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Dark matter

e \What is known about DM:

* |t gravitates



Metric and Palatini gravity

M3 (
Lowest order action™ S = 7

Riemann curvature tensor is expressed via connection IV _as

— A A
R, = 0,10, = 0,10, + T [} TV %,

d*x\/|g| R

Metric gravity

« IV is symmetric with respect to lower indices

p . . . . _
o 17 is expressed in terms of metric via 8uw.a= 0

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

* we only colder 3+1 dimensions in this talk



Metric and Palatini gravity

| M3 (
Lowest order action S = 7

Riemann curvature tensor is expressed via connection IV _as

d*x\/|g| R

_ A A
Ry, = 0,0, — o0, + TV [l —TV T,

Palatini gravity
« IV is symmetric with respect to lower indices

e The dynamical variables are g, and I')

Lo’

» Variation with respect to I} gives the relation between I and g,

variation with respect to g, gives the Einstein equations



Metric and Palatini gravity

M2
Lowest order action S = TPJd4X |g| R

Riemann curvature tensor is expressed via connection [ _as

_ A A
Ry, =00, — 0,0, +T" T} —TV T},

Metric gravity Palatini gravity
[ _is compatible with metric [ is independent
V8" =0 V8"
V — X g
«8 ore, «8

without matter Palatini gravity is equivalent to metric gravity




Einstein-Cartan gravity

Einstein-Cartan(-Sciama—Kibble) theory
gauging of the Poincaré group, Utiyama ‘56, Kibble ‘61

Riemann curvature tensor is expressed via connection IV _as

_ A A
Ry, = 0,0, = 0,00, + TV [l —TV T,

Symmetry of I'Y _ with respect to lower indices is not assumed.
i . TP =17 P
Torsion tensor: 17 =1" —1"

Variation with respect to [V _ gives the relation between I/ _and 8w
Variation with respect to 8w gives the Einstein equations

On the solution 7= 0

Einstein-Cartan pure gravity is equivalent to metric gravity

v



Fermions in Einstein-Cartan gravity

e Fermions source torsion: Kibble ’61 [https://
aip.scitation.org/doi/

10.1063/1.1703702]

GMPGT’I'M + 3 Aﬂ =0, At=wy# ;/51//
For details of calculation see, e.qg.
> Plugging back imo action: L Freidel, D. Mint, T Takech
3 hep-th/0507253.
AFA
16M3 " *

e Torsion does not propagate

* Non-vanishing torsion allows introducing new couplings:

l = .
S = EJd“x, [—g (‘P (1ia- zﬂﬂ) y*D,¥—h.c. ) a, f — real parameters



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

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 Tomas Ortin;

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?



Fermonic action in Einstein-Cartan gravity

Integrating out torsion one arrives at
new universal four-fermion interaction

Vi = Ny*N o+ ) iy
SM

A" = Ny yN + ) i’y
SM

X are the SM fermions

10



Freeze-in DM production via Four-Fermion Interactions

_ 72 YY)
_"3a VhY — Sap VEA  + 3= 3P AH Allows for annihilation of the SM particles

Af = _ _
Totemp M sMp M 1eMp X+X—>N+N

Kinetic description of N production:

o (9 Z/ d? pl d p2 d?ps
"7 Gensity x (2m)26W (py 4+ po — q —pg) \/\/lX|2 fx(p1)fx(p2)
L

we assume thermal distributions
of the SM particles

DM abundance:

~~36- 10—20f<
QDM

Ct = %{24 (1402 - 82" +21 (1~ (a+5)2)2}
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Einstein-Cartan portal to dark matter

* Higgs inflation in EC theory
[ Langvik, Ojanperd, Raatikainen, Rasénen, 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,
Klaric, Shkerin, IT ]

1

150 \' M,
o Wetake 1), = 1y, Tien = ( 2n2geff) %

~ 1,4\/2’13/4 (a+p)* < My

3/4 52

g3 10keV
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Einstein-Cartan portal to dark matter

e Two “natural” choices of a and p:

ca==0

the correct DM abundance is obtained for (3 — 6) X 10° GeV
fermion in Palatini Higgs inflation

e an~p~ \/E (universal UV cutoff A ~ MP/\/E)

the correct DM abundance is obtained for a keV fermion in
Palatini Higgs inflation

Qu 14V~ (a+ﬂ)4< M, )(Tpmd>3

QDM . 8 gff‘ 5 2 10keV Treh
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Einstein-Cartan portal to dark matter

and the VMSM
/ 1 Il
1.28 GeV 173.2 GeV f h
o) gluon
§;< ( )\
’y (1251 GeV )
photon
> 105.7 MeV ( 912Gev ) H
Z Higgs
T L ) EW symmetry breaking
§< < 190 keV : GETPTER Inflation
\ e neutrino 4 neutrino 7 neutrino - ~
DM Neutrino masses
Leptogenesis
direct searches! Asaka, Blanchet, Shaposhnikov 2005

Asaka, Shaposhnikov 2005
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Einstein-Cartan portal to dark matter

Ny

QN=QDMI MN=71 keV

and the YMSM

| = EC

= resonant, sin%2(26) =20 x 10711

= thermal at 1 MeV

107t
y

100

1014 :

————— —
— Full equations

- freeze-in E
= - freeze-out

101

N; momentum distribution

N2’3 are also produced by EC,
but n, 3 ~ 1070, (10keV/M,)
So leptogenesis is not affected

15

10° 10! 107 103
My, GeV

Juraj Klari¢, Mikhail Shaposhnikov, IT
2008.13771, Phys.Rev.Lett. 127 (2021)
2103.16545, Phys.Rev.D 104 (2021)

See the talk on leptogenesis
by Juraj Klari¢



Summary

e 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.

e 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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backup slides
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Fermions in Einstein-Cartan gravity

 Appropriate variables:

. e/j’ - tetrad field (translations)

. a)ab

T spin connection (local Lorentz transformations)

e Fermionic action

] _
S = EJd“x, [—g (‘I’y’“‘Dﬂyf— h.c. )
1

DY = (aﬂ 2 Dyab 74, }/b]> g
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Higgs inflation in EC gravity

Non-minimal coupling to Higgs can be added

FMI%

Mp
S =—|d% R H— [d4x cHPO R
5 J | g > Vgl po

\

~

Wy,

+ MZJd4xdﬂ (\/ | g | eP°

M. Langvik, J. Ojanpera, S. Raatikainen, S. Rasanen,
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

20

T

vpo

)



Higgs inflation in EC gravity: Nieh-Yan invariant

Metric/Palatini:

6£2h> 2 A ht M3,
d*x\/—% (a h) Ly PR
[ (Q2 M0+ J\H 404 2
only metric flat .
potential

EC with

11 3&5h° 2 ARt MR,
= |d*x/=3 { —= <0h> A >
J * g{ 2(92 DM 404 T )

One can interpolate between metric and Palatini Higgs inflation

by varying 5,7 y
Serav = = | d*xy /=8 (Mp+ER?) R

1 (
+2—77 d*x,/—g (M1%+§y h2> e"””"Rﬂypa

1
+5 [d“x & hzaﬂ <1 /—ge””p“Typ(,)
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Higgs inflation in EC gravity: Nieh-Yan invariant
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Figure 1. Spectral tilt (a) and tensor-to-scalar ratio (b) in Nieh-Yan inflation. We take N, = 55 and
A = 1072, The regions of Palatini (the right vertical segment) and metric (the “ankle” at which n,
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.

Syray = 7 d*x\/—g (Mp+ER?) R

+2—77 d*x,/—g (MI%—i—fy h2> e””p"RWpG

1
4 2 vpo
+E[d x¢&,h7o, (, [—gett? Typa)
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Generic Einstein-Cartan Higgs inflation

1.1
En=0 £n=0
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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.

Serav = 7 d*x\/—g (M,%+cf hz) R

+2—)7 d4x, /—g <M1%+§y h2> GWPGRWW

1
+5 [d4x &y hzbﬂ (w /—ge””p"Tym)
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