G⌫@⇢G� ,

where we have identified the chiral couplings as ↵
f

V =

(↵L + ↵R)/2 and ↵
f

A = (↵L � ↵R)/2, with analogous
definitions for the couplings of the imaginary part of the
moduli.
Before we proceed further we can make some remarks
after having a quick look at Eq.(5):

• Since the kinetic term of Higgs needs to be real, the
Higgs sector only couples with the real part of the
modulus field t.

• One observes that the Lagrangian in Eq.(5) is in-
variant under a shift in the imaginary part of the
moduli (a ! a + const.). This can also be ob-
served in SUGRA models for instance, where the
Kähler metric depends explicitly on the combina-
tion T + T̄ . In other words the Lagrangian could
be written by imposing the shift symmetry from
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FIG. 1: Evolution of the production rate of fermionic dark
matter as function of the temperature for different masses of

dark matter and real component of the modulus field.

We have computed numerically the total production
rates, Eq.(B4), where the integration was computed using
the CUBA package [34], with Bose-Einstein distribution
function for the Higgs and gauge bosons in the initial
states.

In Fig. 1, we show the exact solutions of the total pro-
duction rate of the fermionic dark matter for a represen-
tative set of free parameters, as a function of the variable
x = ms/T which may be regarded as a parametrization
of time. We set the new physics scale ⇤ to be 1016 GeV
(GUT scale), TMAX = 1012 GeV and the mass of the ax-
ionic modulus to be 108 GeV. For simplicity, all the cou-
plings are set to unity. From left to right, the mass of the
real component of the modulus is set to 1010, 1013 and
1015 GeV (green, orange and blue curves, respectively).
The mass of the fermionic dark matter is set to be be-
tween the mediator masses in the first case (109 GeV)
and to be relatively light in the second and third cases
(104 GeV).

It is easy to understand the mechanism at work in the
dark matter production after a look at Fig. 1. First of
all, a general feature of the rate is the strong temper-
ature dependence: the higher the temperature (small x

region), the more dark matter would be produced. The
second generic feature is the threshold for dark matter
production which is due to the Boltzmann suppressed
photon distribution having T > MDM (large x). This
happens just after x = 10, 109 and 1011 for the three
case respectively.
Between those two extremes, we can notice the effects
of the pole regions once T reaches mt (x ⇠ 1) and ma

(x = 102, 105 and 107 for mt = 1010, 1013 and 1015 GeV
respectively). Notice that the production rates for the
scalar dark matter would not have the effect of the poles
of ma since it couples only with the real component of the
modulus. The production rate of a vectorial dark matter
would have the same qualitative features of the fermionic
case but with a steeper bend at high temperatures, since
the temperature dependence in the heavy regime is T

12

in the vector dark matter case and T
10 in the fermionic

case.

The presence of the pole regions depend on the low and
high temperature thresholds. It will not appear if the
Boltzmann suppression takes place before it (as in the
green curve, for x ⇠ 100). Since the Universe has a
maximal temperature, fixed to 1012 GeV in Fig. 1, the
production rate will have maximal values at x = 10�2

, 10
and 103. As a consequence, the pole due to the real
component exchange would not contribute for the cases
in orange and blue.

B. Relic abundance

From the approximate rates given in the last section, we
can have an idea about the parameter space in agreement
with the inferred value of the dark matter relic density
⌦h

2 = 0.1200 ± 0.0012 [1]. Taking the limit of heavy
moduli, we find
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(25)

It is important to underline that the expressions in
Eq.(25) are computed with simplified hypothesis, espe-
cially in the limit mt � TMAX. Comparing Eq.(25)
with our numerical results, we noticed that pole effects

due to the exchange of t can be important even when
mDM lies above TMAX as the enhancement due to a small
value width can compensate the Boltzmann suppression
e
�mDM/TMAX .
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Adding the contribution from 
radiative decay of the inflaton
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FIG. 1. Region of the parameter space allowed by PLANCK
constraints [32] in the plane (m3/2, y�) for di↵erent values of the

branching ratio B3/2 and m� = 3 ⇥ 1013 GeV (see the text for
details).

where we have set c = 1.2. The cosmological constraint is
plotted in Fig.(1) in the (m3/2, y�) plane, where we show
the region allowed by PLANCK [32]. The black (solid)
line represents the PLANCK constraint ⌦h2 = 0.11. One
immediately sees the linear increase in the Yukawa cou-
pling y� with increasing gravitino mass in order to coun-
terbalance the weakening of the e↵ective coupling 1/F
responsible for its production in the thermal bath.

A large inflaton-matter coupling produces a high re-
heating temperature, which in turn increases the grav-
itino abundance. Then, as one can see from Eq.(11), the
solid curve in Fig. 1 is an upper bound on y� to avoid
an overabundant gravitino. In fact, one can extract an
upper bound on y� independent of m3/2 simply requir-
ing m3/2 < TRH , a necessary condition for the gravitino
to be thermally produced. The condition m3/2 < TRH

implemented in Eq.(11) with the expression (10) gives

y� . 1.6⇥ 10�3

✓
3⇥ 1013 GeV

m�

◆1/2

, (12)

shown as the horizontal dashed line in the Figure 1. We
can then extract the maximum reheating temperature
TRH . 1.1⇥1012 GeV. Combined with the condition (7)
m3/2 > 0.2 EeV, the relic abundance constraint (9) gives

2.7⇥ 1010 GeV . TRH . 1.1⇥ 1012 GeV (13)

which is a strong prediction of our model.

D. Gravitino production by inflaton decay

It is also possible to produce gravitinos through the
direct decay of the inflaton. For example, in no-scale

supergravity models of inflation, the decay of the infla-
ton to gravitinos is highly suppressed. In simple models,
there is no coupling at the tree-level [51]. However, it is
possible to couple the inflaton to moduli without spoiling
the inflationary potential [41, 42]. We can parameterize

the decay to a pair of gravitinos as �3/2 = m�

y
2
3/2

72⇡ .

The branching ratio of decays to gravitinos is then

B3/2 = �3/2/�� =
|y3/2|2

9y2
�

. (14)

Using the result from [41] for the gravitino abundance
produced by inflaton decay at the epoch of reheating, we
get

n3/2

n�

⇡ 3.6B3/2
(��MP)1/2

m�

⇡ 0.7B3/2y�

✓
MP

m�

◆1/2

(15)
corresponding to

⌦decay

3/2 h
2 = 0.11

✓
B3/2
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◆✓
y�

2.9⇥ 10�5

◆
(16)

⇥
⇣

m3/2

0.1 EeV

⌘✓
3⇥ 1013 GeV

m�

◆1/2

.

today.

The condition (7) is then translated into

B3/2y� =
|y3/2|2

9|y�|
. 1.9⇥ 10�18

✓
0.1 EeV

m3/2

◆
(17)

for m� = 3 ⇥ 1013 GeV. Contrary to the case of ther-
mal gravitino production, our limit to the coupling y�

is strengthened as m3/2 is increased when gravitino pro-
duction occurs through inflaton decay. Since the den-
sity through the decay of the inflaton is proportional to
n�B3/2m3/2, where m�n� is the inflaton energy density,
the limit on the coupling is improved when either the
branching ratio or the gravitino mass is increased.

This result is also shown in Fig.(1) where we clearly see
the changing in the slope for larger value of B3/2 > 10�19

where the direct production from inflaton decay may
dominate over the thermal production. We note that the
constraints obtained on the inflaton coupling to graviti-
nos are strong. We recall, however, that in no-scale mod-
els of inflation [41, 42, 51] and in classes of inflationary
models with so-called stabilized field [52, 53], this cou-
pling is naturally very small. Finally, we point out that in
the case of the direct production of the gravitino through
inflaton decay, both the ±3/2 and the ±1/2 components
of the gravitino populate the Universe, whereas in the
case of thermal production (Eq.9) only the longitudinal
goldstino component contributes to the relic abundance.



“I wish I could show you,
When you are lonely or in darkness,

The Astonishing Light
Of your own Being!” 

― Hafez, The Divan 
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Before even thermalization, there exists a non-perturbative phase, where we observe an explosive 
resonant production of particles through the parametric (or tachyonic) resonance, highly dependent 

on the inflationary potential.
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Gravitational scattering



dY�

dT
= �8

3

R(T )

H T 9
with Y� =

n�

T 8
<latexit sha1_base64="KCHL6jLcU1tbjIru1YV5+eGyQIo="></latexit><latexit sha1_base64="KCHL6jLcU1tbjIru1YV5+eGyQIo="></latexit><latexit sha1_base64="KCHL6jLcU1tbjIru1YV5+eGyQIo="></latexit><latexit sha1_base64="KCHL6jLcU1tbjIru1YV5+eGyQIo="></latexit>

) H(T ) =
5

6

↵

�IM
2
P

T
4

<latexit sha1_base64="HQ11bSm6QfoU08rVfBM4P+zslHk="></latexit><latexit sha1_base64="HQ11bSm6QfoU08rVfBM4P+zslHk="></latexit><latexit sha1_base64="HQ11bSm6QfoU08rVfBM4P+zslHk="></latexit><latexit sha1_base64="HQ11bSm6QfoU08rVfBM4P+zslHk="></latexit>

[H(T ) =
↵

3MP
T

2 in radiation dominated universe]
<latexit sha1_base64="MWUJYuZRxT2MvY22nO0YnK2Qx7Y="></latexit><latexit sha1_base64="MWUJYuZRxT2MvY22nO0YnK2Qx7Y="></latexit><latexit sha1_base64="MWUJYuZRxT2MvY22nO0YnK2Qx7Y="></latexit><latexit sha1_base64="MWUJYuZRxT2MvY22nO0YnK2Qx7Y="></latexit>

[inflaton Φ]

[radiation R]

[dark matter χ]

[scale a]

d⇢�

dt
+ 3H⇢� = ���⇢�

d⇢R

dt
+ 4H⇢R = +��⇢�

dn�

dt
+ 3Hn� = R(T )

H
2 =

⇢�

3M2
P

+
⇢R

3M2
P

<latexit sha1_base64="g8c3iLAVOeiXMC33HS+SC1sqMuE="></latexit><latexit sha1_base64="g8c3iLAVOeiXMC33HS+SC1sqMuE="></latexit><latexit sha1_base64="g8c3iLAVOeiXMC33HS+SC1sqMuE="></latexit><latexit sha1_base64="g8c3iLAVOeiXMC33HS+SC1sqMuE="></latexit>



Another DM source: The inflaton decay

3

ators of supersymmetry breaking2. We expect ⇤mess �
MSUSY . Thus MSUSY > m� translates to F > m

2
�
. The

gravitino mass is also determined by F [39],

m3/2 =
Fp
3MP

(6)

And hence we have a lower bound on the gravitino mass
given by

m3/2 >
m

2
�p

3MP

' 0.2 EeV (7)

Thus we have a gravitino mass gap between 4 TeV and
0.2 EeV which remains cosmologically problematic.

B. Gravitino Production

Clearly the LHC bounds can be satisfied if the sparticle
mass spectrum lies above a few TeV. The direct detection
limits can also be satisfied as the spectrum approaches
its upper limit [7]. It is also possible that the dark matter
lies beyond the MSSM and has weaker couplings to mat-
ter, e.g. through a t-channel exchange of a massive Z’ or
Higgs as shown in [44] or invoking a pseudoscalar or pure
axial mediator to velocity suppress �

scat

N
[45, 46]. Fur-

thermore, if the dark matter couples too weakly with the
standard model, it will never reach thermal equilibrium
as its production rate is dn

dt
= n

2
�
h�vi. The particle is

frozen in during the process of thermalization. The weak
coupling of the dark sector with the standard model can
be due to either an e↵ectively small coupling (of the or-
der of 10�10 ) [47] or because the mass of the mediator
between the two sectors is very large, as in the case of
Non-Equilibrium Thermal Dark Matter (NETDM) mod-
els [49].

By increasing the SUSY mass scale, we have also re-
moved most of the standard gravitino production mech-
anisms. Namely both NSLP decay, and the thermal pro-
duction from standard model annihilations such as gluon,
gluon ! gluino, gravitino are no longer kinematically al-
lowed. The rate for the latter is well known [40, 41] and
scales as � ⇠ T

3
M

2
SUSY

/M
2
P
m

2
3/2, where we have as-

sumed predominantly goldstino production in the limit
m3/2 ⌧ MSUSY . In this case, the gravitino abundance
is approximately n3/2/n� ⇠ �/H ⇠ TM

2
SUSY

/MPm
2
3/2,

where we have simply taken the Hubble parameter as
T

2
/MP .

In the limit that the SUSY mass scale is above the
inflationary scale, there remains, however, (at least) two
sources of gravitino production. Inflaton decay to grav-
itinos [41, 42], and thermal production of two gravitinos

2 These messengers could in principle also play a role in restoring
unification at high scale.

from the thermal bath (gluon, gluon ! gravitino, grav-
itino) [43] as this is only kinematically allowed channel.
A careful computation of the gravitino production rate
was derived in [43]

R = n
2h�vi ' 21.65⇥ T

12

F 4
(8)

where n is the number density of incoming states and we
see that the rate has a strong dependence on temperature
and is even stronger than the NETDM case [49] where
the dependence is R(T ) / T

8. This dependence can be
easily ascertained on dimensional grounds. Recall that
n / T

3, and for gravitino production, we expect h�vi /
T

6
/F

4. The consequences of such a high temperature
dependence are important: we expect that all gravitino
production will occur early and rapidly in the reheating
process. This di↵ers from the feably coupled case [47]
where the smallness of the dark matter coupling to the
standard model bath renders the production rate slower.

From the rate R(T ), we can determine that � ⇠
R/n ⇠ T

9
/M

4
P
m

4
3/2 (again assuming m3/2 ⌧ MSUSY )

leading to a gravitino abundance n3/2/n� ⇠ �/H ⇠
T

7
/M

3
P
m

4
3/2. More precisely, we find,

⌦3/2h
2 ' 0.11

✓
0.1 EeV

m3/2

◆3 ✓
TRH

2.0⇥ 1010 GeV

◆7

(9)

In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the more common thermal scenario [40], thus favoring
thermal leptogenesis [48].

C. Consequences for inflationary models

The reheating temperature appearing in Eq.(9) is gen-
erated by the decay of an inflaton field � of mass m� and
width ��. We assume that the decay and thermalization
occur instantaneously at the time t�, ��t� = 2��/3H =
c, where c ⇡ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]

TRH =

✓
10

gs

◆1/4 ✓2�� MP

⇡ c

◆1/2

= 0.55
y�

2⇡

✓
m� MP

c

◆1/2

(10)
where we have defined a standard ”yukawa”-like coupling

y� of the inflaton field to the thermal bath, �� =
y
2
�

8⇡m�

and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
can then re-express the relic abundance (9) as function
of y�:

⌦3/2h
2 ' 0.11

✓
0.1 EeV

m3/2

◆3 ✓
m�

3⇥ 1013GeV

◆7/2 ✓
y�

2.9⇥ 10�5

◆7

(11)
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In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the more common thermal scenario [40], thus favoring
thermal leptogenesis [48].

C. Consequences for inflationary models

The reheating temperature appearing in Eq.(9) is gen-
erated by the decay of an inflaton field � of mass m� and
width ��. We assume that the decay and thermalization
occur instantaneously at the time t�, ��t� = 2��/3H =
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High scale supergravity
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the Standard Model bath.

2. Gravitino production through freeze in

From the interaction generated through the lagrangian
Eq.(10), one can compute the production rate R =
n2

eqh�vi of the gravitino G̃, generated by the annihilation
of the standard model bath of density neq. The detail of
the computation is developed in the appendix Eq.(27),
and we obtain

R =
X

i

n2

eqh�vii ' 21.65⇥ T 12

F 4
(12)

The Boltzmann equation for the gravitino density n3/2

can be written

dY3/2

dx
=

✓
45

g⇤⇡

◆3/2 1

4⇡2

MP

m5

3/2

x4R, (13)

with x = m3/2/T , Y3/2 = n3/2/s, s the density of en-
tropy and g⇤ is the e↵ective number of degrees of freedom
thermalized at the time of gravitino decoupling (106.75
for the Standard Model). Here, we use the Planck mass
MP = 1.2⇥ 1019 GeV. We then obtain after integration

Y3/2 =
21.65MPT 7

RH

28⇡2F 4

✓
45

g⇤⇡

◆3/2

' 3.85⇥ 10�3
MPT 7

RH

F 4

(14)

The relic abundance

⌦h2 =
⇢3/2
⇢0c

=
Y3/2 s0 m3/2

⇢0c
' 5.84⇥ 108 Y3/2

⇣ m3/2

1 GeV

⌘

(15)
is then

⌦3/2h
2 ' 0.11

✓
100 GeV

m3/2

◆3 ✓ TRH

5.4⇥ 107 GeV

◆7

(16)

As we notice, the dependence on the reheating tempera-
ture is completely di↵erent from the case where the grav-
itino is produced through the scattering of the gaugino in
Eq.(11). A similar behavior can be observed in SO(10)
framework [37] or in extended neutrino sectors [23] . All
these models have in common that the production pro-
cess appears at the beginning of the thermal history, and
is then very mildly dependent on the hypothesis or the
physics appearing after reheating. The reheating tem-
perature is then a prediction of the model (for a given

gravitino mass) once one applies the experimental con-
straints of WMAP [38] and PLANCK [39]. Another in-
teresting point, is that a look at Eqs.(14) and (16) shows
that even the dependance on the particle content is very
mild. Indeed, due to the large power T 7

RH
, the total num-

ber of degrees of freedom, or even channels does not in-
fluence that much the final reheating temperature, which
is predicted to be around 108 GeV for a gravitino with
electroweak scale. Even the hypothesis of universal cou-
plings [25] or non-universal ones [26, 27] will not a↵ect
drastically our Eq.(16).
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FIG. 1: Region in the parameter space (m3/2;TRH) respecting

the relic abundance constraint [38, 39] from Eq.(16). The points

above the black line are excluded because gravitino would overclose

the Universe. The blue line constraint is from the Higgs mass with

an observed value 125 GeV, which sets a upper limit for the scale

of supersymmetry breaking (Eq.4).

Our result is plotted in Fig.(1) where we represent
the parameter space allowed by the relic abundance con-
straints ⌦3/2h

2 ' 0.12 [38, 39]. As we notice, there exist
a large part of the parameter space allowed by cosmol-
ogy, giving reasonable values of TRH ' 105�1010 GeV for
a large range of gravitino masses MeV-PeV. The region
below the orange (dashed) line is excluded as the grav-
itino would be too heavy to be produced by freeze–in
mechanism, whereas the region above the green (dotted)
line corresponds to a freeze out scenario. In the latter
region, the production cross section h�vi is su�ciently
high to reach the thermal equilibrium. This occurs when
nh�vi & H(TRH) ' T 2

RH/MPl. A quick look at Eq.(12)
shows that such large cross section is obtained for high re-
heating temperature or small values of F (and thus light
gravitino), explaining the shape of the green region in
Fig.(1). However, once the gravitino is in thermal equi-
librium, its density is given by the classical Freeze Out
(FO) mechanism

⌦FO
3/2 =

n3/2m3/2

⇢0c
) ' 0.1

⇣ m3/2

180 eV

⌘
(17)
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Not taking into account reheating : 



Adding the contribution from 
radiative decay of the inflaton
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FIG. 1. Region of the parameter space allowed by PLANCK
constraints [32] in the plane (m3/2, y�) for di↵erent values of the

branching ratio B3/2 and m� = 3 ⇥ 1013 GeV (see the text for
details).

where we have set c = 1.2. The cosmological constraint is
plotted in Fig.(1) in the (m3/2, y�) plane, where we show
the region allowed by PLANCK [32]. The black (solid)
line represents the PLANCK constraint ⌦h2 = 0.11. One
immediately sees the linear increase in the Yukawa cou-
pling y� with increasing gravitino mass in order to coun-
terbalance the weakening of the e↵ective coupling 1/F
responsible for its production in the thermal bath.

A large inflaton-matter coupling produces a high re-
heating temperature, which in turn increases the grav-
itino abundance. Then, as one can see from Eq.(11), the
solid curve in Fig. 1 is an upper bound on y� to avoid
an overabundant gravitino. In fact, one can extract an
upper bound on y� independent of m3/2 simply requir-
ing m3/2 < TRH , a necessary condition for the gravitino
to be thermally produced. The condition m3/2 < TRH

implemented in Eq.(11) with the expression (10) gives

y� . 1.6⇥ 10�3

✓
3⇥ 1013 GeV

m�

◆1/2

, (12)

shown as the horizontal dashed line in the Figure 1. We
can then extract the maximum reheating temperature
TRH . 1.1⇥1012 GeV. Combined with the condition (7)
m3/2 > 0.2 EeV, the relic abundance constraint (9) gives

2.7⇥ 1010 GeV . TRH . 1.1⇥ 1012 GeV (13)

which is a strong prediction of our model.

D. Gravitino production by inflaton decay

It is also possible to produce gravitinos through the
direct decay of the inflaton. For example, in no-scale

supergravity models of inflation, the decay of the infla-
ton to gravitinos is highly suppressed. In simple models,
there is no coupling at the tree-level [51]. However, it is
possible to couple the inflaton to moduli without spoiling
the inflationary potential [41, 42]. We can parameterize

the decay to a pair of gravitinos as �3/2 = m�

y
2
3/2

72⇡ .

The branching ratio of decays to gravitinos is then

B3/2 = �3/2/�� =
|y3/2|2

9y2
�

. (14)

Using the result from [41] for the gravitino abundance
produced by inflaton decay at the epoch of reheating, we
get

n3/2

n�

⇡ 3.6B3/2
(��MP)1/2

m�

⇡ 0.7B3/2y�

✓
MP

m�

◆1/2

(15)
corresponding to

⌦decay

3/2 h
2 = 0.11

✓
B3/2

1.3⇥ 10�13

◆✓
y�

2.9⇥ 10�5

◆
(16)

⇥
⇣

m3/2

0.1 EeV

⌘✓
3⇥ 1013 GeV

m�

◆1/2

.

today.

The condition (7) is then translated into

B3/2y� =
|y3/2|2

9|y�|
. 1.9⇥ 10�18

✓
0.1 EeV

m3/2

◆
(17)

for m� = 3 ⇥ 1013 GeV. Contrary to the case of ther-
mal gravitino production, our limit to the coupling y�

is strengthened as m3/2 is increased when gravitino pro-
duction occurs through inflaton decay. Since the den-
sity through the decay of the inflaton is proportional to
n�B3/2m3/2, where m�n� is the inflaton energy density,
the limit on the coupling is improved when either the
branching ratio or the gravitino mass is increased.

This result is also shown in Fig.(1) where we clearly see
the changing in the slope for larger value of B3/2 > 10�19

where the direct production from inflaton decay may
dominate over the thermal production. We note that the
constraints obtained on the inflaton coupling to graviti-
nos are strong. We recall, however, that in no-scale mod-
els of inflation [41, 42, 51] and in classes of inflationary
models with so-called stabilized field [52, 53], this cou-
pling is naturally very small. Finally, we point out that in
the case of the direct production of the gravitino through
inflaton decay, both the ±3/2 and the ±1/2 components
of the gravitino populate the Universe, whereas in the
case of thermal production (Eq.9) only the longitudinal
goldstino component contributes to the relic abundance.
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PandaX-II	continue	data	taking	with	~400kg

XENON1T	is	analyzing	Science	Run	0	!

And	other	analysis	
already	published	or	
to	come:
- Axions /	ALP
- 2n double	electron	

capture	on	124Xe
- Low	mass
- Effective	field	

theories
- Calibration
- …
- Stay	tuned	!

XENONnT	&	LZ	construction	is	starting…

WIMP 
(GF)

g1 = 0.46; g2 = 0.65; g3 = 1.22; σdm ≲ 10−37 × 10−10 cm2 ⇒ gdm ≲ 10−5

or gdm ≃ 1 and Mmed ≳ 2 TeV


