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Inflation
• Inflation is a very attractive 

solution to many cosmic 
problems 

• flatness, horizon, initial cond

• conformal/Weyl symmetry

• breaking uncertain yet
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Planck Collaboration: Constraints on Inflation
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Fig. 20. Free-form Bayesian reconstruction of the primordial power spectrum (Sect. 6.2.1) using Planck TT,TE,EE+lowE+lensing.
Top-right: Evidence values for each N-knot reconstruction. The evidence is maximal for the N = 2 and N = 3 knot cases, and semi-
competitive for the remaining higher knots. Marginalizing over the number of knots produces a predictive posterior plot, shown in
the top-left panel. Here we see generic features, with the limit of resolution of Planck at ` ' 2400 and cosmic variance at low `.
Bottom-left: Same as top-left, but using the additional BK14 data and allowing r to vary. Bottom-right: Kullback-Leibler divergence
conditional on k, marginalized over the number of knots, showing the increase in compression of the primordial power spectrum
over several past CMB missions. The di↵erence in constraining power between Planck 2013 and 2015 is driven entirely by the shift
in the ⌧ constraint.
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<latexit sha1_base64="xgc+F5rodVL3BNBbGDEu10F8hOY="></latexit>



Yong Tang(UCAS)              Starobinsky Inflation with Weyl Symmetry and DM                   

Inflation
• Inflation is a very attractive 

solution to many cosmic 
problems 

• flatness, horizon, initial cond

• conformal/Weyl symmetry

• breaking uncertain yet


• Cosmological observats  
now have entered a  
precision era

• primordial GW

• power spectrum

4

Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' �
2
N
, r '

12
N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.

18

r ⇠ 10�3
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reality, inflation ends at some finite time, and the approximation (60) although valid at early times,

breaks down near the end of inflation. So the surface ⌧ = 0 is not the Big Bang, but the end of

inflation. The initial singularity has been pushed back arbitrarily far in conformal time ⌧ ⌧ 0, and

light cones can extend through the apparent Big Bang so that apparently disconnected points are

in causal contact. In other words, because of inflation, ‘there was more (conformal) time before

recombination than we thought’. This is summarized in the conformal diagram in Figure 9.

6 The Physics of Inflation

Inflation is a very unfamiliar physical phenomenon: within a fraction a second the universe grew

exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or

equivalently a nearly constant energy density. In this section we describe the physical conditions

under which this can arise.

6.1 Scalar Field Dynamics

reheating

Figure 10: Example of an inflaton potential. Acceleration occurs when the potential energy of

the field, V (�), dominates over its kinetic energy, 1

2
�̇
2. Inflation ends at �end when the

kinetic energy has grown to become comparable to the potential energy, 1

2
�̇
2 ⇡ V . CMB

fluctuations are created by quantum fluctuations �� about 60 e-folds before the end of

inflation. At reheating, the energy density of the inflaton is converted into radiation.

The simplest models of inflation involve a single scalar field �, the inflaton. Here, we don’t

specify the physical nature of the field �, but simply use it as an order parameter (or clock) to

parameterize the time-evolution of the inflationary energy density. The dynamics of a scalar field

(minimally) coupled to gravity is governed by the action

S =

Z
d4

x
p

�g


1

2
R +

1

2
g
µ⌫

@µ� @⌫� � V (�)

�
= SEH + S� . (61)

The action (61) is the sum of the gravitational Einstein-Hilbert action, SEH, and the action of a

scalar field with canonical kinetic term, S�. The potential V (�) describes the self-interactions of the

31
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Dark Matter
• Dark Matter is challenging  

our standard model in  
particle physics


• So far only evidence for 
the gravitational interaction


• Extensions of Einstein’s GR 
may give DM candidate

5

We propose a scenario based on Weyl symmetry,

                    Inflation and Dark Matter.⇒

Symmetry determines interaction.



Yong Tang(UCAS)              Starobinsky Inflation with Weyl Symmetry and DM                   

Weyl Symmetry
• Weyl symmetry was referred to  


• First proposed by Weyl around 1919 in order to 
unify general relativity and electromagnetic 
interaction.


• Later Weyl modified it to  


• To describe electron after quantum mechanics.
6

 (x) !  0(x) = ei✓(x) (x)

Wµ(x) ! W 0
µ(x) = Wµ(x)� @µ✓(x)
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Gauge symmetry

@µ ! @µ � igWµ
<latexit sha1_base64="lXsmBOzGu3Fhpri48N3q7QWN9fk="></latexit>

gµ⌫(x) ! g0µ⌫(x) = e2✓(x)gµ⌫(x)

Wµ(x) ! W 0
µ(x) = Wµ(x)� @µ✓(x)
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Scale and Conformal
• Scale invariance 

7

xµ ! � xµ
<latexit sha1_base64="tBh0wamvWKC8VUxDvO5qd+USQJ4="></latexit>

Fractals
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Scale and Conformal
• Scale invariance 


• Conformal invariance, in addition to above,


• Weyl symmetry is different from the above ones, 
since coordinates do not change, only fields.

8

xµ ! � xµ
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Ref. Y. Nakayama, 1302.0884

They will also induce field transformations,�(x) ! F [�(x)]
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Most people use Weyl/Conformal interchangeably.
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Weyl Symmetry
• Terminology


• conformal ~ Weyl ~ scale/scaling

• Weyl symmetry has wide applications in physics


• Two-dimensional CFT—string theory

• Conformal gravity—unitarity and instability  


• Gauge theory of gravity

• WU Yue-Liang, arXiv:1712.04537(EPJC)


                  arXiv:1506.01807(PRD)


• Particle Physics ……
9
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R2 inflation

10
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Einstein Gravity
• Einstein-Hilbert action,  


• Einstein frame


• Jordan frame

11

L =
p
�g

hM2
p

2
R� ⇤

i

<latexit sha1_base64="zlD8OkfACD5ot8/1rIoj+COnQ5U="></latexit>

S =

Z
d4xL ,

<latexit sha1_base64="zFdXYt/kqrr8nhBPz7MQhRW0MVI="></latexit>

M2
P =

1

8⇡G
⌘ 1

<latexit sha1_base64="s+xi4wcwbL9Z1E3RLaPebnwuEW0="></latexit>

Lp
�g

=
1

2
g(�)R+

1

2
f(�)@µ�@

µ�� V (�)
<latexit sha1_base64="ihWMJ6jjcsXPNpoA7EV7khsWxps="></latexit>

Lp
�g

=
1

2
R+

1

2
f(�)@µ�@

µ�� V (�)
<latexit sha1_base64="NbcLldeVZBNwNasy6wgrIIkvhWw="></latexit>

scalars do not couple to R
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Conformal Transformation
• Jordan frame


• After conformal transformation


• We are now in Einstein frame


• Canonical kinetic terms?
12
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Conformal Transformation
• With N scalar fields


• Einstein frame


• Canonical kinetic term flat field metric     , not 
possible for N > 1 generally. But conformally flat

13

YT and Y.L Wu, 2106.04726(PRD)

Gij =
1

2f

✓
�ij +

3

f
fifj

◆
.

<latexit sha1_base64="F5tMOIeN9OfLJ8x4ZEkMFmdiZTU="></latexit>

g̃µ⌫ = ⌦2(x)gµ⌫ , ⌦
2(x) = 2f(�i).
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Conformal Transformation
• With N scalar fields


• Einstein frame


• Canonical kinetic term flat field metric     , not 
possible for N > 1 generally. But conformally flat


• Conformal flatness is always possible in the 
case of f(R) gravity with multiple scalars, due to 
the additional scalar degree of freedom.

14

YT and Y.L Wu, 2106.04726(PRD)

g̃µ⌫ = ⌦2(x)gµ⌫ , ⌦
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R2 Gravity
• Starobinsky Inflation


• Equivalent to


•     an auxiliary scalar field


• Equivalence can be shown by using EoM
15
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Stelle, Gen. Rel. Grav. 9, 353 (1978).

Whitt, Phys. Lett. 145B, 176 (1984).

Starobinsky, Phys. Lett. B91, 99 (1980).



Yong Tang(UCAS)              Starobinsky Inflation with Weyl Symmetry and DM                   

R2 Gravity
• Starobinsky Inflation


• Equivalent to


• Conformal transformation

16
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Stelle, Gen. Rel. Grav. 9, 353 (1978).
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Starobinsky, Phys. Lett. B91, 99 (1980).
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R2 Gravity
• Starobinsky Inflation


• Equivalent to


• After conformal transformation

17
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Einstein frame

Stelle, Gen. Rel. Grav. 9, 353 (1978).

Whitt, Phys. Lett. 145B, 176 (1984).

Starobinsky, Phys. Lett. B91, 99 (1980).
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Starobinsky Inflation
• Potential

18
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R2 Gravity
• Starobinsky Inflation


• Global scaling symmetry if EH action is absent


• But not local symmetry
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Weyl  InflationR̂2
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• Covariant derivative


• The modified connection


• And the modified Ricci tensor and scalar
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Warm-up
• First consider the Weyl     gravity


• It is invariant under scaling transformation


• One can write in a familiar form by using


• When       is absent
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Warm-up
• First consider the Weyl     gravity


• Einstein frame is set by          due to Weyl symmetry  


• Massive       with discrete symmetry, might be a 
dark matter candidate.


• However, inflation is not implemented and other 
extension is needed.

22

L =
p
�g


1

2
�2R̂+

1

2
⇣Dµ�Dµ�� 1

4g2W
Fµ⌫F

µ⌫ � ��4

�

<latexit sha1_base64="SN+IXtyHV+wRRn4ifVuvU8fbIQ0="></latexit>

R̂
<latexit sha1_base64="2N7UxYch8R+F5vPUBF4C1xUg528="></latexit>

�2 = 1
<latexit sha1_base64="LCD1dIGvzRMDoxsduWJAk8McSiA="></latexit>

L =
p
�g


1

2
R� �� 1

4g2W
Fµ⌫F

µ⌫ +
1

2
(⇣ + 6)WµW

µ

�

<latexit sha1_base64="kCuyJdwzuQDpxZkAYfQEpi+5tHg="></latexit>

Wµ
<latexit sha1_base64="RERgkTSuE4jwFfoDrnVQtiWxLgU="></latexit>



Yong Tang(UCAS)              Starobinsky Inflation with Weyl Symmetry and DM                   

Weyl   InflationR̂2
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• Now let us consider


• Similarly introduce an auxiliary field 


• The equivalence can be shown with

• Fix to Einstein frame
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Continued
• We can combine the Weyl boson term


• With gauge transformation


• finally
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Inflation

25
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FIG. 1. (Left)The scalr potentials with ⇣ = 1, 100, 1000. (Right)Values of (ns, r) for ⇣ =

250, 500, 1000, 5000 (from left to right). The predictions of (ns, r) with 4 di↵erent ⇣s are shown for

e-folding number N = 50 (squares) and 60 (circles), in comparison with the shaded regions allowed

by Planck [60] with 1-� (blue) and 2-� (purple), and the future projection of CMB-S4 [61] in red

smaller contours. The filled red square and circle are the values for Starobinsky inflation.

For comparison, we also show the prediction in Starobinsky inflation, ns ' 1� 2/N and

r ' 12/N2, as the filled red square and circle. At first sight, it may seem surprising that the

predictions of ns and r coincide with those in Starobinsky inflation as ⇣ increases, after all

they have di↵erent potentials and we do not know whether 6 + ⇣�
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2 is satisfied or not

in the observable region, because inflation can also happen when � = 0. In the following, we

shall give an explanation for this coincidence through analytic analysis about the potential.

First, note that the potential V (�) and �
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Analytic Limit
• We have seen 


• and 


• So the potential is approximated as


• same as the one in Starobinsky model 
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General Case
• If the Lagrangian has the following form


• One can similarly get 


• We can set to Einstein frame by 

• The potential now is
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General Case
• If the Lagrangian has the following form


• One can similarly get 


• For example


• The potential is
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Dark Matter
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Weyl gauge boson as Dark Matter
• Lagrangian


• At first sight, we have linear term of 


•
30
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• Lagrangian with 


• We can show 


• The gauge transformation
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Production
•       couples gravitationally and to all scalars      with 

gauge coupling .

• The simplest way is through gravitational production


• Vacuum fluctuation (expanding universe)


• Gravitational Scattering
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In this paper, we investigate the viable mass range for DM 
with spin 0, 1/2 and 1, produced by the gravitational annihi-
lation of particles in the thermal bath with various spins. We 
compute all the possible, general annihilation cross sections an-
alytically, including all the finite mass term. We find that for 
the production from particles in the thermal bath the abundance 
of DM is tightly related with the highest temperature Tmax af-
ter inflation, proportional to T 3

max/M3
P if its mass mX < Tmax and 

m3
X/M3

P exp [−2mX/Tmax] if mX > Tmax. We also discuss the effects 
from inflation dynamics and show that, gravitational annihilation 
from inflatons might be the dominant channel for scalar/vector 
DM production (there is a suppression factor for fermionic DM 
due to helicity selection) and interestingly has the same power 
dependence on Hubble parameter as production from vacuum fluc-
tuation.

This paper is organized as follows. In Sec. 1 we start with the 
standard Boltzmann equation to follow the cosmological evolution 
of particles and establish the convention and terminology for later 
discussions. Then in Sec. 3 we calculate the gravitational annihila-
tion cross section for different initial and final states with spin 0, 
1/2 and 1. Later in Sec. 4 we apply our calculated cross section to 
DM and investigate the viable mass range. In Sec. 5 we discuss the 
effects from chaotic inflation and show that inflaton’s contribution 
can be very important. Finally, we give the summary.

2. Boltzmann equation

To be self-contained, let us start with the standard Boltzmann 
equation in cosmology [15] for the evolution of number density n3
through the 2 ↔ 2 process,1 p1 + p2 ↔ p3 + p4,

ṅ3 + 3Hn3

≡ d
(
a3n3

)

a3dt

=
∫

d3 p1

(2π)32E1

d3 p2

(2π)32E2

d3 p3

(2π)32E3

d3 p4

(2π)32E4

× (2π)4δ4(p1 + p2 − p3 − p4) ×
∑

pol

[
f1 f2(1 ± f3)(1 ± f4)

∣∣M12→34|2

− f3 f4(1 ± f1)(1 ± f2)|M34→12
∣∣2]

, (2.1)

where a is the scalar factor, Hubble parameter H = ȧ/a, pi denote 
the spatial momenta, pi for 4-vector, M is the matrix element, f i
is the distribution for particle i without internal degree of free-
dom, +(−) sign in ± is for bosons (fermions) and 

∑
pol means the 

sum of all polarizations. For particles that were in thermal equilib-
rium, such as WIMP, we need to keep both terms in the bracket of 
Eq. (2.1). This is due to the cross symmetry M12→34 = M34→12
and f1 f2 is compatible to f3 f4 for Ei ∼ m3 where m3 is the mass 
for particle 3. In cases where f3,4 is much smaller than 1 and/or 
f1,2, we can neglect the second term and the above Boltzmann 
equation becomes

d
(
a3n3

)

a3dt
=

∫
f1d3 p1

(2π)32E1

f2d3 p2

(2π)32E2

×
[

d3 p3

(2π)32E3

d3 p4

(2π)32E4

1 Following the same formalism, processes with multiple initial or final states 
can also be included. These contributions could also be important unless they are 
suppressed by additional small couplings or phase space factors.

Fig. 1. Annihilation process for i → f , where particles i and f can be scalars S , 
fermions F (spin 1/2), massive vectors V and massless vectors γ . For massive par-
ticles, we always denote the initial states’mass as m and the final states’ as M . 
The double lines represent the graviton field, hµν . Arrows mean the directions of 
momenta. Note that although i and f might have the same spin, they have to be 
different particles to affect the number density in Boltzmann equation.

× (2π)4δ4(p1 + p2 − p3 − p4)
∑

pol

|M12→34|2
]

,

(2.2)

The term in the bracket can be replaced by 4F g1 g2σ12→34, where 
gi is the spin degree of freedom, σ ≡ σ12→34 is the cross section 
and F = [(p1 · p2)

2 − m2
1m2

2]1/2. So we have

d
(
a3n3

)

a3dt
=

∫
f1 g1d3 p1

(2π)3 E1

f2 g2d3 p2

(2π)3 E2
Fσ , (2.3)

Changing to the integration variables E1, E2 and s, we have

d3 p1d3 p2 = 4π2 E1 E2dE1dE2ds = 2π2 E1 E2dE+dE−ds, (2.4)

where E+ = E1 + E2, E− = E1 − E2, and s = (p1 + p2)
2. As will be 

shown in next section, throughout our discussion, we have m1 =
m2 = m and m3 = m4 = M and the integration range then can be 
simplified to

s ≥ max(4m2,4M2), E1 ≥ m, E2 ≥ m, E+ ≥
√

s,

|E−| ≤
√

1 − 4m2/s
√

E2
+ − s. (2.5)

So far, the discussions have been quite general and apply for 
other very weakly interacting particles as well, see Ref. [16] for a 
recent review. It is evident that the key part is to calculate the 
annihilation cross section σ . After that we can perform numer-
ical integration or analytic computation for some special cases. 
If f1,2 have quantum statistical distributions, like Fermi-Dirac or 
Bose–Einstein distributions (eE/T ± 1)−1, no compact analytic for-
mulas can be derived. However, for E > T , we can use approximate 
Maxwell–Boltzmann distribution, e−E/T , and then integrate over 
E− and E+ to get

d
(
a3n3

)

a3dt
= g2

1 T

32π4

∫
ds σ

√
s(s − 4m2)K1

(√
s

T

)
, (2.6)

where Ki is the modified Bessel function of the second kind with 
order i.

3. Annihilation cross section

In this section, we compute the annihilation cross section in 
the center-of-mass (CM) frame for various initial and final states 
in Fig. 1. Note that the initial particles are different from the final 
ones so that the process can change the number density and con-
tribute to Boltzmann equation, although in a broader context for 
other physics problems they can be the same. Since the cross sec-
tion is a Lorentz-invariant quantity, the results derived here will 
also be valid in other frames.

In effective field theory, the leading interactions between gravi-
ton and matter are described by

YT&Y.-L. Wu, 1604.04701(PLB), 1708.05138(PLB)

Garny, Sandora, Sloth, 1511.03278(PRL)

Garny,Palessandro, Sandora, Sloth, 1709.09688(JCAP)
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EFT in Einstein’s Gravity
• Einstein-Hilbert action


• EFT for E<<Mp


     Energy-Momentum Tensor

33

4

In e↵ective field theory, the leading interactions between graviton and matter are described by

Lint =


2
hµ⌫T

µ⌫
, (3.1)

where  =
p
32⇡G(G is the Newton’s constant), hµ⌫ is the graviton field and Tµ⌫ is the energy-momentum tensor for

matter fields. This term is linear on hµ⌫ but su�cient for our discussions in which less than 2 gravitons appear in
the processes. We shall use the harmonic gauge fixing condition for gravity so that the graviton’s propagator with
momentum p has the following form

Gµ⌫;⇢�(p) =
i

2p2
(⌘µ⇢⌘⌫� + ⌘µ�⌘⌫⇢ � ⌘µ⌫⌘⇢�) (3.2)

where ⌘µ⌫ is the metric for flat spacetime. Since we are considering the leading-order tree-level scattering processes,
we do not need to include higher-dimensional operators with more graviton hµ⌫ , renormalization e↵ects and ghost.

The symmetric energy-momentum tensors Tµ⌫ for complex scalar S, spin-12 Dirac fermion F , massive vector V and
massless vector � are listed in the following
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T
µ⌫
� =

1

4
⌘
µ⌫
F

↵�
F↵� � F

µ↵
F

⌫
↵. (3.6)

T
µ⌫ for real scalar � can easily be obtained by substituting S = (� + i')/

p
2. For scalar with nonminimal coupling

⇣S
†
SR we should add 2⇣(@µ

@
⌫ � ⌘

µ⌫
@↵@

↵)S†
S. Then we can get the Feynman rules to do the calculation of Fig. 1.

To make the results as compact as possible, we extract the common factor for unpolarized collisions pi+pī ! pf +pf̄ ,

� =
1

32⇡s (Sg2i )

|~pf |
|~pi|

Z
d cos ✓

X

pol

|M|2 ⌘ 
4

32⇡s (Sg2i )

|~pf |
|~pi|

A, (3.7)

where gi is the degrees of freedom for initial state i, S is the symmetric factor (S = 2 for identical final states, for
example, real scalars, neutral gauge bosons, otherwise S = 1), |~pi| and |~pf | are the lengths of three-momentum for
initial and final states, respectively. As shown, M is the matrix element and we have defined A as the integration of
polarization-summed

P
|M|2 over the scattering angle ✓, with the 

4 factor pulled out.
Note that the kinematic variables in CM frame for mi = mī ⌘ m and mf = mf̄ ⌘ M , and

|~pi| =
q
E

2
i �m2, |~pf | =

q
E

2
f �M2, Ei,f =

p
s/2. (3.8)

After some tedious calculations, we obtain A for di↵erent processes of initial states with mass m and final ones with M

where both the initial and final states can be complex scalar S, fermion F (spin 1/2), massive vector V and massless
vector �. For processes involving final scalar S,
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Non-minimal coupling

Justified after inflation
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Annihilation Processes
• Boltzmann Equation


• Neglect nX, reduced to


• The core
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In this paper, we investigate the viable mass range for DM 
with spin 0, 1/2 and 1, produced by the gravitational annihi-
lation of particles in the thermal bath with various spins. We 
compute all the possible, general annihilation cross sections an-
alytically, including all the finite mass term. We find that for 
the production from particles in the thermal bath the abundance 
of DM is tightly related with the highest temperature Tmax af-
ter inflation, proportional to T 3

max/M3
P if its mass mX < Tmax and 

m3
X/M3

P exp [−2mX/Tmax] if mX > Tmax. We also discuss the effects 
from inflation dynamics and show that, gravitational annihilation 
from inflatons might be the dominant channel for scalar/vector 
DM production (there is a suppression factor for fermionic DM 
due to helicity selection) and interestingly has the same power 
dependence on Hubble parameter as production from vacuum fluc-
tuation.

This paper is organized as follows. In Sec. 1 we start with the 
standard Boltzmann equation to follow the cosmological evolution 
of particles and establish the convention and terminology for later 
discussions. Then in Sec. 3 we calculate the gravitational annihila-
tion cross section for different initial and final states with spin 0, 
1/2 and 1. Later in Sec. 4 we apply our calculated cross section to 
DM and investigate the viable mass range. In Sec. 5 we discuss the 
effects from chaotic inflation and show that inflaton’s contribution 
can be very important. Finally, we give the summary.

2. Boltzmann equation

To be self-contained, let us start with the standard Boltzmann 
equation in cosmology [15] for the evolution of number density n3
through the 2 ↔ 2 process,1 p1 + p2 ↔ p3 + p4,

ṅ3 + 3Hn3

≡ d
(
a3n3

)

a3dt

=
∫

d3 p1

(2π)32E1

d3 p2

(2π)32E2

d3 p3

(2π)32E3

d3 p4

(2π)32E4

× (2π)4δ4(p1 + p2 − p3 − p4) ×
∑

pol

[
f1 f2(1 ± f3)(1 ± f4)

∣∣M12→34|2

− f3 f4(1 ± f1)(1 ± f2)|M34→12
∣∣2]

, (2.1)

where a is the scalar factor, Hubble parameter H = ȧ/a, pi denote 
the spatial momenta, pi for 4-vector, M is the matrix element, f i
is the distribution for particle i without internal degree of free-
dom, +(−) sign in ± is for bosons (fermions) and 

∑
pol means the 

sum of all polarizations. For particles that were in thermal equilib-
rium, such as WIMP, we need to keep both terms in the bracket of 
Eq. (2.1). This is due to the cross symmetry M12→34 = M34→12
and f1 f2 is compatible to f3 f4 for Ei ∼ m3 where m3 is the mass 
for particle 3. In cases where f3,4 is much smaller than 1 and/or 
f1,2, we can neglect the second term and the above Boltzmann 
equation becomes

d
(
a3n3

)

a3dt
=

∫
f1d3 p1

(2π)32E1

f2d3 p2

(2π)32E2

×
[

d3 p3

(2π)32E3

d3 p4

(2π)32E4

1 Following the same formalism, processes with multiple initial or final states 
can also be included. These contributions could also be important unless they are 
suppressed by additional small couplings or phase space factors.

Fig. 1. Annihilation process for i → f , where particles i and f can be scalars S , 
fermions F (spin 1/2), massive vectors V and massless vectors γ . For massive par-
ticles, we always denote the initial states’mass as m and the final states’ as M . 
The double lines represent the graviton field, hµν . Arrows mean the directions of 
momenta. Note that although i and f might have the same spin, they have to be 
different particles to affect the number density in Boltzmann equation.

× (2π)4δ4(p1 + p2 − p3 − p4)
∑

pol

|M12→34|2
]

,

(2.2)

The term in the bracket can be replaced by 4F g1 g2σ12→34, where 
gi is the spin degree of freedom, σ ≡ σ12→34 is the cross section 
and F = [(p1 · p2)

2 − m2
1m2

2]1/2. So we have

d
(
a3n3

)

a3dt
=

∫
f1 g1d3 p1

(2π)3 E1

f2 g2d3 p2

(2π)3 E2
Fσ , (2.3)

Changing to the integration variables E1, E2 and s, we have

d3 p1d3 p2 = 4π2 E1 E2dE1dE2ds = 2π2 E1 E2dE+dE−ds, (2.4)

where E+ = E1 + E2, E− = E1 − E2, and s = (p1 + p2)
2. As will be 

shown in next section, throughout our discussion, we have m1 =
m2 = m and m3 = m4 = M and the integration range then can be 
simplified to

s ≥ max(4m2,4M2), E1 ≥ m, E2 ≥ m, E+ ≥
√

s,

|E−| ≤
√

1 − 4m2/s
√

E2
+ − s. (2.5)

So far, the discussions have been quite general and apply for 
other very weakly interacting particles as well, see Ref. [16] for a 
recent review. It is evident that the key part is to calculate the 
annihilation cross section σ . After that we can perform numer-
ical integration or analytic computation for some special cases. 
If f1,2 have quantum statistical distributions, like Fermi-Dirac or 
Bose–Einstein distributions (eE/T ± 1)−1, no compact analytic for-
mulas can be derived. However, for E > T , we can use approximate 
Maxwell–Boltzmann distribution, e−E/T , and then integrate over 
E− and E+ to get

d
(
a3n3

)

a3dt
= g2

1 T

32π4

∫
ds σ

√
s(s − 4m2)K1

(√
s

T

)
, (2.6)

where Ki is the modified Bessel function of the second kind with 
order i.

3. Annihilation cross section

In this section, we compute the annihilation cross section in 
the center-of-mass (CM) frame for various initial and final states 
in Fig. 1. Note that the initial particles are different from the final 
ones so that the process can change the number density and con-
tribute to Boltzmann equation, although in a broader context for 
other physics problems they can be the same. Since the cross sec-
tion is a Lorentz-invariant quantity, the results derived here will 
also be valid in other frames.

In effective field theory, the leading interactions between gravi-
ton and matter are described by

� / 4s
Massless limit
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III. PRODUCTION MECHANISM FOR GDM

In this section, we discuss how to produce dark mat-
ter particle in the early Universe. The dominant contri-
bution to produce gravitational dark matter is through
the tree-level s-channel process by mediating a graviton,
�+� ! X+X (� can be any other particle in the thermal
bath). The production cross section from interactions in
Eq. 2.9 has the following form

h�vi ⇠ 4T 2, (3.1)

where T is the temperature of thermal bath in the uni-
verse. Due to the weakness of gravity, the interacting
rate n�h�vi (n� ' T 3 is number density of �) is much
smaller than the expansion rate of universe, so X is not
in thermal equilibrium with other particle.

Now let us calculate how much X can be produced.
The Boltzmann equation [10] that describes the changes
of number density nX is given by

d
�
nXa3

�

a3dt
=

dnX

dt
+ 3HnX = h�vi

h
n2
X � (neq)

2
i
, (3.2)

where a is the scale factor, H ⌘ ȧ/a is the Hubble param-
eter, ⇠ T 2/MP , neq is the equilibrium number neq ⇠ T 3.
Define the yield Y ⌘ nX/s, s is the entropy density, we
have

dY

dT
=

�h�vis
HT

�
Y 2 � Y 2

eq

�
' neqh�vi

HT
Yeq, (3.3)

where we can ignore Y in the right-handed side of the
first equation due to Y ⌧ Yeq. Therefore Y would be a
power-law function of T with positive index after we put
in h�vi ⇠ 4T 2 and neq ⇠ T 3. We also should sum over
all particles with gravitational interaction, which means
we can replace Yeq with ⇠ 1. Integrate Eq. 3.3 over T
from O (mX) to the maximal temperature Tmax, then to
get the right relic abundance of X, we would need

n�h�vi
H

����
T=Tmax

' YX ⌘ ⌦Xmp

⌦bmX
⌘, (3.4)

where Tmax may refer as the maximal temperature of our
universe after inflation, or reheating temperature, ⌦b and
⌦X are the energy density fractions of baryon and dark
matter, respectively, ⌦X/⌦b ' 5, mp ' 1GeV is proton
mass and ⌘ ' 6⇥ 10�10 is baryon-to-photon ratio. From
Eq. 3.4, we obtain

mX ⇠ ⌦XM3
P

⌦bT 3
max

mp⌘. (3.5)

We also need check whether the universe can be hot
enough to produce X, namely Tmax & O (mX). With
Eq. 3.5 we have

Tmax &
✓
⌦XM3

Pmp⌘

⌦b

◆1/4

' 10�7MP , (3.6)

(a) (b) (c)

(d) (e) (f)

FIG. 1. Some typical Feynman diagrams at loop level. Scalars
(gravitons) are displayed with dashed (double) lines. Solid
lines can be scalar, fermion and gauge fields.

which gives the lower bound for Tmax and can be defi-
nitely satisfied without violating any experimental limits.
The reason why we take Tmax & O (mX) as a constraint is
that when the temperature is much lower than mX there
would be an exponential suppression of particles that are
energetic enough to produce DM X. Only particles at
the very high energy tail of Bose-Einstein/Fermi-Dirac
distributions can contribute to the production.
The upper bound for Tmax, on the other hand, depends

on the details of cosmic evolution. It is reasonable to ex-
pect that DM X is mostly produced after inflation since
otherwise it would be extremely diluted by the exponen-
tial expansion. If we take Tmax as high as the inflation
scale . 10�4MP which is constrained by non-observation
of primordial gravitational wave [11], we can have an up-
per bound on Tmax . 10�4MP .
With the above bound 10�7 . Tmax/MP . 10�4, then

from Eq. 3.5, we would have a finite range for the mass
of gravitational dark matter,

103mp . mX . 10�7MP ,TeV . mX . 1011GeV. (3.7)

This is one of our main results, which predicts the mass
range for GDM. This result is consistent with the case
mX < Tmax in [4] which also considered Tmax > mX

case, in the context of reheating process. Note that the
above discussions do not depend on whether GDM is a
scalar [12], fermion or vector. In later sections, we shall
focus on scalar case for further investigations.

IV. EFFECTIVE OPERATORS OUT OF
GRAVITY

In this section, we consider loop contributions
and show how they induce both lower- and higher-
dimensional operators. Some typical Feynman diagrams
are shown in Fig. 1. Calculations of these diagrams
are involved with UV divergences which can be handled
with regularization. To cancel these UV divergences, we
must introduce counterterms and perform renormaliza-
tion. This is equivalently to say that, renormalization
group flow shall necessarily introduce non-zero coe�-
cients for the operators that are allowed by the sym-

dY

d lnT
' neqh�vi

H
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III. PRODUCTION MECHANISM FOR GDM

In this section, we discuss how to produce dark mat-
ter particle in the early Universe. The dominant contri-
bution to produce gravitational dark matter is through
the tree-level s-channel process by mediating a graviton,
�+� ! X+X (� can be any other particle in the thermal
bath). The production cross section from interactions in
Eq. 2.9 has the following form

h�vi ⇠ 4T 2, (3.1)

where T is the temperature of thermal bath in the uni-
verse. Due to the weakness of gravity, the interacting
rate n�h�vi (n� ' T 3 is number density of �) is much
smaller than the expansion rate of universe, so X is not
in thermal equilibrium with other particle.

Now let us calculate how much X can be produced.
The Boltzmann equation [10] that describes the changes
of number density nX is given by
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=

dnX

dt
+ 3HnX = h�vi
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where a is the scale factor, H ⌘ ȧ/a is the Hubble param-
eter, ⇠ T 2/MP , neq is the equilibrium number neq ⇠ T 3.
Define the yield Y ⌘ nX/s, s is the entropy density, we
have

dY

dT
=

�h�vis
HT

�
Y 2 � Y 2

eq

�
' neqh�vi

HT
Yeq, (3.3)

where we can ignore Y in the right-handed side of the
first equation due to Y ⌧ Yeq. Therefore Y would be a
power-law function of T with positive index after we put
in h�vi ⇠ 4T 2 and neq ⇠ T 3. We also should sum over
all particles with gravitational interaction, which means
we can replace Yeq with ⇠ 1. Integrate Eq. 3.3 over T
from O (mX) to the maximal temperature Tmax, then to
get the right relic abundance of X, we would need

n�h�vi
H

����
T=Tmax

' YX ⌘ ⌦Xmp

⌦bmX
⌘, (3.4)

where Tmax may refer as the maximal temperature of our
universe after inflation, or reheating temperature, ⌦b and
⌦X are the energy density fractions of baryon and dark
matter, respectively, ⌦X/⌦b ' 5, mp ' 1GeV is proton
mass and ⌘ ' 6⇥ 10�10 is baryon-to-photon ratio. From
Eq. 3.4, we obtain

mX ⇠ ⌦XM3
P

⌦bT 3
max

mp⌘. (3.5)

We also need check whether the universe can be hot
enough to produce X, namely Tmax & O (mX). With
Eq. 3.5 we have
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FIG. 1. Some typical Feynman diagrams at loop level. Scalars
(gravitons) are displayed with dashed (double) lines. Solid
lines can be scalar, fermion and gauge fields.

which gives the lower bound for Tmax and can be defi-
nitely satisfied without violating any experimental limits.
The reason why we take Tmax & O (mX) as a constraint is
that when the temperature is much lower than mX there
would be an exponential suppression of particles that are
energetic enough to produce DM X. Only particles at
the very high energy tail of Bose-Einstein/Fermi-Dirac
distributions can contribute to the production.
The upper bound for Tmax, on the other hand, depends

on the details of cosmic evolution. It is reasonable to ex-
pect that DM X is mostly produced after inflation since
otherwise it would be extremely diluted by the exponen-
tial expansion. If we take Tmax as high as the inflation
scale . 10�4MP which is constrained by non-observation
of primordial gravitational wave [11], we can have an up-
per bound on Tmax . 10�4MP .
With the above bound 10�7 . Tmax/MP . 10�4, then

from Eq. 3.5, we would have a finite range for the mass
of gravitational dark matter,

103mp . mX . 10�7MP ,TeV . mX . 1011GeV. (3.7)

This is one of our main results, which predicts the mass
range for GDM. This result is consistent with the case
mX < Tmax in [4] which also considered Tmax > mX

case, in the context of reheating process. Note that the
above discussions do not depend on whether GDM is a
scalar [12], fermion or vector. In later sections, we shall
focus on scalar case for further investigations.

IV. EFFECTIVE OPERATORS OUT OF
GRAVITY

In this section, we consider loop contributions
and show how they induce both lower- and higher-
dimensional operators. Some typical Feynman diagrams
are shown in Fig. 1. Calculations of these diagrams
are involved with UV divergences which can be handled
with regularization. To cancel these UV divergences, we
must introduce counterterms and perform renormaliza-
tion. This is equivalently to say that, renormalization
group flow shall necessarily introduce non-zero coe�-
cients for the operators that are allowed by the sym-
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In e↵ective field theory, the leading interactions between graviton and matter are described by

Lint =


2
hµ⌫T

µ⌫
, (3.1)

where  =
p
32⇡G(G is the Newton’s constant), hµ⌫ is the graviton field and Tµ⌫ is the energy-momentum tensor for

matter fields. This term is linear on hµ⌫ but su�cient for our discussions in which less than 2 gravitons appear in
the processes. We shall use the harmonic gauge fixing condition for gravity so that the graviton’s propagator with
momentum p has the following form

Gµ⌫;⇢�(p) =
i

2p2
(⌘µ⇢⌘⌫� + ⌘µ�⌘⌫⇢ � ⌘µ⌫⌘⇢�) (3.2)

where ⌘µ⌫ is the metric for flat spacetime. Since we are considering the leading-order tree-level scattering processes,
we do not need to include higher-dimensional operators with more graviton hµ⌫ , renormalization e↵ects and ghost.

The symmetric energy-momentum tensors Tµ⌫ for complex scalar S, spin-12 Dirac fermion F , massive vector V and
massless vector � are listed in the following

T
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↵
S
†
@↵S + ⌘

µ⌫
m

2
SS

†
S + @

µ
S
†
@
⌫
S + @

⌫
S
†
@
µ
S, (3.3)
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, (3.4)

T
µ⌫
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✓
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2
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V V

↵
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◆
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�
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µ↵
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⌫
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V V

µ
V

⌫
�
, (3.5)

T
µ⌫
� =

1

4
⌘
µ⌫
F

↵�
F↵� � F

µ↵
F

⌫
↵. (3.6)

T
µ⌫ for real scalar � can easily be obtained by substituting S = (� + i')/

p
2. For scalar with nonminimal coupling

⇣S
†
SR we should add 2⇣(@µ

@
⌫ � ⌘

µ⌫
@↵@

↵)S†
S. Then we can get the Feynman rules to do the calculation of Fig. 1.

To make the results as compact as possible, we extract the common factor for unpolarized collisions pi+pī ! pf +pf̄ ,

� =
1

32⇡s (Sg2i )

|~pf |
|~pi|

Z
d cos ✓

X

pol

|M|2 ⌘ 
4

32⇡s (Sg2i )

|~pf |
|~pi|

A, (3.7)

where gi is the degrees of freedom for initial state i, S is the symmetric factor (S = 2 for identical final states, for
example, real scalars, neutral gauge bosons, otherwise S = 1), |~pi| and |~pf | are the lengths of three-momentum for
initial and final states, respectively. As shown, M is the matrix element and we have defined A as the integration of
polarization-summed

P
|M|2 over the scattering angle ✓, with the 

4 factor pulled out.
Note that the kinematic variables in CM frame for mi = mī ⌘ m and mf = mf̄ ⌘ M , and

|~pi| =
q
E

2
i �m2, |~pf | =

q
E

2
f �M2, Ei,f =

p
s/2. (3.8)

After some tedious calculations, we obtain A for di↵erent processes of initial states with mass m and final ones with M

where both the initial and final states can be complex scalar S, fermion F (spin 1/2), massive vector V and massless
vector �. For processes involving final scalar S,
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, (3.9)
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Initial i(m)
Final f(M)
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TABLE I. A for the case m2/s ! 0 (initial states with mass m and final states with mass M). Note that the results are not
symmetric under i $ f since we do not take the limit M2/s ! 0.
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and for vector
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A (� ! �) =
s
2

10
. (3.18)

Note that we can use the cross symmetry, A (f ! i) = A (i ! f) with interchanging m $ M , to get As for other
processes, such as A (S ! F ), A (S/F ! V ) and A (S/F/V ! �). In the case s � 4m2 and s � 4M2, we can neglect
the mass-dependent terms and get very concise As which are just proportional to s

2.
The above results have shown consistencies under several checks. For example, A is gauge invariant when involving

massless vector � where we have explicitly checked in R⇠ gauge and the results are independent of gauge-fixing
parameter ⇠ in the T

µ⌫
� (⇠),
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And the coe�cient of s2 term in A (V ! S) is three times as that in A (S ! S), which is due to three polarizations
of V . Furthermore, A (i ! f)s are symmetric over m and M when the initial and final states are the same, i = f .
For later convenience, we also tabulate the case m

2 ⌧ s in Table. I. One can easily check that A (V ! f) =
A (S ! f) + A (� ! f). Interestingly, we notice that A (� ! f) = 4A (F ! f) which might be related with spin
structures in gravitational interactions.

IV. APPLICATION TO DARK MATTER

With the cross section in hand, we now proceed to compute the abundance for stable particles like DM X with mass
M = mX . In the absence of entropy production, we have d(a3s)/dt = 0, where s is the entropy density. Therefore,
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TABLE I. A for the case m2/s ! 0 (initial states with mass m and final states with mass M). Note that the results are not
symmetric under i $ f since we do not take the limit M2/s ! 0.

for fermion

A (F ! F ) =
14m4

M
4

15s2
+

m
2
M

2

30s

�
m

2 +M
2
�
,

� 1

120

�
8m4 � 3m2

M
2 + 8M4

�
� s

120

�
m

2 +M
2
�
+

s
2

160
, (3.13)

A (V ! F ) =� 101m4
M

4

15s2
+

m
2
M

2

20s

�
44M2 �m

2
�

� 1

60

�
19M4 � 19m2

M
2 � 26m4

�
� s

240

�
7M2 + 52m2

�
+

13s2

480
, (3.14)

A (� ! F ) =
1

120

�
s� 4M2

�
(3s+ 8M2), (3.15)

and for vector

A (V ! V ) =
2983m4

M
4

30s2
� 293m2

M
2

10s

�
m

2 +M
2
�
,

+
1

120

�
257m4 + 1188m2

M
2 + 257M4

�
� 37s

40

�
m

2 +M
2
�
+

29s2

240
, (3.16)

A (� ! V ) =
13

120

�
s� 4M2

�2
, (3.17)

A (� ! �) =
s
2

10
. (3.18)

Note that we can use the cross symmetry, A (f ! i) = A (i ! f) with interchanging m $ M , to get As for other
processes, such as A (S ! F ), A (S/F ! V ) and A (S/F/V ! �). In the case s � 4m2 and s � 4M2, we can neglect
the mass-dependent terms and get very concise As which are just proportional to s

2.
The above results have shown consistencies under several checks. For example, A is gauge invariant when involving

massless vector � where we have explicitly checked in R⇠ gauge and the results are independent of gauge-fixing
parameter ⇠ in the T

µ⌫
� (⇠),

T
µ⌫
� (⇠) =

1

4
⌘
µ⌫
F

↵�
F↵� � F

µ↵
F

⌫
↵ � 1

⇠
⌘
µ⌫


@
↵
@
�
�↵�� � 1

2
(@↵

�↵)
2
�
+

1

⇠
(@µ

@
↵
�↵�

⌫ + @
⌫
@
↵
�↵�

µ) . (3.19)

And the coe�cient of s2 term in A (V ! S) is three times as that in A (S ! S), which is due to three polarizations
of V . Furthermore, A (i ! f)s are symmetric over m and M when the initial and final states are the same, i = f .
For later convenience, we also tabulate the case m

2 ⌧ s in Table. I. One can easily check that A (V ! f) =
A (S ! f) + A (� ! f). Interestingly, we notice that A (� ! f) = 4A (F ! f) which might be related with spin
structures in gravitational interactions.

IV. APPLICATION TO DARK MATTER

With the cross section in hand, we now proceed to compute the abundance for stable particles like DM X with mass
M = mX . In the absence of entropy production, we have d(a3s)/dt = 0, where s is the entropy density. Therefore,
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Gravitational Scattering
• Relic density
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FIG. 2. Numeric illustration of the correlation between temperature Tmax and DM mass mX , in spin-0 (solid black line), spin- 12
(blue dashed line) and spin-1 (purple dot-dashed) cases. All these curves indicates that ⌦X ' 0.258. Going to region above
(below) the curve would increase (decrease) ⌦X . The gray dotted line marks mX = Tmax and on its left (right) side mX < Tmax

(mX > Tmax).

we can rewrite the equation Eq. 2.3 in terms of a more convenient quantity, th yield YX ⌘ nX/s,

dYX

dt
=

g
2
1T

32⇡4

Z
ds�

p
s(s� 4m2)K1

✓p
s

T

◆
. (4.1)

In the radiation dominant era, we have the following relations,

H
2 =

8⇡G⇢r

3
⌘ 

2
⇢r

12
, ⇢r =

⇡
2

30
g⇤T

4
, dt = � dT

HT
,

where g⇤ is the total number of e↵ectively massless degrees of freedom. Integrate over temperature from the minimal
value to maximum one, we finally get

YX =

Z Tmax

Tmin

dT

HTs


g
2
1T

32⇡4

Z
ds�

p
s(s� 4m2)K1

✓p
s

T

◆�
. (4.2)

The above result has negligible dependence on Tmin, so we can freely take Tmin as zero or the present temperature of
CMB. The yield YX is related with the observed energy fraction for DM ⌦X at present time,

⌦X =
⌦bmX

mpn�⌘
s0YX , (4.3)

where ⌦b is the energy density fractions of baryon, mp ' 1GeV is proton mass, n� is the number density of photon
today, s0 is the total entropy density of photon and neutrino, and ⌘ ' 6⇥10�10 is baryon-to-photon ratio. Assuming a
minimal particle content in thermal bath, namely only SM, and the temperature is higher than electroweak symmetry
breaking, all SM particles are therefore massless and we can use the results in Table. I. Since our formalism is for
Dirac fermions, there is a factor of 1/2 for Weyl particles (neutrino in SM). Taking all these into account, we have 2
complex scalars, 45/2(1/2⇥ 3 + 1⇥ 3 + 2⇥ 3⇥ 3) Dirac fermions and 12(8 + 3 + 1) massless gauge bosons.

In Fig. 2, we illustrate the correlation between temperature Tmax and DM mass mX for fixed ⌦X ' 0.258 [17]
in several cases, by integrating Eq. (4.2) numerically. DM with spin zero, 1/2 and 1 are shown with solid, dashed
and dot-dashed curves, respectively. The gray dotted line indicates mX = Tmax, while its left (right) side marks
mX < Tmax (mX > Tmax). The turnover of these curves at mX = Tmax is due to the following reasons. When
mX < Tmax, ⌦X is proportional to 

3
T

3
max and increasing mX would require smaller Tmax for fixed ⌦X , which is
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Scalar Annihilations
• Special contribution


• Dominated by the longitudinal 
model


• Similar behavior as the 
gravitational scattering


• Valid up to Planck scale

• Maximal mass
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mW ⇠ 5⇥ 1016GeV
<latexit sha1_base64="lQzSXWYiXlyPZKO3P8r2l/8+Ucc="></latexit>
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Summary
• The universe is almost scaling invariant during 

inflation, however how this symmetry is broken is 
still uncertain. 


• In Starobinsky model, global scaling symmetry is 
broken by the Einstein-Hilbert action.


• With gauge scaling symmetry, Weyl      is different 
from the Starobinsky model, as a deformation.


• Weyl gauge boson  has a      symmetry, and is 
a dark matter candidate through gravitational 
production.

Wμ
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R̂2
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Thanks for your attention.
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