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= Equivalent in pure gravity
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Metric vs. Palatini Gravity

» Coupling to scalar field h
ME [ i
S— 7/d xV=E { <1+5A/I%>gw&y( %‘7)+£m(h,gw,)}

> ﬁ changes
ore, e

» Matter can break equivalence

» Phenomenology depends on formulation of gravity
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[ Which formulation of General Relativity should we use? ]

» Gravity cannot distinguish
» Ambiguity contained in General Relativity

» Must explore consequences of all formulations
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» Coupling to scalar field h
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» Difference mapped to kinetic term
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From Palatini to Einstein-Cartan
0e000

Allow for Torsion: Einstein-Cartan

L o0 _ ra
» Palatini: still assume I‘W = I_l,/L

» Einstein-Cartan: remove assumption

T = Ty = Ty
» Torsion T, does not propagate

» Dynamically
T, =0

» Same action: equivalent to Palatini
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» Nieh-Yan term

SO /d4x Oy (V—8€"" Typo) fnhz

» Equivalence to Palatini broken

» New coupling constants
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» Example: Nieh-Yan
2
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- = / d*x 0, (V—g€"" T, 0 ) &yh?

» Solve for torsion: equivalent theory

M2 1/1  6n°¢2 U
S= /d4x\/ { —PR- <Q2 M%Qg)(auh)z o
» &, = 0: Palatini

> &, = & metric
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Einstein-Cartan Gravity

» Allow for non-propagating torsion
» Minimal action: equivalent to Palatini

» Additional terms

Einstein-Cartan: Torsion-free theory:
Dimensionless couplings &, ... & energy scales Ag—:’, e

» Metric and Palatini formulations as special cases
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» ldentify h with Higgs field: use as inflaton

» Known scenarios: metric® and Palatini®
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» Match amplitude of perturbations:
metric: £ ~ 103 Palatini: & ~ 107

3F. Bezrukov and M. Shaposhnikov, The Standard Model Higgs boson as the inflaton,
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» Inflation possible
» Consistent with observations for most parameter choices
> ns~1—-2/N

> ra0.1,...,10710

» Predictions no longer unique
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» Equivalent torsion-free theory

[ ]. - Y 2 1A
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» Specific interactions for scalars and fermions

4L Freidel, D. Minic, T. Takeuchi, Quantum gravity, torsion, parity violation and all

that, arXiv:hep-th/0507253.
S. Alexandrov, Immirzi parameter and fermions with non-minimal coupling,
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Further Applications

» Universal 4-fermion interaction:
new mechanism for production of fermionic dark matter®

» Electroweak symmetry breaking by gravitational instanton®

SMm. Shaposhnikov, A. Shkerin, |. Timiryasov, S. Z., Einstein-Cartan Portal to Dark
Matter, arXiv:2008.11686.
5M. Shaposhnikov, A. Shkerin, S. Z., Standard Model Meets Gravity: Electroweak

Symmetry Breaking and Inflation, arXiv:2001.09088.
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Conclusions
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Summary

Einstein-Cartan theory

» Pure gravity: all formulations equivalent
» Include matter: additional couplings

» In equivalent torsion-free theory:
geometric criterion for selecting higher-dimensional operators

» Interesting phenomenology
> Higgs inflation
> Fermion dark matter production
> Non-perturbative generation of Higgs mass

> ...
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Solve for Torsion

Equation of motion
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Fermionic Dark Matter
[ 1]

Dark Matter Production’

» Singlet fermion N in early Universe

» Universal portal to dark matter

» Relative abundance
QN m T3

— 1072 N 4 7
Qo ~ 0 1ok T

» All of dark matter for
my = 10keV, ..., 108 GeV

M. Shaposhnikov, A. Shkerin, I. Timiryasov, S. Z., Einstein-Cartan Portal to Dark
Matter, arXiv:2008.11686. 26



Fermionic Dark Matter
oe

Example: Warm Dark Matter

» Cutoff in Palatini Higgs inflation

Mp
AN~ —
VE

27



Fermionic Dark Matter
oe

Example: Warm Dark Matter

» Cutoff in Palatini Higgs inflation

Me

A~
Ve

» Universal scales

an B E

27



Fermionic Dark Matter
oe

Example: Warm Dark Matter

» Cutoff in Palatini Higgs inflation

Mp
N~ —
VE
» Universal scales
an B VE
» Warm dark matter
Qp my

QDI\/I - 10keV

27



Fermionic Dark Matter
oe

Example: Warm Dark Matter

» Cutoff in Palatini Higgs inflation

Mp
N~ —
VE
» Universal scales
an B VE
» Warm dark matter
Qy  my
QDI\/I N 10keV

» Characteristic momentum distribution
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Naturalness of Higgs mass my

Naturalness of Higgs mass my

@ Sensitivity to heavy particles

Disappears if no particles above weak scale

@ Why my < Mp?

Generation of hierarchy by gravitational instanton®

my ~ Mpe_s

More simple in Palatini®

M. Shaposhnikov, A. Shkerin, Gravity, Scale Invariance and the Hierarchy Problem,
arXiv:1804.06376.
M. Shaposhnikov, A. Shkerin, S. Z., Standard Model Meets Gravity: Electroweak
Symmetry Breaking and Inflation, arXiv:2001.09088.
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» Palatini action after conformal transformation
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» Canonical field
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Einstein Frame Action

» Palatini action after conformal transformation

_ 11 A h o M2
5:/d4X\/ —g{ —292(6Mh)2—4Q4+2PR}

» Canonical field

dy % = h= A\;lgsinh <\I(/IEZ>

» Final action

o s 28 o))

4 Mp
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Effective Action

» Expectation value

(h) ~ / DhDg,,, DTS, he %
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Effective Action

» Expectation value

M Vex
By ~ / DhDg,, DTS, heS ~ 72 DxDgy e e

» Effective source

eff_/ol“ ( ) +fﬁg>
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Gravitational Instanton
00®00

Effective Action

» Expectation value

M Vex
By ~ / DhDg,, DTS, heS ~ 72 DxDgy e e

» Effective source

eff_/ol“ ( ) +fﬁg>

» Regularize: S = Seff + Sreg

)
S g (1 ) 0
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Gravitational Instanton

Saddle Point

» On saddle point:
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» Match phenomenology
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Gravitational Instanton

Saddle Point

» On saddle point:

» Match phenomenology

» Ansatz
ds® = £(r)?dr® + r?dQ3
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Gravitational Instanton

Saddle Point

» On saddle point:

MP _S
(h) ~ —=e
Ve
» Match phenomenology
S~30
» Ansatz
ds® = £(r)?dr® + r?dQ3
» E.om.
rPxX | 60rXPG() ) _ arx°G'(x) _ 5 Ve
. - — PR (x) = —
0 < F T MER vgrs Y00 = o o)
6_ 672 + 2r2f2U(x) B r2x'? B 106r%x"°G(x) _0
M3 M3 MEOF4

Define G(x) = 1+ &/ cosh? (v/&x/Mp)

31



Gravitational Instanton
[eleelel ]

Solution

&1€2

1.5
1.0

0.5

L I L L L L | L L L L | L L L L | L L L L | |0
6.0 6.5 7.0 75 g0 09106
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Spin connection

» Tetrad
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» Tetrad
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1= €

» Spin connection
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®00

Spin connection

» Tetrad
-
e

1= €

» Spin connection

» Recover Christoffel

o o / ! K
ruu =¢ (ep,y+wu Keu)
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Form Language
®00

Spin connection

» Tetrad
-
e

= - -
1=¢" 9, e/ ey=ny

» Spin connection

» Recover Christoffel
I I K
rgy =g (e uy W, ke V)

» Tetrad “postulate”
Ve =0
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Form Language
®00

Spin connection

» Tetrad R
_e’/ = e,“ 0

» Spin connection

» Recover Christoffel
I I K
rgy =g (e uy W, ke V)

» Tetrad “postulate”
Ve =0

» Antisymmetry of spin connection

Vunu =0 = Wply = —WyJl
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Introduce Forms

» 1-forms:

el = eludx“ wpy = wu/JdXM
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» Torsion
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Introduce Forms

» 1-forms:

el = eludx“ wpy = wu/JdXM

» Torsion
T!' = De! = de! +uw',ne’

o o | « «
( 7o, =& (T )W =re, —re, )
» Contorsion 1-form

WH=gl4c’, De =0
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Form Language
oceo

Introduce Forms

» 1-forms:

el = eludx“ wpy = wu/JdXM

» Torsion
T!' = De! = de! +uw',ne’

( To=e" (), =TT )
» Contorsion 1-form
wH = ol 4 M Pel =0
T = C’J A e’
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ocoe

Action

» Curvature 2-form

FIJ — deJ + le /\WKJ
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Action

» Curvature 2-form
FY = gt + WIK A wkd

» Einstein-Hilbert action

M2
Seny = TP/EUKLGI A el A FRE
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Action

» Curvature 2-form
FY = quwt + WIK A whd
» Einstein-Hilbert action
Seny = ,\ZI%/GIJKLGI A el A FRE

» Vary with respect to connection

OSEH
(5(,«)[_/
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Action

» Curvature 2-form
FY = quwt + WIK A whd
» Einstein-Hilbert action
Seny = ,\ZI%/GIJKLGI A el A FRE

» Vary with respect to connection

OSEH
(5(,«)[_/

x D (E[JKLeI VAN eJ) =0

=>C[,’\<4/\€ML]UG//\GJ:0 =CcK, =0
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