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Abstract: We propose a model for combining the Standard Model (SM) with gravity. It relies on a non-minimal coupling of the Higgs field to the
Ricci scalar and on the Palatini formulation of gravity. Without introducing any new degrees of freedom in addition to those of the SM and the
graviton, this scenario achieves two goals. First, it generates the electroweak symmetry breaking by a non-perturbative gravitational effect. In this
way, it does not only address the hierarchy problem but opens up the possibility to calculate the Higgs mass. Second, the model incorporates
inflation at energies below the onset of strong-coupling of the theory. Provided that corrections due to new physics above the scale of inflation are
not unnaturally large, we can relate inflationary parameters to data from collider experiments.
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Triumph of the SM in particle physics

The Standard Model in now complete: the last particle - Higgs
boson, predicted by the SM, has been found

No significant deviations from the SM have been observed

With experimental values of the masses of the top quark and of
the Higgs boson the SM is a self-consistent effective field theory
all the way up to the quantum gravity Planck scale M p.
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Marginal evidence (less than 2¢) for the SM vacuum metastability
given uncertainties in relation between Monte-Carlo top mass and
the top quark Yukawa coupling

L i

Vacuum is unstable at ~ 1.50

CMS 2018
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Naturalness - rather technical criterion:

Physics at the electroweak scale or right above it should be organised

iIn such a way that quadratic divergencies in the Higgs boson mass are
eliminated, to remove sensitivity of mns; to physics at very high energy
scale A (e.g. GUT).

If this does not happen, the theory is called unnatural and fine-tuned

R

"”‘}‘1 ' ! O ~ ()

right above EW scale
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The original source of the naturalness requirement: hierarchy problem

in Grand Unified theories

PFPHYSICAL REVIEW D VOLUMIE 4, NUMBER ¢ S SEFTEMBLER

Gauge-symmetry hierarchies®

Eldad Cnkdener
| yomas | aborasry of Payss Mareasd Uniwerury Combrudge Massaxhuwrn (0234

(Recevved |9 Jema 197%)

I s ihows tha! ow canmd anfually relabdad & gasge buvwchy of any Sewred magn|hode by artstrandy
alpusting thi »ales Mok poramwiors i e |agrangias sn! wsng (he tree spgwrosmmatiss U0 (he posesta
redaative (orreiams will Wt an wpger bowad o seh 8 hevarchy 1Y the gauge cowpling (ceniast »
afgroimmalely Ogesl W the che tromagnets cospleng coesiant (he wpgey hoeend ® e rets of velie mrew
masses n of ihe order of & imdrpendent f (he w i fork! masers and thew wrlfl owplngs In parte eiar the
eal smemptas that large waler fuedd mass reten = e Lagrangan (an mdae large veolor mesos mass
rotem w fame A thun far wnseo ol warch bor natersl gouge hararibas o brwfl) dowsend |t & shown
that f sk o herarchy cocwrred @ woukd have an wpper hownd of e order of @

Pirsa: 20010100 Page 7/39



Pirsa: 20010100

Extra GUT particles beyond the SM - leptoquarks (vector and scalar)
must be very heavy, My > 10'°® GeV

# this is required by the gauge coupling unification

# this is needed for stability of matter, proton Iifetimekr,, > 10*

years

Hierarchy: (%‘4‘%)2 ~ 1028
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Two faces of hierarchy

# Ad hoc tuning between the parameters (masses and couplings of
different multiplets) at the tree level with an accuracy of 26 orders
of magnitude

# Stability of the Higgs mass against radiative corrections Gildener

D

~ 2 i ; y
omy, >~ an My

Tuning is needed up to 14th order of perturbation theory!

Feinea
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Proposed solutions

Stability of EW scale - requirement of “naturalness”: absence of
quadratic divergencies in the Higgs mass

Low energy SUSY: compensation of bosonic loops by fermionic
loops
Composite Higgs boson - new strong interactions A

Large extra dimensions

All require new physics right above the
Fermi scale, which was expected to
show up at the LHC, but it did not!
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Change of paradigm ?

The source of the hierarchy problem - heavy particles (with substantial
coupling to the Higgs boson). No heavy particles - no large
perturbative contributions - perhaps, no fine tuning? All new physics:

below the Planck scale

UV physics (gravity?) should be

organised in such a way that the Fermi

scale is much smaller than the' Planck
scale. (M p is not a mass of any particle,

It gives the strength of interaction!)
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Example of complete theory: the vrMSM

"
C
-
| )

d - |
ey
.

rMSM = Neutrino minimal Standard Model

= Minimal low scale see-saw model with 3 singlet fermions
Role of N2, N4 with mass in 100 MeV - GeV region: “give” masses to
neutrinos and produce baryon asymmetry of the Universe.
Role of N, with mass in keV region: dark matter.
Role of the Higgs boson: break the symmetry and inﬂarl\e__tkhg u_ni_vc_afs_e |
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Why the week scale is so much smaller than the
Planck scale?

Very small numbers in quantum physics: quantum tunnelling
» 1928, Gamow theory of alpha decay,

23877 234 | - S
U » I'h * f‘~l l‘lnuuul' < l‘lu)llllii

1951, Townes, Ammonia Maser,

S .
W wWoe <. @

Perhaps, m%, = M}e * with S
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Higgs-Planck hierarchy: the ratio of the two scales is exponentially

small,

A conjecture: there is only one fundamental scale in Nature, M p and
the electroweak scale is generated from it non-perturbatively

1

non-perturbatively = semi-classically (?) > Large S

Requirements to the theory
#» Perturbatively m;; = 0, symmetry protection (?)

#» Existence of (semi) classical configurations leading to
(H) #0, (H) < Mp
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If the mass of the Higgs boson is put to zero in the SM, the classical
Lagrangian has a wider symmetry: it is scale and conformally invariant:
Dilatations - global scale transformations (o = const)

V(zx) — o"V¥Y(ox),

n = 1 for scalars and vectors and n = 3 /2 for fermions.
It is tempting to use this symmetry for solution of the hierarchy problem

Bardeen '95: why the Higgs boson mass is so small in comparison

with the Planck scale? I

Attractive features of classically scale invariant/conformal theories: no

explicit mass parameters, only dimensionless couplings

Higgs mass can be predicted, more
precisely, can be expressed via vector
boson mass!
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Radiative Corrections as the Origin of Spontaneous Symmetry Breaking*

Sidney Coleman
and

Erick Weinberg

Lyman [abovalovy of Physics, Herverd Universily, Cambridge, Massachusetts 0218
Recelved 8 November 1972)

We Investigate the possibility that radiative corrections may produce spontanecus symmetry
breakdown in theories for which the semiclassical (iree) appraximation does not indicate
such breakdown The simplest model In which this phenomenon occurs s the electrodynamics
of massless scalar mesons. We {ind (for amall coupling constants) that this theory more
closely resembles the theory with an Imaginary mass (the Abellan Higgs mopiel) than one with
& positive mags. spostancous FYMMETY Dreaking occurs | IS0 T Uwory bodomes 3 theory of
a_mas¥ive veclor meson and a massive scalar meson. The scalar-to-vector mass ratio (¥
computable as 3 power series In ¢, the electromagnetic coupling constant We find, o low-
vstgrder, m’'(S)/m?(V) = (3/29)e’/47). We extend cur analysis to non-Abelian gauge the-
ories, and Tind-qualitativgly similar results Our methods are also applicable to théories In
which the tree appraximation Indicates the occurrence of spontancous symmetry breakdown,
but does not give complete Information about its character. (This typically occurs when the
scalar-meson part of the Lagrangian admits & greater symmetry group than the total Lagran-
glan ) We Indicate how Lo use our methods Lo these cases
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The Coleman-Weinberg primer

# Take the Abelian Higgs model with scalar self coupling A ~ g*
and the Higgs mass mj equal to zero.

The scale invariance is anomalous due to “dimensional
transmutation”: the renormalisation-group running of the
parameters leads to a non-vanishing trace of the
energy-momentum tensor, which enters the divergence of the
scale current. The physical quantities depend on the
renormalisation scale only logarithmically. Take a
scale-independent renormalisation, e.g. DimReg. No
counter-term is needed to renormalise the scalar mass! RG

: : ' ) 2 2
equation has a fixed point at m; = 0, P, My OX Ty,

Pirsa: 20010100 Page 17/39



The idea fails, and enlarging of the SM is necessary.
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Radiative symmetry breaking in the SM

Lagrangian is invariant at the classical level, and scale symmetry is
broken by quantum corrections (conformal anomaly) a'la
Coleman-Weinberg: Linde '76; Weinberg '76; Buchmuller, Dragon '88;
Hempfling 96; Meissner, Nicolai 06; Footet al 07, '11; Iso, et al 09

Boyle et al '11; Wetterich 11, Salvio, Strumia '14; Lindner et al, '14

1

Does not work for the SM

#® |fthe top quark mass m, = m{"'t, then the minimum of the effective potential is
generated at ( H) ~ 100 MeV due to chiral symmetry breaking in QCD

® |fthe top quark mass my mj "', then an extra minimum of the effective
potential is generated at (H ) M p due 1o top quark loops

m;"™" = 170 — 174 GeV accounting for uncertainties in the relation

between the MC and pole masses of the top quark.
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The Coleman-Weinberg primer

»

Important: any power-like divergent contributions to the Higgs
boson mass are purely technical and are introduced by explicitly
breaking the conformal invariance by regulators. (Original CW
paper: normalisation conditions are: "‘ lo = 0, f‘; I = A)

Compute the CW effective potential and discover that the U(1)

theory is in the Higgs phase. I

Read off the ratio between the Higgs boson mass and the vector

boson mass, - # 3o
n

,”l\
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lhe idea fails, and enlarging of the SM is necessary. Extra gauge
bosons? Extra fermions? Extra scalars?

But we do have the breaking of scale
invariance! Gravity comes with a
dimensionful parameter Mp > my ,
and this must be taken into account!

I

Perturbatively, with mass-independent regularisation (such as
DimReq) : no contribution to the Higgs mass, and all gravity
corrections are suppressed by the Planck mass. The RG equation

f'ci:,'”f: x 13, remains in force!

Gravity + conformally invariant SM is an ideal playground for looking at

non-perturbative generation of the weak scale

| ST & 48 bl
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SM and gravity, scalar sector

Scalar theory plus gravity in Palatini formulation with non-minimal
coupling, £ > 0:
1
V9 2

- - 1
(M}, +€p*)R +

Scale invariant “matter” with

. A,
V(e) = ¢

Palatini formulation of gravity (Palatini’'1919, Einstein'1925): the metric
and the Christoffel connection are treated as independent variables. If

£ = 0, Palatini gravity is exactly equivalent to the standard metric

Einstein gravity. This is not the case for non-minimal coupling!
Fenimeter vmiute /8 ioa
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Fermi scale generation

We want to compute the Higgs vev:

(#) ~ | DeDgupe

Se is the euclidean action of the model.

Remarks:

# Euclidean path integral for gravity may not be well defined due to
the problem with the conformal factor of the rne-tric.I

#» We will ignore this problem and follow the crowd: Hawking
Coleman, de Luccia; Veneziano; ..., Isidori, Rychkov, Strumia,

letradis: ... Branchina, Messina, Sher:.
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Small ¢ < Mp - gravity is irrelevant — no contribution to the vev of the
Higgs from scalar loops.

Challenge: account for contributions with ¢ > Mp.

Theory for large :

#» Scale-invariant

# Planck scale is dynamical, x /€
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Conjecture: contribution of large Higgs fields ¢ > Mp/\/€ to path
integral is better to be found in the Einstein frame. Conformal
transformation (note: in Palatini gravity R, — R,,..):

.‘)’ll’ !2"‘}‘!!’ Y Sz.’ l +

p
M

2
P

Redefinition of the Higgs field to make canonical kinetic term

1

dx Mp sinh ( \/i\ )
' vVE M p

Resulting action

M3

S / dx q{ 2’ R 4

D, x O X
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Most important:

<‘;(')) o /’DA'D‘;(-""D.q.ln:‘;(f)" g = /D.AD\D'};H/( l".l‘

Modification of the action and
equations of motion!

Equations of motion for xy contain a source term 4(x)

1

classical solutions. Similar to
# computation of [ dxz™e~*" for large N,

#» to computation of multi-particle production Khlebnikov, Rubakov

linyakov ‘91,

# to proof of confinement in 3D Georgi-Glashow model,

(exp(| Audv*)) in Polyakov 76.
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Schematically, modification of the right-hand side for scalar field
equation:

V& (x)/Mp

Path integral:

/ Dope % — x\l;-/ DxJe WV |
Jo> M

Mp /VE JSxMplog(1/vVE)

where W = /€x(0)/Mp + Sg and .J is the corresponding

Jacobian.
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Conjecture: Higgs vev
() = Mpe™ ",

iIs much smaller than M p because the action W on the saddle point

W 1. I

Condensed matter analogue: exponentially small mass gap in
superconductors.
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Computation

Field equations in the Einstein frame for maximally O (4) symmetric
metric ds? = f*(r)dr? 4 r":dSZ;‘:

o, ( f‘ ) = U = -

6f° 4 ',r-{\;lf; (x)

Boundary conditions at infinity » — oo: f*(r) — 1 ,x(r) = 0.
Solution for small r: x V6Mplog (rMp) + ¢,

f = V6(rMp)?/\/€, where cis a constant to match the asymptotic
at large r. Coincides with Hawking-Turok instanton, but the singularity

near r = 0 is fixed by the source term.
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Computation

The action is singular, since Yy — oo when r — 0. Add to the action
higher dimensional operators which can be generated by radiative
corrections. We also require that these operators:

# do not introduce new degrees of freedom

#» do not spoil asymptotic scale invariance, when h T o<
(automatic)

# do not violate positivity conditions Adams el al 2006

Example
A ‘ G 2
M;‘.m(d,,,:) ,

This is just one example, the results are largely insensitive to the

choice! B

Page 30/39



Pirsa: 20010100

1
Values of the non-minimal coupling £ and the sextic derivative coupling
3, for which B = In(Mp /(\/EMF)). Admissible values of £ are

within the blue area, the left bound coming from inflation and the right

bound coming from top quark measurements.
The hierarchy between the Planck and the Fermi scale is a natural

phenomenon when the SM is classically conformal and £ is large!

Bt raiiie T8 iy
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Inflation
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The very same theory with large £ leads to inflation!

Inflationary potential:

f\!’a

\/ix)}

Predictions:
Metric Higgs inflation Bezrukov, MS 07, € = 49000V A

1
8(4N + 9) 192
L~ 0.97, T -~ 0.0033 ,
(AN + 3)2 (AN + 3)2

Palatini Higgs Inflation Bauer, Demir '08, € = 1.1 x 10X

‘)
-

~ (el
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Remark: other known classical solutions

Bounce: an indication ¢f the vacuum instability Coleman, de
Luccia

Hawking-Moss instanton: dominates transitions between vacua at

high temperature

Gravitaticnal instantons (Taub-NU T, Eguchi-Hansaon,
Gibbons-Hawking): pure gravity, no relation to scalar field

Giddings-Strominger instanton: gravity + axion field: wormholes

Hawking-Turok instanton: creation of Universe from nothing ?

None works for the Higgs vev generation
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The very same theory with large £ leads to inflation!

Inflationary potential:

f\!’a

\/ix)}

Predictions:
Metric Higgs inflation Bezrukov, MS 07, € = 49000V A

1
8(4N + 9) 192
L~ 0.97, T -~ 0.0033 ,
(AN + 3)2 (AN + 3)2

Palatini Higgs Inflation Bauer, Demir '08, € = 1.1 x 10X

2
~ 0.97, rp
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Reheating: almost instantaneous
Metric: due to creation of longitudinal vector bosons, parametric
resonance DeCross et al’ 18

Palatini: tachyonic production of Higgs excitations Rubio, Tomberg 19

UV behaviour
Metnc UV CLHO" for Zero baCkground \,’-1 <<f I"‘ll‘l_’ = as -‘\{I‘.

Burgess, Lee, Trott ; Barbon, Espinosa 09 I

Palatini: UV cutoff for zero background: £ > E, . Bauer Demir '11

In both cases in the inflationary background x # 0 the cutoff scale is
larger than the inflation scale Bezrukov et al 10

Page 36/39



The relation between low energy and inflationary parameters is more

robust in Palatini Higgs inflation:
From experimental conservative lower bound m, ~ 170 GeV:
£<7.9-107

From inflationary requirement V' > 0: £ > 1.0 - 10°.

Wi O

This leads to prediction rp = 7 x 10~ ' +!
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® Very small m g /Mp ratio is (perhaps) telling us that

» There are no new particles with masses between the Fermi
and Planck scale

The smallness of the Fermi scale is a semiclassical
non-perturbative UV effect associated with gravity and new
type of instantons

The gravitational degrees of freedom are best described in

1

Palatini formulation

Palatini Higgs inflation is different from metric Higgs inflation,

most notably in prediction of rp < rs and in removing the
“low cutoff” problem.
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# Open problems

» Unfortunately, we can make no prediction of the ratio

myy /M p, as this depends on details of UV theory.

#» We cannot estimate the contribution of the effects other than

perturbative and semiclassical.
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