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The non-observation of any signal at direct and indirect 
detection experiments constrains the interaction cross section 

DM-SM to values below σ < 5x10-47 cm2 ~ 10-18 GeV-2  
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The non-observation of any signal at direct and indirect 
detection experiments constrains the interaction cross section 

DM-SM to values below σ < 5x10-47 cm2 ~ 10-18 GeV-2  

What do we expect for a WIMP :
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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One way to solve the issue: 
FIMP



Production of dark matter in early Universe
dn�

dt
+ 3Hn� = R(T )

<latexit sha1_base64="kUF6uT2YVufGDS8OOAT5SOLGRBw="></latexit><latexit sha1_base64="kUF6uT2YVufGDS8OOAT5SOLGRBw="></latexit><latexit sha1_base64="kUF6uT2YVufGDS8OOAT5SOLGRBw="></latexit><latexit sha1_base64="kUF6uT2YVufGDS8OOAT5SOLGRBw="></latexit>

1 + 2 ! 3 + 4
<latexit sha1_base64="sSGLeSEA5jXDp4QPcy50+yHy+uA="></latexit><latexit sha1_base64="sSGLeSEA5jXDp4QPcy50+yHy+uA="></latexit><latexit sha1_base64="sSGLeSEA5jXDp4QPcy50+yHy+uA="></latexit><latexit sha1_base64="sSGLeSEA5jXDp4QPcy50+yHy+uA="></latexit>

R(T ) = n2
Eqh�vi =

Z
f1f2

E1E2dE1dE2 d cos ✓12
1024⇡6

Z
|Mfi|2d⌦13 / Tn+6

⇤

n+2
<latexit sha1_base64="x/ivnxfch9rrWp2g2YZi54IkMhQ="></latexit><latexit sha1_base64="x/ivnxfch9rrWp2g2YZi54IkMhQ="></latexit><latexit sha1_base64="x/ivnxfch9rrWp2g2YZi54IkMhQ="></latexit><latexit sha1_base64="x/ivnxfch9rrWp2g2YZi54IkMhQ="></latexit>

TRH

dark matter 
density

thermal bath 
density

SM SM SM

χ
χ



Example of rates
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In a radiation dominated 
Universe, instantaneous 

reheating
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Non-instantaneous reheating: 
introducing the inflaton



Before the end of the reheating process,  
while the Universe was still dominated by the 
matter (inflaton), but temperature was higher 

than TRH   

M.A.G. Garcia, Y. M., K.A. Olive and M.Peloso;  arXiv:1709.01549



Before the end of the reheating process,  
while the Universe was still dominated by the 
matter (inflaton), but temperature was higher 

than TRH   

In other words, one should compare the total 
DM production releasing the hypothesis of 

instantaneous reheating 

M.A.G. Garcia, Y. M., K.A. Olive and M.Peloso;  arXiv:1709.01549
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[T = �a�1
in radiation dominated universe]
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Application to concrete models

High scale SUSY

SO(10)

Massive spin 2

« string inspired » moduli fields

 G. Bhattacharyya, M. Dutra, Y. M., M. Pierre ; 1806.00016 

Nicolás Bernal, Maíra Dutra, Y. M., K. Olive, M. Peloso, M. Pierre ; Phys.Rev. D97 (2018) 115020 ; arXiv:1803.01866 

E. Dudas, T. Gherghetta, Y. M., K.A. Olive ; Phys.Rev. D96 (2017) no.11, 115032 ; arXiv:1710.07341

Emilian Dudas, Y. M., Keith Olive Phys.Rev.Lett. 119 (2017)  no.5, 051801; arXiv:1704.03008

D. Chowdhury, E. Dudas, M. Dutra, Y.M. in preparation



High scale supergravity

K. Benakli, Y. Chen, E. Dudas and Y. M.; Phys.Rev. D95 (2017) [arXiv:1701.06574]
M. A. G. Garcia, Y. M., K. A. Olive, M. Peloso ; Phys.Rev. D96 (2017) no.10, 103510  [arXiv:1709.01549] 
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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).

10-8 10-4 1 104 108 1012
100

104

106

108

1010

1012

1014

m3/2 [GeV]

T R
H

[G
eV

]

MSUSY > 1011GeV

Freeze out region

m3/2 > TRH

hot DM

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)

K. Benakli, Y. Chen, E. Dudas and Y. M.; Phys.Rev. D95 (2017) [arXiv:1701.06574]
M. A. G. Garcia, Y. M., K. A. Olive, M. Peloso ; Phys.Rev. D96 (2017) no.10, 103510  [arXiv:1709.01549] 
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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
⇢�] + Li

DM , (5)

where Li
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)

LX1
DM = � ✏µ⌫⇢�Z 0µX⌫

1 X⇢�
1 , (7)

and

LXN
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 � Z0

µ⌫Bµ⌫ 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 Z0

↵ 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

DMh2

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

smh�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|2id⌦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,
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For the abelian dark matter case,
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For the non-abelian dark matter case,
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d⌦13 = 212⇡
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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@⌫
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cation as kinetic mixing of the type � Z0

µ⌫Bµ⌫ 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 Z0

↵ 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

DMh2

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

smh�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
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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.
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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
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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 =
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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]
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and the DM candidate, which can be fermionic (�), or
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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
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the case in the freeze-in mechanism4.
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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

smh�vi where nsm is the
number density of SM species and h�vi is the thermal
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particle i, the rate reads
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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.
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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

4

case. Note also that the vectorial nature of the medi-
ator has specific characteristics that we do not observe
for other type of mediators. Importantly, we notice that
once the pole is reached (s = M2

Z0), the production rate
vanishes exactly – see Eqs. (11, 12, 13). This is expected
following the Landau-Yang theorem, which states that
a massive spin-1 particle cannot decay into two mass-
less spin-1 fields. This behavior is opposite to traditional
freeze-in scenario where, on the contrary, the majority
of dark matter is produced when the temperature of the
thermal bath reaches T ⇠ MZ0 [11, 25].

We have integrated numerically the production rate,
Eq. (10), considering the Bose-Einstein distributions of
the gluons and the exact squared amplitudes of our
three dark matter candidates. Our result is depicted in
Fig.2.

We can obtain analytical approximations for the rates by
assuming �Z0 ⌧ MZ0 and m2

DM ⌧ s:

R(T ) ⇡

8
>>>>>>>>><

>>>>>>>>>:
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T 16 (non-abelian DM)

(14)

We also show in Fig. 2 our approximate solutions. In the
inset of the figure, we show when they depart from the
exact solutions. We can distinguish two regimes where
the approximations fail. First, let us consider when the
temperature of the thermal bath is close to the mediator
mass. In this case, the exact solutions are smaller than
the approximate results as an e↵ect of the non-vanishing
mediator decay width. Even though the departure from
approximations is small in this case, it carries a special
feature of our set-up, emerging from the consequence
of the Landau-Yang theorem in a thermal bath of glu-
ons. The significant departure from approximations oc-
curs at large x ⌘ MZ0/T , due to a threshold e↵ect, as
for T ⌧ mDM the production rate is exponentially sup-
pressed because only the high-energy tail of the initial
states distribution function have su�cient energy to pro-
duce a DM pair, an e↵ect which is not encapsulated in
the analytical approximations.

Another typical characteristics of a longitudinal (‘would-
be Goldstone’) mediator appears in the generic expres-
sion for the rate. Indeed, the ‘light’ mediator regime
(MZ0 ⌧ TRH), and the ‘heavy’ mediator regime (MZ0 �
TRH) give the same dependence of the rate R(T ) on MZ0 ,
and thus on temperature for a given nature of dark mat-
ter, as one can see from the Eq. (14) and Fig. 2. In fact,
there exists only one main regime, independent of the

FIG. 2: Rates for the fermionic, abelian and non-abelian
DM (orange, green and blue lines, respectively). Solid lines
represent the exact numerical computation while dashed lines
represent the approximated results based on Eqs. (14). We
fix N = Q = 1 and m = 0.4 MZ0 and TMAX = 100 TRH

for illustrative purposes.

mass of the Z 0 mediator5 for which the slope of the rate
is constant until T ⇠ mDM.

This can be understood by noting that only the longitu-
dinal mode of Z 0 is exchanged, and hence it cannot feel
any pole e↵ect. The longitudinal component has its ori-
gin in the Goldstone mode of a non-linear sigma model.
The behavior of the amplitude squared is dominated by
a term proportional to powers of 1/MZ0 . This happens
because the Goldstone, which is the dominant mode ex-
changed in the DM production process, carries the 1/V
factor arising from U(1)0 breaking. This is similar to the
gravitino production in supergravity where the longitu-
dinal mode, carrying a factor 1/m3/2 (m3/2 being the
gravitino mass), is generated in high scale supersymmet-
ric scenario as was shown in [21].

Dark matter freeze-in

For instantaneous reheating, the universe is domi-
nated by radiation and entropy is conserved. In this
case,

d

dt
= �H(T )T

d

dT
, with H(T ) =

r
ge
90

⇡
T 2

MP
(15)

5 This is in contrast with what has been observed in [11] for spin-2
mediator.
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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
⇢�] + Li

DM , (5)

where Li
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)

LX1
DM = � ✏µ⌫⇢�Z 0µX⌫

1 X⇢�
1 , (7)

and

LXN
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 � Z0

µ⌫Bµ⌫ 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 Z0

↵ 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

DMh2

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

smh�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|2id⌦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,
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For the abelian dark matter case,
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For the non-abelian dark matter case,

Z
|M|2XN

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
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In the unitary gauge, the term related to the Z 0-SM-SM
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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
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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]
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⇢�] + Li
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where Li
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and the DM candidate, which can be fermionic (�), or
vectorial of abelian (X1) or non-abelian (XN ) types. The
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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.
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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

smh�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
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E1E2dE1dE2 d cos ✓12
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(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,
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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
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case. Note also that the vectorial nature of the medi-
ator has specific characteristics that we do not observe
for other type of mediators. Importantly, we notice that
once the pole is reached (s = M2

Z0), the production rate
vanishes exactly – see Eqs. (11, 12, 13). This is expected
following the Landau-Yang theorem, which states that
a massive spin-1 particle cannot decay into two mass-
less spin-1 fields. This behavior is opposite to traditional
freeze-in scenario where, on the contrary, the majority
of dark matter is produced when the temperature of the
thermal bath reaches T ⇠ MZ0 [11, 25].

We have integrated numerically the production rate,
Eq. (10), considering the Bose-Einstein distributions of
the gluons and the exact squared amplitudes of our
three dark matter candidates. Our result is depicted in
Fig.2.

We can obtain analytical approximations for the rates by
assuming �Z0 ⌧ MZ0 and m2

DM ⌧ s:
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We also show in Fig. 2 our approximate solutions. In the
inset of the figure, we show when they depart from the
exact solutions. We can distinguish two regimes where
the approximations fail. First, let us consider when the
temperature of the thermal bath is close to the mediator
mass. In this case, the exact solutions are smaller than
the approximate results as an e↵ect of the non-vanishing
mediator decay width. Even though the departure from
approximations is small in this case, it carries a special
feature of our set-up, emerging from the consequence
of the Landau-Yang theorem in a thermal bath of glu-
ons. The significant departure from approximations oc-
curs at large x ⌘ MZ0/T , due to a threshold e↵ect, as
for T ⌧ mDM the production rate is exponentially sup-
pressed because only the high-energy tail of the initial
states distribution function have su�cient energy to pro-
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for illustrative purposes.

mass of the Z 0 mediator5 for which the slope of the rate
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This can be understood by noting that only the longitu-
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T 2
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A microscopic realization : SO(10)
6

right amount of relic abundance [1] is obtained (in the
fermionic case) for m� = 106 GeV, TRH = 1010 GeV,
MZ0 = 1011 GeV and ⇤ ' 8 ⇥ 1012 GeV, in perfect
agreement with Fig. 3. The slopes of the curves depicted
in Fig. 3 correspond also perfectly with the ones pre-
dicted by our analytical solution in Eq. (17): it follows a

line ⇤ / m3/4
DM (m1/4

DM , m1/8
DM ) for fermionic (abelian, non-

abelian) for mDM < TMAX.

Without entering too much into details, there is an in-
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 [20] or [11]. Indeed, in
the case where 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 density. It is worth
commenting that, due to statistical distribution, the pro-
duction 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 compensate the
thermal suppression of the rate, as one can see in the
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 BSM scale ⇤ ranges from TRH to
GUT/string scale and can still populate the Universe
with the correct relic abundance. This means that heavy
spectrum of masses above the reheating temperature TRH

generates naturally small couplings of an invisible Z 0

to the SM bath to satisfy the cosmological constraints
through the freeze-in process. This constitutes one of
the most important observations of our work.

IV. TOWARDS 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 sym-
metry non-linearly à la Stueckelberg. Now, we attempt

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 generated containing heavy chiral
fermions  i (left panel), and the resulting e↵ective vertex at

low energy (right panel).
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One can, in fact, write the microscopic (gauge invari-
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which are vector-like with respect to the SM group, but
necessarily chiral under U(1)0. This generates the follow-
ing e↵ective Lagrangian (5) at energies below the U(1)0
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From the Lagrangian in Eq. (19), we compute the tri-
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fermions. We then obtain the same e↵ective Lagrangian
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to look deep inside the e↵ective GCS vertices search-
ing 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 in-
duced low energy GCS operators are gauge invariant.
One can, in fact, write the microscopic (gauge invari-
ant) Lagrangian introducing pairs of heavy fermions ( )
which are vector-like with respect to the SM group, but
necessarily chiral under U(1)0. This generates the follow-
ing 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 (non-linear) 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
[22], we obtain

Lloop =
1

⇤2
loop

@↵Z 0

↵✏µ⌫⇢�Tr[Ga
µ⌫G

a
⇢�], (20)

with

1

⇤2
loop

=
g23 g̃

96⇡2

X

i

qiL � qiR
M2
 i

Tr[T aT a]. (21)

Defining for simplicity
P

i
qiL�qiR
M2
 i

Tr[T aT a] = N Q 
M2
 

(which corresponds to a set of N fermions of e↵ec-
tive charges Q and masses M ) we obtain ⇤loop '



A microscopic realization : SO(10)
6

right amount of relic abundance [1] is obtained (in the
fermionic case) for m� = 106 GeV, TRH = 1010 GeV,
MZ0 = 1011 GeV and ⇤ ' 8 ⇥ 1012 GeV, in perfect
agreement with Fig. 3. The slopes of the curves depicted
in Fig. 3 correspond also perfectly with the ones pre-
dicted by our analytical solution in Eq. (17): it follows a

line ⇤ / m3/4
DM (m1/4

DM , m1/8
DM ) for fermionic (abelian, non-

abelian) for mDM < TMAX.

Without entering too much into details, there is an in-
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 [20] or [11]. Indeed, in
the case where 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 density. It is worth
commenting that, due to statistical distribution, the pro-
duction 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 compensate the
thermal suppression of the rate, as one can see in the
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 BSM scale ⇤ ranges from TRH to
GUT/string scale and can still populate the Universe
with the correct relic abundance. This means that heavy
spectrum of masses above the reheating temperature TRH

generates naturally small couplings of an invisible Z 0

to the SM bath to satisfy the cosmological constraints
through the freeze-in process. This constitutes one of
the most important observations of our work.

IV. TOWARDS 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 sym-
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to look deep inside the e↵ective GCS vertices search-
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the loop fermions ( ) generating the GCS couplings, as
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and the U(1)0 gauge symmetries to ensure that the in-
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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
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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
[22], we obtain

Lloop =
1

⇤2
loop

@↵Z 0

↵✏µ⌫⇢�Tr[Ga
µ⌫G

a
⇢�], (20)

with

1

⇤2
loop

=
g23 g̃

96⇡2

X

i

qiL � qiR
M2
 i

Tr[T aT a]. (21)

Defining for simplicity
P

i
qiL�qiR
M2
 i

Tr[T aT a] = N Q 
M2
 

(which corresponds to a set of N fermions of e↵ec-
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agreement with Fig. 3. The slopes of the curves depicted
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in the curve giving the correct relic density. It is worth
commenting that, due to statistical distribution, the pro-
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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 compensate the
thermal suppression of the rate, as one can see in the
Fig.3.
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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 generated containing heavy chiral
fermions  i (left panel), and the resulting e↵ective vertex at

low energy (right panel).
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8. We can now re-express the production rates

in Eqs. (14) in terms of the fundamental parameters of
the microscopic theory. For the fermionic dark matter
case, we then have
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where we defined M = y V and MZ0 = g̃
2V . Solving

Eq.(16) gives (with all mass dimensional parameters in
GeV unit)

⌦h2

0.12
'

✓
B10

F

2

◆✓
↵N Q 

g̃y2
 

◆2 ⇣ m�

1010

⌘3
✓

TRH

1012

◆5 ✓1014

V

◆8

.

(23)

We could keep V as a free fundamental parameter of the
model, which is determined by the potential of the Higgs
responsible for the extra U(1)0 breaking. However, to
be more complete, we investigated UV scenarios where
V is determined as an intermediate scale by the unifica-
tion condition of the gauge coupling constants, in SO(10)
GUT constructions (as an example).

Indeed, in such set-ups, the SO(10) group is not directly
broken into the SM in one step, but goes through an
intermediate gauge group Gint like SO(10) ! Gint !
SU(3)c ⇥ SU(2)L ⇥ U(1)Y . The scale Mint at which
the intermediate gauge group is broken is fixed by the
unification condition g1 = g2 = g3 at a higher unified
scale. It was shown in [14] (at one loop) and [15] (at
two loops) that V = Mint can range from 109 to 1015

GeV depending on Gint and the representation in which
the Higgs field responsible for Gint breaking lies. We
show in Fig. 5 the parameter space providing the correct
relic density for our fermionic dark matter candidate in
several intermediate scenarios. Without any loss of gen-
erality, we took V = M = Mint. The numerical results,
obtained by solving the complete set of Boltzmann equa-
tions, Eq. (18), and numerical integration of the rate,
Eq. (10), are in perfect agreement with our analytical
solution Eq. (23).

We observe that in these unified scenarios, DM density
corresponding to the Planck measurements [1] can be di-
rectly produced from annihilation of SM particles even if
the mediator Z 0 is extremely heavy with no SM particles
charged under the extra U(1)0. The e↵ective couplings
of the thermal bath to Z 0 is being generated through the
GCS interactions.

Fig. 5 highlights the natural relation between the param-
eters of the theory Mint ⇠ TMAX ⇠ 102 TRH ⇠ 102 mDM

corresponding to the correct DM relic abundance. There-
fore the intermediate scale in such unified constructions

8 taking the SM expected value of g3 at 1012 GeV.
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FIG. 5: Relic density curves for the fermionic DM case in
several SO(10) breaking schemes and for di↵erent

representations [r] for the Higgs field responsible for
intermediate scale breaking. We take N = Q = y = 1 for

illustrative purposes.

could be closely related to the inflaton mass as one expect
it to be of the order of the maximum temperature reached
by the SM thermal bath. The large hierarchy between
these scales and the SM electroweak VEV naturally pro-
vides the suppressed DM-SM e↵ective coupling required
to produce the correct DM density non-thermally via the
freeze-in mechanism.

V. CONCLUSION

We have shown that a dark (very) massive Z 0, not
charged under the SM gauge group, can successfully play
the role of a mediator between the visible and the dark
sectors even if the corresponding U(1)0 breaking scale
lies much above the maximum temperature of the Uni-
verse. Pair annihilation of SM gauge bosons, proceeding
through triangle loops containing heavy fermions through
this Z 0 portal, can produce a cosmologically agreeable
amount of DM. These types of e↵ective couplings be-
tween the SM gauge bosons and Z 0 find inherent justi-
fication in an anomaly-free set-up where Chern-Simons
(more precisely, the GCS type discussed in the begin-
ning) terms are generated through the anomaly cancel-
lation mechanism.

The large e↵ective scale of the GCS operators is respon-
sible for the weakness of the DM-SM interaction strength
without invoking unnaturally small couplings as often
required in the context of freeze-in. The large depen-
dence of the production rate on temperature indicates
that the majority of DM is produced during the initial
moments of reheating. Subsequently, the reheating pro-
cess itself lends important consequences on the computa-

SO(10) ! Gint ! SU(3)c ⇥ SU(2)L ⇥ U(1)Y
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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 + Lh̃ + 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 . Lh̃ 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 + Tµ⌫
X ) (3)

L2
int =

1

⇤
h̃µ⌫ (gSMTµ⌫

SM + gDMTµ⌫
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

�
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�

 ,

T 1
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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

hpa1pa2 |Li
int|pb3pb4i /

X

i=1,2

Ma
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, Ma

µ⌫ ,
can be expressed as

M0
µ⌫ =

1

2
(p1µp2⌫ + p1⌫p2µ � gµ⌫p1.p2) ,

M1/2
µ⌫ =

1

4
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2 We assume real scalars and Dirac fermions throughout our work.
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spin-2 mediator h̃µ⌫ and is described by the Lagrangian

L = LSM + LDM + LEH + Lh̃ + 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 . Lh̃ 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:
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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
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depends on its spin a = 0, 1/2, 1.2 In general, we can
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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⌫⇢�

i denotes the propagators
of the graviton (i = 1) and massive spin-2 (i = 2) which
are given in the Appendix. The partial amplitudes, Ma
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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.
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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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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
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proof that the ghost is absent in the full theory was later obtained
in [35], also using the vielbein formulation.
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• Super-heavy mediator regime, or decou-
pling regime (mh̃ � TRH): When mh̃ &
3000(�3↵

0/�0
3↵)1/4(1016GeV/⇤)TRH, the domi-

nant production mode is through the exchange of a
massless graviton. For very large masses, the rate
mediated by the spin-2 propagator is suppressed
even relative to the Planck suppressed rate medi-
ated by gravity. In this regime, the first term of
Eq. (16) dominates. The production rate in such
regime is very sensitive to the temperature of the
thermal bath and is proportional to R(T ) / T 8

M4
P

.

We have collected all of the rates in the Appendix
for the separate cases of scalar, fermionic, and
vector dark matter.

• Heavy mediator regime (mh̃ > TRH): When the
condition for the super-heavy mediator regime
above is not satisfied, yet the mediator mass still
exceeds the reheating temperature, the dominant
mode is massive spin-2 mediator with rate given by
the final term (proportional to �3) in Eq. (16). De-
spite the massive mediator, the coupling and hence
the rate are enhanced over the gravitational rate
by the fact that ⇤ < MP . The rate is in this case
highly dependent on the temperature and is pro-
portional to R(T ) / T 12

⇤4m4
h̃

.

• Narrow Width Approximation (NWA) (mh̃ . TRH):
this regime dominates when the temperature of the
thermal bath approaches the mediator mass mh̃.

h̃µ⌫ is then produced on-shell in resonance, and if
the width �h̃ is su�ciently small, this process will
dominate. The width is calculated in the Appendix
and scales as �h̃ ⇠ m3

h̃
/⇤2. The rate is mildly de-

pendent on the temperature and is proportional to

R(T ) / m9
h̃

⇤4�h̃

T
mh̃

K1

�mh̃
T

�

/ m6
h̃

⇤2
T
mh̃

K1

�mh̃
T

�

(see

the Appendix for the details). For T ⇠ mh̃ we
obtain the term proportional to �2 in Eq. (16).

• Light mediator regime (mh̃ ⌧ TRH): this regime
is very similar to the well studied case of a light
gravitino. Indeed, the behavior and couplings are
exactly the same except the coupling, proportional
to 1/⇤ and not 1/MP , is much larger. This regime
is the one for which the particle production is great-
est and the rate is proportional to R(T ) / T 8

⇤4 .

The exact dependence on the temperature of each rate
is detailed in the Appendix, and is fundamental in or-
der to understand the behavior of the relic abundance as
function of the reheating temperature. For an illustra-
tion, we show in Fig. (1) the production rate R(T ) as
function of the dimensionless parameter x = mh̃/T for
mh̃ = 1012 GeV and ⇤ = 1016 GeV.

We can clearly distinguish 3 main regimes (in addition,
the superheavy mediator regime is seen as a slight bend
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FIG. 1: Evolution of the production rate R(T ) from
Eq.(15) as function of mh̃/T for ⇤ = 1016 GeV and

mh̃ = 1012 GeV.

in the curve at large mh̃/T ) in this figure. To guide the
eye, we have plotted with dashed lines all four regimes
as if they were valid at all values of x. The line labeled
as graviton corresponds to the superheavy mediator with
rate proportional to ↵. The solid black line corresponds
to the full calculation valid for all values of x. When
T � mh̃, the rate is dominated by the light mediator
limit, R(T ) decreasing with the temperature at a rate
proportional to T 8. Then, when the temperature ap-
proaches the mass of the mediator, the NWA regime dom-
inates, giving a rate very mildly dependent on the tem-
perature (R(T ) / T

mh̃
K1(

mh̃
T )). It is only when T drops

below mh̃ that the exponential behavior of the Bessel
function dominates. At larger x, the rate then drops
abruptly to enter in the heavy mediator regime, with
a strong dependence on the temperature R(T ) / T 12.
At still lower temperatures, eventually graviton exchange
dominates and the rate again falls as R ⇠ T 8.

In the following subsections, we compute the relic
abundance of the dark matter, integrating the produc-
tion rate in each of these regimes. The integration was
made numerically, using the set of equations (11), taking
into account the e↵ect of non-instantaneous reheating on
the relic abundance. However, as it was shown in [27],
the di↵erence induced by the exact non-instantaneous re-
heating treatment is a multiplicative factor, independent
of the model, except when the resonance is important.
The analytical expressions in Eq. (16) are based on the
instantaneous reheating approximation and are used only
as an aid to describe the results below.
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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 + Lh̃ + 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 . Lh̃ 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:
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SM + gDMTµ⌫
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
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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
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where b denotes the spin of the DM involved in the pro-
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i denotes the propagators
of the graviton (i = 1) and massive spin-2 (i = 2) which
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free nonlinear completion.
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(and the dark sector) than a Planck suppressed gravita-
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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

hpa1pa2 |Li
int|pb3pb4i /

X

i=1,2

Ma
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, Ma

µ⌫ ,
can be expressed as

M0
µ⌫ =

1

2
(p1µp2⌫ + p1⌫p2µ � gµ⌫p1.p2) ,

M1/2
µ⌫ =

1

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

M1
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)

2 We assume real scalars and Dirac fermions throughout our work.
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• Super-heavy mediator regime, or decou-
pling regime (mh̃ � TRH): When mh̃ &
3000(�3↵

0/�0
3↵)1/4(1016GeV/⇤)TRH, the domi-

nant production mode is through the exchange of a
massless graviton. For very large masses, the rate
mediated by the spin-2 propagator is suppressed
even relative to the Planck suppressed rate medi-
ated by gravity. In this regime, the first term of
Eq. (16) dominates. The production rate in such
regime is very sensitive to the temperature of the
thermal bath and is proportional to R(T ) / T 8

M4
P

.

We have collected all of the rates in the Appendix
for the separate cases of scalar, fermionic, and
vector dark matter.

• Heavy mediator regime (mh̃ > TRH): When the
condition for the super-heavy mediator regime
above is not satisfied, yet the mediator mass still
exceeds the reheating temperature, the dominant
mode is massive spin-2 mediator with rate given by
the final term (proportional to �3) in Eq. (16). De-
spite the massive mediator, the coupling and hence
the rate are enhanced over the gravitational rate
by the fact that ⇤ < MP . The rate is in this case
highly dependent on the temperature and is pro-
portional to R(T ) / T 12

⇤4m4
h̃

.

• Narrow Width Approximation (NWA) (mh̃ . TRH):
this regime dominates when the temperature of the
thermal bath approaches the mediator mass mh̃.

h̃µ⌫ is then produced on-shell in resonance, and if
the width �h̃ is su�ciently small, this process will
dominate. The width is calculated in the Appendix
and scales as �h̃ ⇠ m3

h̃
/⇤2. The rate is mildly de-

pendent on the temperature and is proportional to

R(T ) / m9
h̃

⇤4�h̃

T
mh̃

K1

�mh̃
T

�

/ m6
h̃

⇤2
T
mh̃

K1

�mh̃
T

�

(see

the Appendix for the details). For T ⇠ mh̃ we
obtain the term proportional to �2 in Eq. (16).

• Light mediator regime (mh̃ ⌧ TRH): this regime
is very similar to the well studied case of a light
gravitino. Indeed, the behavior and couplings are
exactly the same except the coupling, proportional
to 1/⇤ and not 1/MP , is much larger. This regime
is the one for which the particle production is great-
est and the rate is proportional to R(T ) / T 8

⇤4 .

The exact dependence on the temperature of each rate
is detailed in the Appendix, and is fundamental in or-
der to understand the behavior of the relic abundance as
function of the reheating temperature. For an illustra-
tion, we show in Fig. (1) the production rate R(T ) as
function of the dimensionless parameter x = mh̃/T for
mh̃ = 1012 GeV and ⇤ = 1016 GeV.

We can clearly distinguish 3 main regimes (in addition,
the superheavy mediator regime is seen as a slight bend

10-4 0.01 1 100 104

10-20

1

1020

1040

1060

1080

FIG. 1: Evolution of the production rate R(T ) from
Eq.(15) as function of mh̃/T for ⇤ = 1016 GeV and

mh̃ = 1012 GeV.

in the curve at large mh̃/T ) in this figure. To guide the
eye, we have plotted with dashed lines all four regimes
as if they were valid at all values of x. The line labeled
as graviton corresponds to the superheavy mediator with
rate proportional to ↵. The solid black line corresponds
to the full calculation valid for all values of x. When
T � mh̃, the rate is dominated by the light mediator
limit, R(T ) decreasing with the temperature at a rate
proportional to T 8. Then, when the temperature ap-
proaches the mass of the mediator, the NWA regime dom-
inates, giving a rate very mildly dependent on the tem-
perature (R(T ) / T

mh̃
K1(

mh̃
T )). It is only when T drops

below mh̃ that the exponential behavior of the Bessel
function dominates. At larger x, the rate then drops
abruptly to enter in the heavy mediator regime, with
a strong dependence on the temperature R(T ) / T 12.
At still lower temperatures, eventually graviton exchange
dominates and the rate again falls as R ⇠ T 8.

In the following subsections, we compute the relic
abundance of the dark matter, integrating the produc-
tion rate in each of these regimes. The integration was
made numerically, using the set of equations (11), taking
into account the e↵ect of non-instantaneous reheating on
the relic abundance. However, as it was shown in [27],
the di↵erence induced by the exact non-instantaneous re-
heating treatment is a multiplicative factor, independent
of the model, except when the resonance is important.
The analytical expressions in Eq. (16) are based on the
instantaneous reheating approximation and are used only
as an aid to describe the results below.

6

Heavy mediator regime

In the heavy mediator scenario, for scalar dark mat-
ter3 one can extract from Eq. (16) the expression for ⌦h2

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) 565 ln
⇣

Tmax

TRH

⌘

' 20 for

Tmax/TRH ⇠ 100 and numerically f(6) ⇡ 0.4. We plot
in Fig. (2) the values of TRH and mh̃ required to obtain
a relic density of ⌦h2 ' 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 mh̃ 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 mh̃ = TRH and
mh̃ = 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 mh̃ = 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 mh̃ 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 mh̃ ⇡ 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 mh̃, the curve flattens out, when the
term proportional to ↵ in Eq. (16) dominates, corre-
sponding to graviton exchange. Indeed, Eq. (16) shows

that when mh̃ > 3000B
1/4
F TRH (for the parameters shown

in the figure), graviton exchange dominates and the nec-
essary reheat temperature is independent of mh̃ 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 mh̃ > 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 mh̃ 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 mh̃ 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 ' mh̃/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 ⇠ mh̃. This pole-phenomena
is clearly visible in Fig. (2), represented by the verti-
cal line (for mX = 1 GeV) corresponding to the value
mh̃ ' 5 ⇥ 109 in good agreement with our analytical
computation Eq. (16).
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Moduli mediator see talk Debtosh Chowdhury

In string motivated construction, the moduli fields T couple to the SM fields 
Φ following  

L =
1

⇤
T |Dµ�|2
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There exists a possibility that the photons do not reach the 
thermal bath before producing the dark matter:  

they annihilate almost immediately after being produced by the 
inflaton (thus at a much larger energy, around MI/2)

nγ (thermal)nγ
nγ

1/T2/MI

Non-instantaneous 
thermalization

Dark matter is produced 
before the produced radiation 
reach their thermal « friends » 

by scattering
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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
⇢�] + Li

DM , (5)

where Li
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)

LX1
DM = � ✏µ⌫⇢�Z 0µX⌫

1 X⇢�
1 , (7)

and

LXN
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 � Z0

µ⌫Bµ⌫ 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 Z0

↵ 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

DMh2

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

smh�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|2id⌦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|2X1

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|2XN

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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The computation of dark 
matter abundance in early 
universe should be treated 

with care, especially in models 
where new physics appears at 

high scale (~1010 GeV), 
implying derivative, and thus 

temperature-dependent 
processes.
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H^2 = \left( \frac{\dot a}{a} \right)^2 = \frac{8 \pi G}{3} \rho_{rad}(T) = \frac{8 \pi G}{3} \frac{\pi^2}{15} T^4
\\
aT = \mathrm{cste} ~~~~ \Rightarrow ~~~~ \frac{da}{a} = - \frac{dT}{T} 
\\
\frac{dT}{T^3}= -\sqrt{\frac{8 \pi^3 G}{45}} dt ~~~~\Rightarrow ~~~~ t = \frac{M_{PL}}{T^2}\sqrt{\frac{45}{32 
\pi^3}} \simeq 0.2 \frac{M_{PL}}{T^2}
\\
t \simeq 3 \times 10^{27}~\mathrm{GeV^{-1}} \sim 200 ~\mathrm{seconds}
\\
n(t_D) \sigma v ~ t_D \simeq 1 ~~~~\Rightarrow n(t_D) \simeq \frac{1}{\sigma v t_D}
\\
v = \sqrt{\frac{3 T_D}{m_p}}\times c \simeq 5 \times 10^8 ~\mathrm{cm ~s^{-1}}
\\
T^{now} = \left(\frac{\rho_m^{now}}{\rho_m(10^9~\mathrm{K})}\right)^{1/3} 10^9~\mathrm{K} = \left( \frac{10^{-30}}
{1.78 \times 10^{-6}~\mathrm{g/cm^3}} \right)^{1/3}10^9~\mathrm{K} \simeq 8 ~\mathrm{K}

\psi_\mu \sim i \sqrt{\frac{2}{3}}\frac{1}{m_{3/2}}\partial_\mu \psi

H = h e^{i \frac{\theta}{<H>}} ~~\Rightarrow ~~ W_\mu = i \frac{1}{<H>} \partial_\mu \theta

\mathrm{with}~~ m_{3/2} = \frac{<F>}{\sqrt{3}M_{Pl}}

{\cal L} = \frac{i m_{\tilde G}}{8 \sqrt{6}~ m_{3/2} ~ M_{Pl}} {\color{yellow} \bar\psi} ~  [\gamma_\mu, \gamma_\nu] 
{\color{red} \tilde G} ~ {\color{green} G_{\mu \nu}}

\Omega_{3/2} h^2 \sim 0.3 \left( \frac{1 ~\mathrm{GeV}}{m_{3/2}} \right) \left( \frac{T_{\mathrm{RH}}}{10^{10}~
\mathrm{GeV}} \right) \sum
\left( \frac{m_{\tilde G}}{100~\mathrm{GeV}} \right)^2

\Omega_{3/2} h^2 = {\color{yellow} \Omega_{3/2}^{scat} h^2 } + {\color{red}\Omega_{3/2}^{decay} h^2} ~~ \propto~~ 
{\color{yellow} \frac{T_{RH}\sum  m_{\tilde G^2}}{m_{3/2}^2 M_{Pl}}} +{\color{red} \frac{ \sum M^3_{\tilde Q}}
{m^2_{3/2} M_{Pl}} }



The equations
n_{e^-} + n_{e^+} = n_{\nu} + n_{\bar \nu} = \frac{3}{2} n_{\gamma} 

n_{e^-} + n_{e^+} = 0 ~ ; ~~ n_{\nu} + n_{\bar \nu} = \frac{1}{2} n_{\gamma}

\frac{\ddot a}{a} = - \frac{4 \pi G}{3}  \rho ~\Rightarrow ~ q(t) = - \frac{1}{H^2} \frac{\ddot a}{a} = \frac{4 \pi 
G}{3 H^2} \rho 
\\
= \frac{1}{2} \frac{\rho}{\rho_c}= \frac{1}{2} \Omega,
 ~~~~~~ \mathrm{with} ~ H^2 = \frac{8 \pi G}{3} \rho_c

n(T_f) \langle \sigma v \rangle = H(T_f) ~~ \Rightarrow ~~\left(T_f m \right)^{3/2} e^{-m/T_f} \langle \sigma v 
\rangle < \frac{T_f^2}{M_{Pl}} ~~\Rightarrow ~~ T_f=\frac{m}{\ln{M_{Pl}}} = \frac{m}{26}

\frac{dY}{dT} = \frac{T^2}{H(T)} \langle \sigma v \rangle Y^2 ~~\Rightarrow ~~ Y(T_{now}) = \frac{1}{M_{Pl} T_f 
\langle \sigma v \rangle } = \frac{26}{M_{Pl} m \langle \sigma v \rangle } 

\Omega = \frac{\rho}{\rho_c} = \frac{n \times m}{\rho_c} = \frac{Y \times n_\gamma \times m}{\rho_c} = \frac{26 
\times 400~\mathrm{cm^{-3}}}{\rho_c M_{Pl} \langle \sigma v \rangle} < 1
~~~~~~~~
\Rightarrow \langle \sigma v \rangle > 10^{-9} h^{-2} ~\mathrm{GeV^{-2}}

\langle \sigma v \rangle \simeq G_F^2 m^2 > 10^{-9} ~\mathrm{GeV^{-2}} ~~\Rightarrow ~~ m > 2 ~\mathrm{GeV} 

\frac{dY_{a}}{dx_s} =\left( \frac{45}{g_* \pi} \right)^{3/2} \frac{1}{4 \pi^2} \frac{M_P}{m_{a}^5}x_s^4 R

{\color{white} \chi^0_1=} {\color{red} c_B \tilde B + c_1 \tilde H_1 + c_2 \tilde H_2} {\color{yellow} + c_W \tilde 
W}



The equations
Y_{\tilde G} = \frac{n_{\tilde G}}{n_\gamma} \simeq 10^{-8} \left( \frac{m_{3/2}}{1 ~

\mathrm{GeV}} \right) 

g_{s+3/2}^d \times (T_{3/2}^d)^3 \times V(T^d_{3/2}) = \left[ 4 \times \frac{7}{8} \times (T_{3/2}^0)^3 + 3 \times 2 
\times \frac{7}{8}(T_\nu^0)^3 + 2 \times (T_\gamma^0)^3 \right] \times V(T_\gamma^0)

(T_{3/2}^0)^3 = \frac{1}{g^d_s}\frac{43}{11}(T_\gamma^0)^3 ~~\Rightarrow  ~~ \Omega h^2 = \frac{\rho_{3/2}}
{\rho_c^0} \simeq \frac{210}{g_s^d} \left(\frac{m_{3/2}}{1~\mathrm{keV}} \right) \lesssim 1 ~~ \Rightarrow ~~m_{3/2} 
\lesssim 100 ~\mathrm{eV} ~~[g^d_s \lesssim 200]

\Gamma_{3/2}= \alpha_{3} \frac{m_{3/2}^3}{M_{\mathrm{Pl}}} ~; ~~\tau_{3/2} < 1~s ~~  \Rightarrow ~~ m_{3/2} > 10~
\mathrm{TeV} ~~\Rightarrow ~~ \sqrt{F} \simeq \sqrt{ m_{3/2} M_{\mathrm{Pl}}} \gtrsim 10^{11}~\mathrm{GeV}

{\color{yellow} X + \tilde \gamma \rightarrow X + \tilde g}

{\cal L}
=\frac{1}{4 M_{\mathrm{Pl}}} 
{\color{yellow} \bar{\psi}^\alpha} \gamma_\alpha[\gamma^\mu,\gamma^\nu ] ~{\color{red} \tilde G} ~{\color{green} 
G_{\mu \nu}} 

\psi_\mu \sim i \sqrt{\frac{2}{3}} \frac{1}{m_{3/2}} \partial_\mu \psi

{\color{green} \Omega^{FO}_{3/2} = \Omega_{\tilde G} \times \frac{m_{3/2}}{m_{\tilde G}} \propto \frac{1}{\langle 
\sigma v \rangle} \frac{m_{3/2}}{m_{\tilde G}} \simeq \frac{1}{\alpha_3} m_{\tilde G} \times m_{3/2}}

{\color{yellow} \Omega_{3/2}^{\mathrm{scat}} \propto \frac{T_{RH} m_{\tilde G}^2}{m_{3/2}} }~~\Rightarrow ~~
\Omega_{3/2} \propto ~ {\color{yellow} \frac{T_{RH} m_{\tilde G}^2}{m_{3/2}}} +{\color{green} m_{\tilde G} \times 
m_{3/2}}



The equationsFIMP

\frac{dn}{dt} = \langle \sigma v \rangle n_\gamma^2= R
~~\Rightarrow ~~\frac{d Y}{dT}= \frac{R(T)}{H ~T ~ s} 
\\
{\color{yellow} \mathrm{with} ~~ H(T) = 1.66 ~ g_*(T) \frac{T^2}{M_{Pl}}
~~ \mathrm{and} ~ ~s = \frac{2 \pi^2}{45}g_*(T) ~T^3}mes m_{3/2}}

R(T) = \int \frac{E_1dE_1 E_2dE_2~ d \cos\theta_{12}}{(e^{E1/T}-1)(e^{E_2/T}-1)}\int
\frac{|{\cal M}|_{\gamma \gamma \rightarrow \psi \psi}^2}{1024 \pi^6} d\Omega

{\cal L} = (\frac{1}{\Lambda_1} \phi B_{\mu \nu} B^{\mu \nu} + y_\psi \phi~ \bar \psi_L \psi_R + h.c.) + \mu_\phi^2 
|\phi|^2 - \lambda_\phi |\phi|^4

\Omega h^2 = 0.1 ~\lambda_\phi~
\left(\frac{m_\psi}{10^9 ~\mathrm{GeV}} \right)^3
\left(\frac{T_{RH}}{10^{10} ~\mathrm{GeV}} \right)^5
\left(\frac{10^{13}~\mathrm{GeV}}{M_s} \right)^6
\left(\frac{10^{14}~\mathrm{GeV}}{\Lambda_1} \right)^2

{\cal L} = {\color{yellow} (\frac{1}{\Lambda_1} \phi B_{\mu \nu} B^{\mu \nu} + y_\psi \phi~ \bar \psi_L \psi_R + 
h.c.) + \mu_\phi^2 |\phi|^2 - \lambda_\phi |\phi|^4} 
\\
 {\color{green} +( y_F \phi ~\bar F_L F_R + h.c.)}

\Omega h^2 = 0.1 ~(g_1^2 \sum Y_F^2)^2\left(\frac{\lambda_\phi}{4} \right)^4
\left( \frac{m_\psi}{10^9 ~\mathrm{GeV}} \right)^3 
\left( \frac{T_{RH}}{10^{10}~\mathrm{GeV}} \right)^5
\left( \frac{10^{13}~\mathrm{GeV}}{m_s} \right)^8

T_{RH}= \left( \frac{10}{g_s} \right)^{1/4}
\left( \frac{2 \Gamma_s M_{Pl}}{\pi c}\right)^{1/2}
\\
\simeq 2.3 \times 10^{12}~
(g_1^2 \sum_F Y_F^2)~\sqrt{\lambda_\phi}
\left( \frac{m_s}{10^{13}~\mathrm{GeV}} \right)^{1/2}
~ \mathrm{GeV}



The equations

FIMP

{\cal M}= \lambda ~\frac{s}{p^2-M_M^2} \simeq \lambda \frac{s}{M_M^2}~~\Rightarrow ~~ R(T)\sim 
\frac{T^8}{M_M^4}
\\
\Rightarrow  ~~ \Omega h^2 = 0.1 ~\lambda^2 \left( \frac{M_{dm}}{1~\mathrm{TeV}} \right)
\left( \frac{T_{RH}}{10^{10}~\mathrm{GeV}} \right)^3
\left( \frac{10^{10}}{M_M} \right)^4

\Omega_{3/2}h^2 \simeq 0.11 \left( \frac{0.1 ~ \mathrm{EeV}}{m_{3/2}} \right)^3 \left( \frac{T_{RH}}{2 \times 
10^{10}} \right)^7 {\color{red} \times \frac{56}{5} \ln \left(\frac{T_{max}}{{T_{RH}}}\right)}

R(T) = n_{Eq}^2\langle \sigma v \rangle =  \int f_1 f_2 \frac{E_1 E_2 dE_1 dE_2 ~d\cos \theta_{12}}{1024 \pi^6} \int 
|{\cal M}_{fi}|^2 d \Omega_{13}  \propto \frac{T^{n+6}}{\Lambda^{n+2}}


