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Abstract
In this talk1 we present a new calculation of the gravitino production rate, using its full one-loop corrected
thermal self-energy, beyond the hard thermal loop approximation. Gravitino production 2→ 2 processes,
that are not related to its self-energy have been taken properly into account. Our result, compared to the
latest estimation, differs by almost 10%. In addition, we present a handy parametrization of our finding,
that can be used to calculate the gravitino thermal abundance, as a function of the reheating temperature.
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1. INTRODUCTION
Gravitino, the superpartner of graviton, naturally belongs to the spectrum of models that extend Standard Model (SM) in the
context of supergravity (SUGRA). This particle can play the role of the dark matter (DM) candidate particle and since it interacts
purely gravitationally with the rest of the spectrum, naturally escapes direct or indirect detection, as the current experimental and
observational data on DM searches suggest. Therefore, the precise knowledge of its cosmological abundance is essential to apply
cosmological constraints on these models. Gravitinos can be produced: (i) nonthermally, from the inflaton decays [2, 3, 4, 5, 6, 7,
8, 9, 10], (ii) much later around the big bang nucleosynthesis epoch, through the decays of unstable particles [11, 12, 13, 14] and
(iii) thermally, using a freeze-in production mechanism, as the Universe cools down from the reheating temperature (Treh) until
now [15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 7, 1]. Assuming gauge mediated supersymmetry breaking, a different
production mechanism (freeze-out) is possible [30, 31, 32, 33]. Recently, an alternative scenario, where the so-called “catastrophic”
non-thermal production of slow gravitinos has attracted attention [34, 35, 36, 37, 38, 39].

The first attempt to calculate the gravitino thermal abundance, is already almost forty years old. Since the gravitinos are ther-
mally produced at very high temperatures, the effective theory of light gravitinos, the so-called nonderivative approach, involving
only the spin 1/2 goldstino components, was initially used. In this context, as some of the production amplitudes exhibit infrared
(IR) divergences, they were regularized by introducing either a finite thermal gluon mass or an angular cutoff. Thus, in [16] the
basic 2 → 2 gravitino production processes had been tabulated and calculated for the first time, see Table 1. Afterwards, this
calculation was further improved in [18, 19]. Since the Braaten, Pisarski, Yuan (BPY) method [40, 41] succeeded in calculating the
axion thermal abundance, in [21] it was also applied to the gravitino, motivated by the fact that the gravitino like axion, interacts
extremely weakly with the rest of the spectrum. Although in [22] the previous IR regularization technique was used, in [23, 26]
the BPY method was employed, calculating also the contribution of the spin 3/2 pure gravitino components. In [28] a different
calculation method was used. In this paper it was argued that the basic requirement to apply the BPY prescription, i.e. g � 1,
where g is the gauge coupling constant, can not be fulfilled in the whole temperature range of the calculation, especially if g is the
strong coupling constant g3. Therefore, the authors calculated the one-loop thermal gravitino self-energy numerically beyond the
hard thermal loop approximation. It is important to note that calculation incorporates in addition the 1 → 2 processes. It was also
noticed that the so-called subtracted part, i.e. pieces of the 2 → 2 squared amplitudes for which the self-energy may not account
for, are IR finite. The main numerical result in [28] on the gravitino production rate differs significantly, almost by a factor of 2, with
respect to the previous works [26, 29], see Fig. 5. Unfortunately, in [28] basic equations appear to be inconsistent, in particular in
Sec. IV A the equations on the self-energy contribution for the gravitino production. Moreover, the numerical estimation of this
self-energy, was computed only inside the light cone due to the limited computation resources at that time. In addition, two out of
the four nonzero subtracted parts in the corresponding Table I in [28], turn out to be zero.

Motivated by these, in this talk we present a new calculation of the thermally corrected gravitino self-energy. Eventually, for
our final result for the gravitino production rate we present an updated handy parametrization of this. Our result differs from that
shown in [28] approximately by 10%. Finally, we present the gravitino thermal abundance and discuss possible phenomenological
consequences.
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FIGURE 1: The relevant diagrams for the process gg→ g̃G̃. In the top row are displayed in turn the s, t, u channels and the quartic
vertex x. In the bottom the Faddeev–Popov ghosts diagrams are shown. Although here we present only the SU(3)c case, the same
diagrams appear also for the SU(2)L gauge group, but not for the U(1)Y .

2. THE CALCULATION OF THE THERMAL RATE
As the gravitino is the superpartner of the graviton, its interactions are suppressed by the inverse of the reduced Planck mass MP =
(8π G)−1/2. Hence, the dominant contributions to its production, in leading order of the gauge group couplings, are processes of
the form a b → c G̃, where G̃ stands for gravitino and a, b, c can be three superpartners or one superpartner and two SM particles.
The possible processes and the corresponding squared amplitudes in SU(3)c are given in Table 1, where for their denotation by
the letters A-J we follow the “historical” notation of [16]. In SU(3)c, the particles a, b, and c could be gluons g, gluinos g̃, quarks

X Process |MX,full|2 |MX,sub|2

A gg→ g̃G̃ 4C3(s + 2t + 2t2/s) −2sC3
B gg̃→ gG̃ −4C3(t + 2s + 2s2/t) 2tC3
C q̃g→ qG̃ 2sC′3 0
D gq→ q̃G̃ −2tC′3 0
E q̃q→ gG̃ −2tC′3 0
F g̃g̃→ g̃G̃ 8C3(s2 + t2 + u2)2/(stu) 0
G qg̃→ qG̃ −4C′3(s + s2/t) 0
H q̃g̃→ q̃G̃ −2C′3(t + 2s + 2s2/t) 0
I qq̃→ g̃G̃ −4C′3(t + t2/s) 0
J q̃q̃→ g̃G̃ 2 C′3(s + 2t + 2t2/s) 0

TABLE 1: Squared matrix elements for gravitino produc-
tion in SU(3)c in terms of g2

3 Y3/M2
P assuming massless

particles, with Y3 = 1 + m2
g̃/(3m2

3/2). The Casimir opera-
tors are C3 = 24 and C′3 = 48.

q, or/and squarks q̃. Analogous processes happen in SU(2)L or U(1)Y , where the gluino mass mg̃ ≡ M3 becomes M2 or M1,
respectively. In the factor YN ≡ 1 + m2

λN
/(3m2

3/2), where mλN = {M1, M2, M3} and m3/2 is the gravitino mass, the unity is related
to the 3/2 gravitino components and the rest to the 1/2 goldstino part. As an example in Fig. 1 we present the relevant diagrams for
the process A of table 1. For the calculation of the spin 3/2 part in the amplitudes, following [28], we have employed the gravitino
polarization sum

Π3/2
µν (P) = ∑

i=±3/2
Ψ(i)

µ Ψ(i)
ν = −1

2
γµ/Pγν − /Pgµν , (1)

where Ψµ is the gravitino spinor and P its momentum. As in [28], for the goldstino spin 1/2 part the nonderivative approach is
used [20, 29]. The result for the full squared amplitude has been proved to be the same, either in the derivative or the nonderivative
approach [42].

1Invited talk given at BSM–2021 by V.C. Spanos based on [1].
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FIGURE 2: The one-loop thermally corrected gravitino self-energy (D−graph) for the case of SU(3)c. The thick gluon and gluino
lines denote resummed thermal propagators. The SU(2)L and U(1)Y cases have been also taken into account in our calculation.

The Casimir operators in Table 1 are CN = ∑a,b,c | f abc|2 = N(N2 − 1) = {0, 6, 24} and C′N = ∑
φ
a,i,j |T

a
ij|

2 = {11, 21, 48}, where

∑
φ
a,i,j denotes the sum over all involved chiral multiplets and group indices. f abc and Ta are the group structure constants and

generators, respectively. Processes A, B and F are not present in U(1)Y because C1 = 0. The masses for the particles a, b and c are
assumed to be zero. In the third column of Table 1 we present for each process the square of the full amplitude, which is the sum
of individual amplitudes,

|MX,full|2 = |MX,s +MX,t +MX,u +MX,x|2 , (2)

where the indices s, t, u indicate the diagrams which are generated by the exchange of a particle in the corresponding channel
and the index x stands for the diagram involving a quartic vertex. The so-called D−graph, following the terminology of [28], is
illustrated in Fig. 2 for the case of the gluino-gluon loop. Its contribution is the sum of the squared amplitudes for the s, t and u
channel graphs,

|MX,D|2 = |MX,s|2 + |MX,t|2 + |MX,u|2 , (3)

plus 1→ 2 processes. This can be understood by applying the optical theorem. Hence, from the imaginary part of the loop graphs
one computes the sum of the decays (1 → 2) and the scattering amplitudes (2 → 2). In our case, we use resummed thermal
propagators for the gauge boson and gaugino and by applying cutting rules one sees that D−graph describes both the scattering
amplitudes appearing in (3) and decay amplitudes.

The subtracted part of the squared amplitudes is the difference between the full amplitudes (2) and the amplitudes already
included in the D−graph (3), i.e.

|MX,sub|2 = |MX,full|2 − |MX,D|2 . (4)

For the processes B, F, G, and H, the corresponding amplitudes are IR divergent. For this reason we follow the more elegant
method comprising the separation of the total scattering rate into two parts, the subtracted and the D−graph part. It is worth to
mention that for the processes with incoming or/and outgoing gauge bosons, we have checked explicitly the gauge invariance for
|MX,full|2. On the other hand, we note that |MX,sub|2 is gauge dependent. As it has been pointed out in [28] the splitting of the
amplitudes in resummed and non-resummed contributions violates the gauge invariance. Therefore a gauge dependence of the
result is expected.

To sum up, the gravitino production rate γ3/2 consists of three parts: (i) the subtracted rate γsub (ii) the D−graph contribution
γD and (iii) the top Yukawa rate γtop,

γ3/2 = γsub + γD + γtop . (5)

Below, these three contributions are discussed in detail.

2.1. The subtracted rate
In the fourth column of Table 1 we present the so-called subtracted part (4), which is the sum of the interference terms among
the four types of diagrams (s, t, u, x), plus the x-diagram squared, for each process. The subtracted part is nonzero only for the
processes A and B. Note that in [28] the subtracted part for the processes H and J is also nonzero; we assume that the authors had
used the squark-squark-gluino-goldstino Feynman rule as given in [24], where a factor γ5 is indeed missing. In contrast, we are
using the correct Feynman rule as given in [29].

To calculate the subtracted rate for the processes a b→ c G̃, we use the general form

γ =
1

(2π)8

∫ d3pa

2Ea

d3pb
2Eb

d3pc

2Ec

d3pG̃
2EG̃

|M|2 fa fb (1± fc) δ4(Pa + Pb − Pc − PG̃) , (6)

where fi stands for the usual Bose and Fermi statistical densities

fB|F =
1

e
E
T ∓ 1

. (7)

In the temperature range of interest, all particles but the gravitino are in thermal equilibrium. For the gravitino the statistical factor
fG̃ is negligible. Thus, 1 − fG̃ ' 1, as it is already used in (6). Furthermore, backward reactions are neglected. In addition, the
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FIGURE 3: Dispersion relations for longitudinal (left) and transverse (right) vector bosons. The colored curves represent the SU(3)c
(red), SU(2)L (blue), and U(1)Y (green) cases respectively. The dashed black line is the light-cone boundary. In both cases we have
chosen T = 109 GeV.

simplification 1± fc ' 1 is usually applied, making the analytic calculation of (6) possible. In our case there is no such reason. We
keep the factor 1± fc and consequently we proceed calculating the subtracted rate numerically. As it was argued in [24] and we
have checked numerically, the effect of taking into account the statistical factor fc can be around −10% (+20%) if c is a fermion
(boson).

The contribution of the processes A and B, for each gauge group, can be read from Table 1 as

|MA,sub|2 + |MB,sub|2 =
g2

N
M2

P

(
1 +

m2
λN

3m2
3/2

)
CN(−s + 2t) . (8)

In (8), a factor 1/2 is already included for the process A due to the two identical incoming particles. Substituting (8) in (6), the
subtracted rate is obtained as

γsub =
T6

M2
P

3

∑
N=1

g2
N

(
1 +

m2
λN

3m2
3/2

)
CN
(
−Cs

BBF + 2 C t
BFB

)
. (9)

The numerical factors, calculated by using the Cuba library [43], are Cs
BBF = 0.25957 × 10−3 and C t

BFB = −0.13286 × 10−3 . The
subscripts B and F specify if the particles are bosons or fermions, respectively, and the superscripts determine if the squared
amplitude is proportional to s or t. It is easy to see that our result for the subtracted part unlike in [28] is negative. This is not
unphysical, since the total rate and not the subtracted one is bound to be positive.

2.2. The D−graph contribution
As it has been discussed above, Eq. (3) describes the relation between the D−graph and the sum of the squared amplitudes for the
s, t, and u channels. In the D−graph contribution, we will implement the resummed thermal corrections to the gauge boson and
gaugino propagators. Like in [28] using the gravitino polarization sum (1), we nullify the corresponding quark-squark D−graph.
Although in Fig. 2 the gluino-gluon thermal loop is displayed, the contributions of all the gauge groups have been included in
our analysis. The momentum flow used to calculate the D−graph can be depicted in Fig. 2. That is G̃(P) → g(K) + g̃(Q), with
P = (p, p, 0, 0) , K = (k0, k cos θk, k sin θk, 0) and Q = (q0, q cos θq, q sin θq, 0), where θk,q are the polar angles of the corresponding
3-momenta k, q in spherical coordinates.

The non-time-ordered gravitino self-energy Π<(P) can be expressed in terms of the thermally resummed gaugino ∗S<(Q) and
gauge boson ∗D<

µν(K) propagators as [23, 28]

Π<(P) =
1

16M2
P

3

∑
N=1

nN

(
1 +

m2
λN

3m2
3/2

) ∫ d4K
(2π)4 Tr

[
/P[/K, γµ] ∗S<(Q)[/K, γν] ∗D<

µν(K)
]

, (10)

where

∗S<(Q) =
fF(q0)

2
[(γ0 − γ · q/q) ρ+(Q) + (γ0 + γ · q/q) ρ−(Q)] , (11)

∗D<
µν(K) = fB(k0)

[
ΠT

µν ρT(K) + ΠL
µν

k2

K2 ρL(K) + ξ
KµKν

K4

]
,

with ξ being the gauge parameter, taken ξ = 1 in our calculation and nN = {1, 3, 8}. The spectral densities for longitudinal and
transverse bosons are given by

ρL(K) = −2Im
K2

k2
1

K2 − π0 − πL
and ρT(K) = −2Im

1
K2 − π0 − πT

, (12)
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FIGURE 4: Dispersion relations for fermions (left) and fermion holes (right). The colored curves represent the SU(3)c (red), SU(2)L
(blue), and U(1)Y (green) cases respectively. The dashed black line is the light-cone boundary. In both cases we have chosen
T = 109 GeV.

while the fermionic ones are

ρ±(Q) = −Im

{
q0 ∓ q

2

(
1 +

1
2π2

[m2
F

T2

(
2− ln

−Q2

µ2

)])
+

m2
F

T2 F±

}−1

. (13)

The longitudinal and the transverse projectors ΠL
µν, ΠT

µν, as well as the functions πL, πT , π0, F± and the thermal mass mF can be
found in Appendices B and C of [28]. The spectral densities (12),(13) contain Landau damping contributions stemming from the
imaginary part of the self-energies below and above1 the light-cone and also quasi-particles contributions for k2

0 > k2 (and q2
0 > q2).

The quasi-particles contributions have the form δ(k0 ± ωL,T) for the bosons and δ(q0 ± ω±) for the fermions, and are multiplied
by suitable residues (see [44] for the analytical expressions of the residues in the HTL approximation). The positions of the poles
ωL,T and ω± can be very well approximated using the HTL limit, as it is discussed in [28, 50]. This argument is indeed true as we
have seen numerically, but in order to be completely accurate, in Figs. 3 and 4 we display the dispersion relations for bosons and
fermions, for the three gauge groups, beyond the HTL approximation.

To compute the production rate related to the D−graph γD, we will use its definition [44]

γD =
∫ d3p

2p0(2π)3 Π<(p) (14)

and after appropriate manipulations 2, we obtain

γD =
1

4(2π)5 M2
P

3

∑
N=1

nN

(
1 +

m2
λN

3m2
3/2

) ∫ ∞

0
dp
∫ ∞

−∞
dk0

∫ ∞

0
dk
∫ k+p

|k−p|
dq k fB(k0) fF(q0) (15)

×
[
ρL(K) ρ−(Q) (p− q)2((p + q)2 − k2)+ ρL(K) ρ+(Q) (p + q)2(k2 − (p− q)2)

+ ρT(K) ρ−(Q)
(
k2 − (p− q)2)((1 + k2

0/k2)(k2 + (p + q)2)− 4k0(p + q)
)

+ ρT(K) ρ+(Q)
(
(p + q)2 − k2)((1 + k2

0/k2)
(
k2 + (p− q)2)− 4k0(p− q)

)]
,

where q0 = p− k0 . The spectral functions ρL,T and ρ± can be found in Eq. (3.7) in [28]. The thermally corrected one-loop self-energy
for gauge bosons, scalars and fermions that we have used in calculating these spectral functions can be found in [46, 47, 48, 49,
50, 51]. Comparing (16) with the corresponding analytical result given in Eqs. (4.6) and (4.7) in [28], one can notice that they differ
on the overall factor and on the number of independent phase-space integrations. Our analytical result has been checked using
various frames for the momenta flow into the loop.

2.3. The top Yukawa rate
The production rate resulting from the top-quark Yukawa coupling λt is given by [28]

γtop =
T6

M2
P

72 Cs
BBF λ2

t

(
1 +

A2
t

3m2
3/2

)
, (16)

1In the HTL approximation the Landau damping contributions are restricted only below the light-cone.
2In principle, we use the δ-functions to reduce the number of the phase-space integrations. Further details will appear in [45].
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FIGURE 5: The gravitino production rates in units of YN T6/M2
P. The solid curves represent in order the total rate (black) given

by (5), the SU(3)c (red), SU(2)L (blue), and U(1)Y (green) rates given by (17), and the top Yukawa rate (purple) given by (16). The
upper short dashed curve is the total production rate obtained in [28], while the lower long dashed curve obtained in [27]. The top
Yukawa coupling λt has been taken equal to 0.7 and the trilinear coupling At has been ignored so that our result can be directly
compared with that in [28].

where At is the trilinear stop supersymmetry breaking soft parameter and Cs
BBF = 0.25957× 10−3. Since this contribution stems

from the process squark-squark→ Higgsino-gravitino, only the numerical factor Cs
BBF is involved.

Gauge group cN kN

U(1)Y 41.937 0.824
SU(2)L 68.228 1.008
SU(3)c 21.067 6.878

TABLE 2: The values of the constants cN and kN
that parametrize our result (17). Each line cor-
responds in turn to the particular gauge group,
U(1)Y , SU(2)L or SU(3)c.

3. PARAMETERIZING THE RESULT
Following [7] we parametrize the results (9) and (16) using the gauge couplings g1, g2 and g3 . Thus

γsub + γD =
3ζ(3)
16π3

T6

M2
P

3

∑
N=1

cN g2
N

(
1 +

m2
λN

3m2
3/2

)
ln
(

kN
gN

)
, (17)

where the constants cN and kN depend on the gauge group and their values are given in Table 2. In Fig. 5 we summarize our
numerical results for the gravitino production rates divided by YN T6/M2

P. Especially, for the case of the top Yukawa contribution,
in YN the m2

λN
has to be replaced by A2

t . The colored solid curves represent the SU(3)c (red), SU(2)L (blue), and U(1)Y (green)
rates given by (17) and the top Yukawa rate (purple) given by (16), while the black solid curve is the total result given by (5). The
dashed black curve corresponds to the total result from [28]. For an easy comparison, we have chosen λt = 0.7. The framework
of our calculation is the Minimal Supersymmetric Standard Model (MSSM) gauge group structure SU(3)c × SU(2)L ×U(1)Y . It
is interesting that our result for the total gravitino production rate is only 5%− 11% smaller than that in [28]. We are not able to
provide a detailed quantitative explanation.

For convenience, in Fig. 5, universal gauge coupling unification is assumed at the Grand Unification (GUT) scale ' 2 ×
1016 GeV, but the result in (17) can be used in a more general framework. Equation (17) along with the numbers in Table 2
are the main results of this talk.

4. THERMAL ABUNDANCE OF GRAVITINO
The relevant Boltzmann equation for the gravitino number density n3/2 can be written as

dn3/2
dt

+ 3Hn3/2 = γ3/2 , (18)

6



Andromeda Proceedings BSM 2021, Online

101 102 103 104

106

107

108

109

FIGURE 6: The thick lines show the 3σ regions where ΩDM is equal to the gravitino abundance for various values of m1/2. As
previously the top Yukawa coupling is λt = 0.7 and the trilinear coupling At has been ignored.

where H is the expansion rate of the Universe. The gravitino abundance Y3/2 is defined as the ratio of n3/2 to the number density
of any single bosonic degree of freedom (DOF), nrad = ζ(3)T3/π2. That is

Y3/2 =
n3/2
nrad

, (19)

From (18) and (19) we obtain that the gravitino abundance for temperatures much lower than the reheating temperature, i.e.
T � Treh is given by [7]

Y3/2(T) '
γ3/2(Treh)

H(Treh) nrad(Treh)

g∗s(T)
g∗s(Treh)

, (20)

where g∗s are the entropy density DOFs in the MSSM. Notice that Eq. (20) is consistent with the assumption that the inflaton decays
are instantaneous, as the Universe is thermalizing. The case of not instantaneous inflaton decay has been also studied in [7, 53]3.

According to the latest data from the Planck satellite [54], the cosmological accepted value for the DM density in the Universe
is ΩDMh2 = 0.1198± 0.0012. Assuming that the entire thermal gravitino abundance is the observed DM, we obtain that

ΩDMh2 =
ρ3/2(t0) h2

ρcr
' 1.33× 1024 m3/2 γ3/2(Treh)

T5
reh

, (21)

where ρ3/2 is the gravitino mass density, ρcr = 3 H2
0 M2

P is the critical energy density, H0 = 100 h km/(s Mpc) is the Hubble constant
today, and T0 = 2.725 K the temperature of the cosmic microwave background in the current epoch. Assuming the MSSM content,
the entropy DOFs at the relevant temperatures are g∗s(T0) = 43/11 and g∗s(Treh) = 915/4. Figure 6 illustrates the 3σ regions
resulting from (21) for various values of m1/2 between 750 GeV and 4 TeV. In this, the top Yukawa coupling has been choosen to
have the value λt = 0.7 as previously, and the trilinear coupling At has been ignored. As before, a gauge coupling unification and
a universal gaugino mass m1/2 are assumed at the GUT scale ' 2× 1016 GeV.

In the large gravitino mass limit, m1/2 � m3/2, the characteristic factor m2
λN

/(3m2
3/2) becomes negligible and so the reheating

temperature is m1/2 independent as it is shown in Fig. 6. The recent LHC data on gluino searches [55, 56], suggest that m1/2 &
750 GeV, and thus according to Fig. 6 the maximum reheating temperature Treh ' 109 GeV corresponds to a gravitino mass
m3/2 ' 550 GeV. For the same gravitino mass, m1/2 can go up to 3− 4 TeV, for a reheating temperature an order of magnitude
smaller Treh ' 108 GeV.

5. CONCLUSIONS
In this talk, we have presented a calculation of the gravitino thermal abundance, using the full one-loop thermally corrected
gravitino self-energy [1]. Having amended the main analytical formulas for the gravitino production rate, we have computed it
numerically without approximation. In addition we provide a simple and useful parametrization of our final result. Moreover, in
the context of minimal supergravity models, assuming gaugino mass unification, we have updated the bounds on the reheating
temperature for certain gravitino masses. In particular, saturating the current LHC gluino mass limit mg̃ & 2100 GeV, we find that
a maximum reheating temperature Treh ' 109 GeV is compatible to a gravitino mass m3/2 ' 500− 600 GeV.

As for the constraints on the reheating temperature, we have applied the cosmological data on gravitino DM scenarios. This tells
us whether thermal leptogenesis is a possible mechanism for generating baryon asymmetry of the Universe. Successful thermal

3In particular, following [53], a correction factor ∼ 10% is expected for not instantaneous inflaton decays, in the case of gravitino DM.
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leptogenesis requires high temperature, Treh & 2× 109 GeV [57, 59, 58], which is marginally bigger than the maximum reheating
temperature obtained in our model using the lowest m1/2 mass demonstrated in the recent LHC data [55, 56]. In any case, there
are many alternative models for baryogenesis. In addition, as it has been pointed out before, the thermal gravitino abundance is in
general a part of the whole DM density and the inclusion of other components will affect the phenomenological analysis.
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