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Dark matter

• What is known about DM:


• It gravitates



Metric and Palatini gravity

S =
M2

P

2 ∫ d4x |g | RLowest order action*

Rρ
σμν = ∂μΓρ

νσ − ∂νΓρ
μσ + Γρ

μλΓ
λ
νσ − Γρ

νλΓ
λ
μσ

Riemann curvature tensor is expressed via connection  asΓρ
νσ

Metric gravity

•  is symmetric with respect to lower indices


•  is expressed in terms of metric via 


• The dynamical variable is   , variation with respect to  gives 
the Einstein equations

Γρ
νσ

Γρ
νσ gμν ; α = 0

gμν gμν

4
 we only colder 3+1 dimensions in this talk*



Metric and Palatini gravity

S =
M2

P

2 ∫ d4x |g | RLowest order action

Rρ
σμν = ∂μΓρ

νσ − ∂νΓρ
μσ + Γρ

μλΓ
λ
νσ − Γρ

νλΓ
λ
μσ

Riemann curvature tensor is expressed via connection  asΓρ
νσ

Palatini gravity
•  is symmetric with respect to lower indices


• The dynamical variables are   and , 


• Variation with respect to  gives the relation between  and  
variation with respect to  gives the Einstein equations
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Metric and Palatini gravity
S =

M2
P

2 ∫ d4x |g | RLowest order action

Rρ
σμν = ∂μΓρ

νσ − ∂νΓρ
μσ + Γρ

μλΓ
λ
νσ − Γρ

νλΓ
λ
μσ

Riemann curvature tensor is expressed via connection  asΓρ
νσ

Palatini gravityMetric gravity
 is compatible with metricΓρ

νσ

∇αgμν = 0

 is independentΓρ
νσ

δS
δΓα

μν
∝ ∇αgμν

δS
δgμν

∝ Rμν −
1
2

gμνR

without matter Palatini gravity is equivalent to metric gravity 
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Einstein-Cartan gravity

Rρ
σμν = ∂μΓρ

νσ − ∂νΓρ
μσ + Γρ

μλΓ
λ
νσ − Γρ

νλΓ
λ
μσ

Riemann curvature tensor is expressed via connection  asΓρ
νσ

Einstein-Cartan(-Sciama–Kibble) theory

gauging of the Poincaré group, Utiyama ‘56, Kibble ‘61


Symmetry of  with respect to lower indices is not assumed.

Torsion tensor:  

Γρ
νσ
Tρ

νσ = Γρ
νσ − Γρ

σν

Variation with respect to  gives the relation between  and  

Variation with respect to  gives the Einstein equations

On the solution 

Γρ
νσ Γρ

νσ gμν
gμν

Tρ
νσ = 0

Einstein-Cartan pure gravity is equivalent to metric gravity 
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Fermions in Einstein-Cartan gravity
• Fermions source torsion: 

 
,    


• Plugging back into action: 
 




• Torsion does not propagate


• Non-vanishing torsion allows introducing new couplings: 

ϵμλρσ Tλρσ + 3 Aμ = 0 Aμ = ψ̄ γμ γ5 ψ

3
16 M2

P
AμAμ

Kibble  ’61 [https://
aip.scitation.org/doi/
10.1063/1.1703702]


For details of calculation see, e.g. 
S. Mercuri gr-qc/0601013,


L. Freidel, D. Minic, T. Takeuchi, 
hep-th/0507253.


 

S =
i
2 ∫ d4x −g (Ψ̄ (1 − iα − iβγ5) γμDμΨ − h . c . )  — real parametersα, β

https://aip.scitation.org/doi/10.1063/1.1703702
https://aip.scitation.org/doi/10.1063/1.1703702
https://aip.scitation.org/doi/10.1063/1.1703702
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Einstein-Cartan theory
• Without matter —  equivalent to GR 

(more general perspective — metric-affine theory,  
 see, e.g. Hehl, Kerlick and Von Der Heyde   Phys. Lett. B 63 (1976) 
 also a book “Gravity and Strings” by Tomás Ortín; 	 	 	  
 Rigouzzo and Zell   Phys.Rev.D 106 (2022))


• More allowed terms in the action


• Fermions source torsion 


• Torsion does not propagate

Can we distinguish EC theory from GR?
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Fermonic action in Einstein-Cartan gravity

Integrating out torsion one arrives at

new universal four-fermion interaction

ℒ4f =
−3α2

16M2
P

VμVμ −
3αβ
8M2

P
VμAμ +

3 − 3β2

16M2
P

AμAμ

Vμ = N̄γμN + ∑
SM

ψ̄γμψ

Aμ = N̄γ5γμN + ∑
SM

ψ̄γ5γμψ

This interaction is 
universal and also affects a new 
hypothetical singlet particle— 

DM candidate

 are the SM fermionsX

ψ

ψ̄

N

N̄
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Freeze-in DM production via Four-Fermion Interactions

ℒ4f =
−3α2

16M2
P

VμVμ −
3αβ
8M2

P
VμAμ +

3 − 3β2

16M2
P

AμAμ Allows for annihilation of the SM particles 
 X̄ + X → N̄ + N

2

Holst term [14–17], which modifies the four-fermion in-
teraction. Note that the additional terms come with a
priori unknown coupling constants and the strength of
current-current interactions depends on these couplings.

The present paper uses the results of [18], where a the-
ory of scalar and fermion fields coupled to gravity was
studied. There, we included all additional terms of mass
dimension not bigger than four that are specific to the
EC formulation and derived the equivalent metric theory.
When applied to cosmology and experiment, the scalar
field can be associated with the SM Higgs field, and the
fermions with the SM quarks and leptons as well as, pos-
sibly, additional species such as right-handed neutrinos.
The phenomenology of the scalar-gravity part of the EC
theory has already been investigated in [19]. There, we
considered the Higgs field as an inflaton. Our study was
motivated by the well-known fact that the Higgs field can
be responsible for inflation provided that it couples non-
minimally to the Ricci scalar [20]. The models of Higgs
inflation in the metric [20] and Palatini [21] formulations
of gravity find their natural generalization within the EC
theory [19] (see also [22]).

The goal of this paper is to study phenomenology
of the fermionic sector of the EC theory. Namely, we
show that the four-fermion interaction originating from
EC gravity can be responsible for DM production. We
compute the abundance and the spectrum of produced
(Dirac or Majorana) particles and show that the right
amount of DM can be generated for a wide range of
fermion masses. We also discuss an interesting case of
warm DM where the primordial momentum distribution
characteristic for EC gravity can potentially be observ-
able.

Einstein-Cartan gravity and fermions.—In this work,
we focus on the fermion-gravity part of the general the-
ory studied in [18]. To simplify the presentation, we only
keep the Einstein-Hilbert term and the non-minimal cou-
plings of fermions in the action. We comment on the in-
clusion of other terms later; see also appendix A. Then,
for each (Dirac or Majorana) fermion species  the rele-
vant part of the action reads as follows:4

L =
1

2
M

2
PR+

i

2
 ̄(1� i↵� i��

5)�µ
Dµ 

� i

2
Dµ (1 + i↵+ i��

5)�µ ,

(1)

where MP = 2.435 ⇥ 1018 GeV is the Planck mass and
Dµ is the covariant derivative containing the connection
field. The real couplings ↵, � are chosen to be the same
for all generations of fermions which implies the univer-
sality of gravity in the fermionic sector. Allowing for the

4 We work in natural units ~ = c = 1 and use the metric signature
(�1,+1,+1,+1). The matrix �5 is defined as �5 = �i�0�1�2�3.

couplings to depend on a generation index yields qual-
itatively the same results. In metric gravity, the non-
minimal terms sum up to a total derivative, but in the
torsionful case they contribute to the dynamics of the
theory.
The theory (1) can be resolved for torsion explicitly;

see [18] for details. Upon substituting the solution for
torsion back to the action, one obtains an equivalent met-
ric theory with extra higher-dimensional fermion interac-
tion terms. They read:

L4f =
�3↵2

16M2
P

V
µ
Vµ � 3↵�

8M2
P

V
µ
Aµ +

3� 3�2

16M2
P

A
µ
Aµ , (2)

with

V
µ = N̄�

µ
N +

X

X

X̄�
µ
X ,

A
µ = N̄�

5
�
µ
N +

X

X

X̄�
5
�
µ
X

(3)

the vector and axial fermion currents, correspondingly.
The sum is performed over all fermion species, and for
convenience we wrote separately the terms containing
N which plays the role of DM and can be Dirac or
right-handed Majorana fermion. The interaction (2)
vanishes only if ↵ = 0, � = ±1, and in what follows we
do not consider this particular choice of the couplings.
In appendix A, we discuss other terms that can be added
to Eq. (2). Namely, the presence of the scalar field �

coupled non-minimally to gravity results in operators
of the form @µ(�†

�)V µ, @µ(�†
�)Aµ. However, their

contribution to the DM production turns out to be
suppressed compared to the four-fermion interaction
channel. Furthermore, the coe�cients in Eq. (2) are
modified when the Holst term is taken into account.

Thermal production of singlet fermions.—The four-
fermion interaction (2) opens up the production chan-
nel of N -particles through the annihilation of the SM
fermions X, via the reaction X + X̄ ! N + N̄ .5 The
kinetic equation corresponding to this reaction takes the
form

✓
@

@t
�Hqi

@

@qi

◆
fN (t, ~q) = R(~q, T ) , (4)

where fN is the phase-space density of N , H is the Hub-
ble rate and R is the collision integral, also referred to as
a production rate. In an isotropic background, both fN

and R depend only on the absolute value of the spatial
momentum |q| ⌘ |~q|.

5 The production of singlet fermions due to some higher-
dimensional operators was considered in [23]. However, the four-
fermion interaction which appears in EC gravity was not ac-
counted for.
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In what follows, we assume that all SM particles, in-
cluding fermions, are in thermal equilibrium at the mo-
ment of DM production. To check the validity of this
assumption, one would need a careful examination of dy-
namics of bosonic and fermionic SM species at and after
preheating, which goes beyond the scope of the present
paper. We expect, however, that deviations from ther-
mality do not change qualitatively our results.

As long as the concentration of N remains small and
we can neglect the inverse processes, the collision integral
in Eq. (4) reads

R =
1

2|q|
X

X

Z
d3~p1

(2⇡)3 2E1

d3~p2
(2⇡)3 2E2

d3~p3
(2⇡)3 2E3

⇥(2⇡)4�(4) (p1 + p2 � q � p3) |MX |2 fX(p1)fX̄(p2) ,

(5)

where the sum runs over the SM species (24 left- and
21 right-handed fermions), MX is the amplitude of the
process summed over all spinor indices, and fX is the dis-
tribution of X which we assume to be the Fermi-Dirac
one. The typical values of the momenta in Eq. (5) are
large compared to the mass of N , so we neglect all masses
when computing MX . Introducing the dimensionless
variable y = E/T , where T is the temperature of the
cosmic plasma and E = |q|, we arrive at

R(E, T ) = T
5 Cf (↵,�)

M
4
P

r(y) . (6)

Here Cf (↵,�) is a combination of the non-minimal
fermion couplings whose precise form depends on
whether N is Majorana (f = M) or Dirac (f = D):

CM =
9

4

⇢
24

�
1 + ↵

2 � �
2
�2

+ 21
⇣
1� (↵+ �)2

⌘2
�
,

CD =
9

4

⇢
45

�
1 + ↵

2 � �
2
�2

+21
⇣
1� (↵+ �)2

⌘2
+ 24

⇣
1� (↵� �)2

⌘2
�
.

(7)

Next, r(y) is a function computed numerically, which is
accurately approximated by6

r(y) ' 1

24⇡3
yfX . (8)

Eq. (4) can now be easily integrated, leading to

fN (y) =
Cf T

3
prod M0(Tprod)

3M4
P

r(y) , (9)

where Tprod is the temperature at which the DM

production begins, M0(T ) = MP

q
90

⇡2geff (T ) , and

6 This expression is exact if instead of the Fermi-Dirac distribution,
one uses the Boltzmann distribution for fX .

ge↵(Tprod) = 106.75 is the number of e↵ectively massless
degrees of freedom at high temperature. Plugging in the
numbers, we obtain for the abundance of N -particles:7

⌦N

⌦DM
' 3.6 · 10�2

Cf

✓
MN

10 keV

◆ ✓
Tprod

MP

◆3

, (10)

where ⌦DM is the observed DM abundance and the co-
e�cient Cf is defined in Eq. (7). Eq. (10) shows that,
depending on the value of Cf , the right amount of DM
can be generated in a broad range of fermion masses MN .
In appendix B, we provide more details on the derivation
of Eqs. (6) to (10).
To proceed further, we need an estimate for the pro-

duction temperature. We obtain it within the framework
of Higgs inflation in the Palatini formulation of grav-
ity [21, 24]. In this model, preheating is almost instanta-
neous [25], and one can take Tprod ⇠ Treh where

Treh '
✓

15�

2⇡2ge↵

◆ 1
4 MPp

⇠
(11)

is the preheating temperature, � is the Higgs field self-
coupling and ⇠ is the non-minimal coupling of the Higgs
field to the Ricci scalar. Both � and ⇠ are taken at a
high energy scale. Using ⇠ = 107 and � = 10�3 [26], we
obtain Tprod ' 4⇥ 1013 GeV.
Now we can investigate two particularly interesting

cases. The first one is the limit of vanishing non-minimal
couplings, ↵ = � = 0. Then, from Eq. (10) we obtain
that ⌦N ' ⌦DM if MN ' 6⇥ 108 GeV for the Majorana
fermion and MN ' 3 ⇥ 108 GeV for the Dirac fermion.
We conclude that heavy fermion DM can be produced in
EC gravity even if the action of the EC theory is identical
to that of the metric theory.8

The second case corresponds to setting ↵ ⇠ � ⇠
p
⇠.

With this choice, the scale of suppression of the interac-
tion (2) coincides with the inflationary cuto↵ scale which
in Palatini Higgs inflation is of the order of MP /

p
⇠ [29].

For both the Majorana and Dirac cases, Eq. (10) becomes

⌦N

⌦DM
' 1.4

p
⇠�

3/4

g
3/4
e↵

(↵+ �)4

⇠2

✓
MN

10 keV

◆ ✓
Tprod

Treh

◆3

. (12)

Thus, the right amount of DM is generated for a
keV-scale MN .

7 In deriving this result, we assume that all other possible inter-
actions of N -particles with particles of the SM are not essential
for the DM production.

8 Interestingly, the given bounds on MN are close to the bound
MN . 109 GeV above which N -particles are overproduced due
to the varying geometry at the radiation-dominated stage of the
Universe [27, 28].

we assume thermal distributions 

of the SM particles

number 

density

Kinetic description of  production:N

ΩN

ΩDM
≃ 3.6 ⋅ 10−2Cf ( MN

10keV ) (
Tprod

MP )
3

DM abundance:

3
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preheating, which goes beyond the scope of the present
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where the sum runs over the SM species (24 left- and
21 right-handed fermions), MX is the amplitude of the
process summed over all spinor indices, and fX is the dis-
tribution of X which we assume to be the Fermi-Dirac
one. The typical values of the momenta in Eq. (5) are
large compared to the mass of N , so we neglect all masses
when computing MX . Introducing the dimensionless
variable y = E/T , where T is the temperature of the
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Next, r(y) is a function computed numerically, which is
accurately approximated by6

r(y) ' 1
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yfX . (8)

Eq. (4) can now be easily integrated, leading to
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r(y) , (9)

where Tprod is the temperature at which the DM
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where ⌦DM is the observed DM abundance and the co-
e�cient Cf is defined in Eq. (7). Eq. (10) shows that,
depending on the value of Cf , the right amount of DM
can be generated in a broad range of fermion masses MN .
In appendix B, we provide more details on the derivation
of Eqs. (6) to (10).
To proceed further, we need an estimate for the pro-
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of Higgs inflation in the Palatini formulation of grav-
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high energy scale. Using ⇠ = 107 and � = 10�3 [26], we
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Now we can investigate two particularly interesting

cases. The first one is the limit of vanishing non-minimal
couplings, ↵ = � = 0. Then, from Eq. (10) we obtain
that ⌦N ' ⌦DM if MN ' 6⇥ 108 GeV for the Majorana
fermion and MN ' 3 ⇥ 108 GeV for the Dirac fermion.
We conclude that heavy fermion DM can be produced in
EC gravity even if the action of the EC theory is identical
to that of the metric theory.8

The second case corresponds to setting ↵ ⇠ � ⇠
p
⇠.

With this choice, the scale of suppression of the interac-
tion (2) coincides with the inflationary cuto↵ scale which
in Palatini Higgs inflation is of the order of MP /

p
⇠ [29].

For both the Majorana and Dirac cases, Eq. (10) becomes
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Thus, the right amount of DM is generated for a
keV-scale MN .

7 In deriving this result, we assume that all other possible inter-
actions of N -particles with particles of the SM are not essential
for the DM production.

8 Interestingly, the given bounds on MN are close to the bound
MN . 109 GeV above which N -particles are overproduced due
to the varying geometry at the radiation-dominated stage of the
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Einstein-Cartan portal to dark matter
• Higgs inflation in EC theory  

[ Långvik, Ojanperä, Raatikainen, Räsänen, arXiv:2007.12595  
Shaposhnikov, Shkerin, IT, and Zell, arXiv:2007.14978 ]


• Almost instantaneous preheating in Higgs inflation    
[ DeCross, Kaiser, Prabhu, Prescod-Weinstein, Sfakianakis; Ema, Jinno, 
Mukaida, Nakayama ; Rubio, Tomberg; Bezrukov, Shepherd, Dux, Florio, 
Klarić, Shkerin, IT ]


• We take Tprod = Treh Treh ≃ ( 15λ
2π2geff )

1
4 MP

ξ

ΩN

ΩDM
≃ 1.4

ξλ3/4

g3/4
eff

(α + β)4

ξ2 ( MN

10keV ) (
Tprod

Treh )
3
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Einstein-Cartan portal to dark matter

• Two “natural” choices of  and :


•   
the correct DM abundance is obtained for  GeV 
fermion in Palatini Higgs inflation


•   (universal UV cutoff ) 
the correct DM abundance is obtained for a keV fermion in 
Palatini Higgs inflation

α β

α = β = 0
(3 − 6) × 108

α ∼ β ∼ ξ Λ ∼ MP / ξ

ΩN

ΩDM
≃ 1.4

ξλ3/4

g3/4
eff

(α + β)4

ξ2 ( MN

10keV ) (
Tprod

Treh )
3
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Einstein-Cartan portal to dark matter

and the MSMν
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I II III

DM Neutrino masses

Leptogenesis 

EW symmetry breaking

inflation 

Asaka, Blanchet, Shaposhnikov 2005

Asaka, Shaposhnikov 2005

direct searches!
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Einstein-Cartan portal to dark matter

and the MSMν

N2,3

Juraj Klarić, Mikhail Shaposhnikov, IT 

2008.13771, Phys.Rev.Lett. 127 (2021) 

2103.16545,  Phys.Rev.D 104 (2021) 

 are also produced by EC, 

but  

So leptogenesis is not affected

N2,3
n2,3 ≃ 10−2neq (10keV/M1)

See the talk on leptogenesis

by Juraj Klarić

N1

 momentum distributionN1
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Summary
• Different formulations of gravity are equivalent without 

matter.


• This changes once gravity is coupled to matter, such as 
fermions or a non-minimally coupled scalar field.


• A new universal mechanism for fermion dark matter 
production.


• Properties of fermion dark matter may be able to 
discern the Einstein-Cartan theory of gravity from the 
most commonly used metric formulation.
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Einstein-Cartan portal to dark matter

and the MSMν

N1

Figure 14: Constraints on sterile neutrino DM. The solid lines represent the most important constraints
that are largely model independent, i.e., they can be derived for a generic SM-singlet fermion N of mass
M and a mixing angle ✓ with SM neutrinos, without specification of the model that this DM candidate is
embedded in. The model independent phase space bound (solid purple line) is based on Pauli’s exclusion
principle (c.f. Section 3.1). The bounds based on the non-observation of X-rays from the decay N ! ⌫�
(violet area, see Section 3.2 for details) assume that the decay occurs solely through mixing with the active
neutrinos with the decay rate given by eq. (29). In the presence of additional interactions, these constraints
could be stronger, see e.g. [520]. All X-ray bounds have been smoothed and divided by a factor 2 to account
for the uncertainty in the DM density in the observed objects. They are compared to two estimates of the
ATHENA sensitivity made in ref. [234]. The blue square marks the interpretation of the 3.5 keV excess as
decaying sterile neutrino DM [184, 188]. All other constraints depend on the sterile neutrino production
mechanism. As an example, we here show di↵erent bounds that apply to thermally produced sterile
neutrino DM, cf. section 4.2. The correct DM density is produced for any point along black solid line
via the non-resonant mechanism due to ✓-suppressed weak interactions (24) alone (Section 4.2.1). Above
this line the abundance of sterile neutrinos would exceed the observed DM density. We have indicated
this overclosure bound by a solid line because it applies to any sterile neutrino, i.e., singlet fermion that
mixes with the SM neutrinos. It can only be avoided if one either assumes significant deviations from the
standard thermal history of the universe or considers a mechanism that suppresses the neutrino production
at temperatures of a few hundred MeV, well within the energy range that is testable in experiments, cf. e.g.
[521]. For parameter values between the solid black line and the dotted green line, the observed DM density
can be generated by resonantly enhanced thermal production (Section 4.2.2). Below the dotted green line
the lepton asymmetries required for this mechanism to work are ruled out because they would alternate the
abundances of light elements produced during BBN [584]. The dotted purple line represents the lower bound
from phase space arguments that takes into account primordial distribution of sterile neutrinos, depending on
the production mechanism [22]. As a structure formation bound we choose to display the conservative lower
bound on the mass of resonantly produced sterile neutrinos, based on the BOSS Lyman-↵ forest data [268]
(see Section 3.3 for discussion). The structure formation constraints depend very strongly on the production
mechanism (Section 4). The dashed red line shows the sensitivity estimate for the TRISTAN upgrade of the
KATRIN experiment (90% C.L., ignoring systematics, c.f. Section 5.2).
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— momentum distribution
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Fermions in Einstein-Cartan gravity
• Appropriate variables: 


•  - tetrad field (translations)


•  - spin connection (local Lorentz transformations)


• Fermionic action

ea
μ

ωab
μ

S =
i
2 ∫ d4x −g (Ψ̄γμDμψ − h . c . )

DμΨ = (∂μ +
1
8

ωμab [γa, γb]) Ψ
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Higgs inflation in EC gravity

S =
M2

P

2 ∫ d4x |g | R +
M2

P

2γ̄ ∫ d4x |g | ϵμνρσRμνρσ + M2 ∫ d4x∂μ ( |g | ϵμνρσTνρσ)

M. Långvik, J. Ojanperä, S. Raatikainen, S. Räsänen, 

Higgs inflation with the Holst and the Nieh-Yan term, arXiv:2007.12595


M. Shaposhnikov, A. Shkerin, IT, and Sebastian Zell:, 

Higgs inflation in Einstein-Cartan gravity, arXiv:2007.14978


Non-minimal coupling to Higgs can be added
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Higgs inflation in EC gravity: Nieh-Yan invariant 

S = ∫ d4x − ̂g −
1
2 ( 1

Ω2
+

6ξ2h2

M2
pΩ4 ) (∂μh)

2
−

λ
4

h4

Ω4
+

M2
P

2
R̂

only metric flat 

potential

Metric/Palatini:

EC with Nieh-Yan invariant 

S = ∫ d4x − ̂g {−
1
2 ( 1

Ω2
+

3ξ2
ηh2

2M2
PΩ4 ) (∂μh)

2
−

λ
4

h4

Ω4
+

M2
P

2
R̂}

One can interpolate between metric and Palatini Higgs inflation

by varying ξη

Sgrav =
1
2 ∫ d4x −g (M2

P+ξ h2) R

+
1
2γ̄ ∫ d4x −g (M2

P+ξγ h2) ϵμνρσRμνρσ

+
1
2 ∫ d4x ξη h2∂μ ( −gϵμνρσTνρσ)
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Higgs inflation in EC gravity: Nieh-Yan invariant 

(a) (b)

Figure 1. Spectral tilt (a) and tensor-to-scalar ratio (b) in Nieh-Yan inflation. We take N? = 55 and
� = 10�3. The regions of Palatini (the right vertical segment) and metric (the “ankle” at which ns

and r vary considerably) Higgs inflation are clearly distinguishable. The transition between the two
regions is smooth and stays within the observational bounds. The left horizontal segment has r > 0.1
and is not compatible with observations.

We use the ensemble Markov chain Monte Carlo (MCMC) method to scan over positive
values of the couplings ⇠ and ⇠⌘ and select those yielding eq. (3.13). For details of our
procedure, see appendix A. Our numerical analysis confirms the results of analytic study
made above. We observe the regions of Palatini and metric Higgs inflation as well as a
smooth interpolation between them as ⇠⌘ grows from

p
⇠ to ⇠. We see also that at even larger

values of ⇠⌘ the tensor-to-scalar ratio r continues to grow and quickly becomes incompatible
with observations. It is interesting to note, however, that the observational bound (3.16) is
saturated at ⇠ ' 261, ⇠⌘ ' 2060, not far from the metric Higgs inflation limit. We show how
r depends on ⇠ in figure 2.

Figure 2. Tensor-to-scalar ratio r in Nieh-Yan inflation as a function of ⇠. The range of ⇠ corresponds
to the horizontal branch shown in figure 1 (b). The red dashed line shows the limit r = 0.06. The
values of r above this line are excluded by observations. The horizontal region of the blue line
corresponds to the value r = 0.144.

– 9 –

Sgrav =
1
2 ∫ d4x −g (M2

P+ξ h2) R

+
1
2γ̄ ∫ d4x −g (M2

P+ξγ h2) ϵμνρσRμνρσ

+
1
2 ∫ d4x ξη h2∂μ ( −gϵμνρσTνρσ)

Metric

Palatini
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Generic Einstein-Cartan Higgs inflation

Sgrav =
1
2 ∫ d4x −g (M2

P+ξ h2) R

+
1
2γ̄ ∫ d4x −g (M2

P+ξγ h2) ϵμνρσRμνρσ

+
1
2 ∫ d4x ξη h2∂μ ( −gϵμνρσTνρσ)

(a) (b)

Figure 6. Spectral tilt (a) and tensor-to-scalar ratio (b) in the case ⇠⌘ = 0. The right and left parts
of the plots correspond to generalisations of the Palatini and metric Higgs inflation, respectively.

(a) (b)

Figure 7. Spectral tilt (a) and tensor-to-scalar ratio (b) in the case 1/�̄ = 1. In this case all three
non-minimal couplings play a role.

corners of the parameter space studied analytically in the previous sections. For example,
setting �̄ = 1 allows us to study inflation in the regime when both Einstein-Hilbert and
Holst terms are equally important. In each case we scan over the remaining three couplings
and select those satisfying the CMB normalization and ns > 0.5. Our results are shown in
figures 5–8. First, one observes that the results presented in figures 1 and 4 are reproduced.
Second, we see that the theory (2.5) allows for inflation compatible with observations for a
broad range of the parameters (2.1).

Specifically, in figure 5 we consider the case ⇠� = 0. The lower part of the plot reproduces
Nieh-Yan inflation, see figure 1. Notice that the transition region between the large and small
values of ⇠ is less pronounced due to a lower density of points in the three-dimensional scan.
There is a large surface corresponding to metric Higgs inflation at ⇠ ' 103. Another surface
at ⇠ . 102 is ruled out because of the large tensor-to-scalar ratio r ' 0.1. The region between
the two surfaces is interesting since it contains values of r that are potentially detectable in
the near future. Figure 6 shows the case ⇠⌘ = 0. In the large plane in the front, it reproduces
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