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Introduction

Introduction and Motivation

Open puzzles in cosmology and particles physics

e Big Bang problems: horizon, flatness,
monopoles

@ Neutrino mass

@ Higgs mass naturalness

normal hierarchy (NH) inverted hierarchy (IH)
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Energy scales in high-energy physics
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@ Mp; and my, are known — gauge hierarchy problem

mi, =mi o +0mi,  omi, = fg)M> > mi o

Inflation scale constrained by tensor-to-scalar ratio

yi/4 < 10" GeV  [Planck 2018]

Light active neutrinos

Z my,; < 0.12eV  [Planck 2018]

(3

Seesaw mechanism: adding vr with Majorana mass My

Dark matter?

1T
my ~ —mpMy mp
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Energy scales in high-energy physics

FlGeV] @ Mp; and my, are known — gauge hierarchy problem
108 Mpy mi = mi,o + 5m%7 Jmi _ f(gi)M2 > mi,o
- @ Inflation scale constrained by tensor-to-scalar ratio

yi/4 < 10" GeV  [Planck 2018]

Inflation
/4

o Light active neutrinos

Majorana
mass My
: g my,; < 0.12eV  [Planck 2018]
i
o Seesaw mechanism: adding v with Majorana mass My
102 1 VEW

1T
my ~ —mpMy mp

@ Dark matter?

1071 — Dynamical generation of all scales

— All scales vanish at tree-level (classical scale invariance)
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Introduction

Scale invariance

Scale-invariant Gravity
@ Dynamical generation of Mp; = (¢)

Len=V—g&p’R  — V—g&(¢*)R=\/—g MR

@ Incorporate inflation
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Introduction

Scale invariance

Scale-invariant Gravity
@ Dynamical generation of Mp; = (¢)

Len=V—g&p’R  — V—g&(¢*)R=\/—g MR

@ Incorporate inflation

Scale-invariant SM
@ Only dimensionful parameter in the SM: g
o Radiative corrections modify Higgs potential — EW symmetry breaking
[Coleman, Weinberg '73]
@ Mp| and mpu exponentially separated and radiatively stable if:
no intermediate scales [Meissner, Nicolai, hep-th/0612165]

Velassical Velassical + Vi1 - loop)

N
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Introduction

Scale invariance

Scale-invariant Gravity
@ Dynamical generation of Mp; = (¢)

Len=V—g&p’R  — V—g&(¢*)R=\/—g MR

@ Incorporate inflation

Scale-invariant SM
@ Only dimensionful parameter in the SM: g
o Radiative corrections modify Higgs potential — EW symmetry breaking
[Coleman, Weinberg '73]
@ Mp| and mpu exponentially separated and radiatively stable if:
no intermediate scales [Meissner, Nicolai, hep-th/0612165]

Velassical Velassical + Vi1 - loop)

/PN

How to unify both? 4/22
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The model

Classical scale invariance

qle] =1
Juv — e%gw where o = const, ® — e M7 \where qlv) = 3/2
Q[Au] =0

— All model parameters dimensionless!
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The model

Classical scale invariance

£ 5
Il
W =
~
%)

Guv — €79, where o = const, ® — e 1%°%  where ql

=,
b

E
I
o

— All model parameters dimensionless!

Building blocks
Gravity:

S = /d4:m/—g (—5@2 R+~ R* + kWyasW" P + (GB—term))
Scalars:
1 v 7 %)
Sy = /d4x\/fg (ig“ Opd Ouvdi — A Jkl¢i¢j¢k¢l>
in the SM: g =0

Fermions:

5o = [ atev=g (usw + vo'Tu)
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The model

The Model

Low _ 1w 1w by g Ly e ] 252
Nerin 59 0,50,5 + 29 0,000 4/\55 4)\00 4)\3{,5 o
L 1 Vo

g; = =5 (855" + Bo0” + B H'H) R+ B + 6Wyuwag W

L 1
\/S% = Lowml,,—o— Z(,\HSS2 + Amoo?)H'H

LNX 1 1 — c -~

— 54VR R — SYM R R v R -C.

Ne 2N(;éN 5Y SNr(Nr)® + yoLHNgr + h.c

@ breaking of scale-invariance by Coleman-Weinberg mechanism ({S) = vs)
@ identifcation of Mp; and inflation
@ SM interactions

@ type-l seesaw, inducing Higgs mass
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SSB of scale invariance
Dimensional transmutation

Mechanisms for dynamical generation of scales
@ Coleman-Weinberg mechanism [Coleman, Weinberg '73]

Lo Lo Lo
(W] ‘e ‘e
Q ' Q::: : .:::i:}:::‘ :

4 2
e.g. massless sQED Verr(0) = Agp‘l +3 (9¢) {log ((gsp) ) _ ?]

4! 6472 u? 6
O ~0(g") — (p)#0
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SSB of scale invariance
Dimensional transmutation

Mechanisms for dynamical generation of scales
@ Coleman-Weinberg mechanism [Coleman, Weinberg '73]

§: S + §: % + S: §

e.g. massless sQED Vet (@) = i\ +3(64 )2 {log ((gf) ) %]

O ~O0(g") — (p)#0

Approximation tool for multi-scalar potential: Gildener-Weinberg approach
[Gildener, Weinberg '76]
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SSB of scale invariance

SSB of scale invariance

@ Desired flat direction (S # 0,0 = 0) for
Viree (S, 0) = i (AsS* + Ao0™ + Xs0S5%07%)
As € Ase and s < Ao
o Coleman-Weinberg potential in background o = 0:
Uet (S, R, 0) = Viree(S, 0) + Ulr-toop) (S, R)
@ Stationary condition for o = 0

aUeﬁ"
oS

=0 = wvs=uvs(p)
S=vg,R=0
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SSB of scale invariance

Generated scales

@ By dimensional transmutation (S) = vg # 0

@ Planck mass
MP1 ~ Vs ﬁs

For inflation 8s ~ 1023 = yg ~ 1011617 GeV

o Majorana masses

MmN = YM Vs (neutrino option)
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SSB of scale invariance

Generated scales

By dimensional transmutation (S) = vs # 0

@ Planck mass
MP1 ~ Vs ﬁs

For inflation 8s ~ 1023 = yg ~ 1011617 GeV
o Majorana masses

MmN = YM Vs (neutrino option)

o Higgs portal has to be suppressed \ps < 1
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CMB in the big bang picture
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Inflation

CMB in the inflation picture

Conformal Time

To

Trec

Inflation
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[Figure taken from Baumann, 0907.5424]

Big Bang Singularity
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Inflation

Slow-roll inflation

S = /d4xs/7— [—@R + 29"0,00,0 —V(¢)| ,  ds® =dt® — d*(t)di;da’da’

V(p)

¢énd (d«

L Lot =L (143w >0 = |ws <2
12
pe_ 2 -V() 1,
w¢_p¢_%d>2+V(¢) = V(¢)>> 2¢
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Inflation

Valley approximation

V(¢ (S), S)IM}y
o = = ~N
o o w0 o
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@ Slow-roll satisfied along valley

@ Flat potentials natural in scale-invariant models

S/vs

[T L

[T

-7

10910(V($, VM)
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Inflation

Can we constrain inflation models with the CMB?

V(¢)
o
[ ——— &
dcMB Dend reheating
A¢

o Inflation: primordial quantum fluctuations seed structure
o CMB 2-point correlation for temperature T constrains primordial power spectrum

CTT(k) N Aprimordial(k)
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Inflation

Can we constrain inflation models with the CMB?

V(¢)
3¢
[ &
dcMB Dend reheating
-—
A¢

o Inflation: primordial quantum fluctuations seed structure
o CMB 2-point correlation for temperature T constrains primordial power spectrum

CTT(]C) N Aprimordial(k)

@ Inflationary CMB observables

0.10
linear chaotic e Ne=50 8
0.0g]  infation limit s Ne=55
\! !I . M=o 7
. 0.06 W - 6=
ns scalar spectral-tilt (scale dependence) . Th SE
0.04 o Am o
T tensor-to-scalar ratio : 4
0.02
Starobinsky limit 3
0.00 /

0.94 0.95 0.96 0.97 0.98 0.99 1.00
ng 18/22
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Neutrino option

How to connect the Planck and EW scale?

@ New approach to hierarchy problem: Neutrino Option

E[GeV] [Brivio, Trott, 1703.10924]

108 1 Mpy

16
10 i

Inflation
Vi/4

Aus ~ 0 .
Majorana
mass My

102 1 VEW

10-10
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Neutrino option

How to connect the Planck and EW scale?

E[GeV]
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@ New approach to hierarchy problem: Neutrino Option
[Brivio, Trott, 1703.10924]

o Higgs potential is radiatively generated

_yemiy
1672

pir = 0 (tree level), Auj; ~
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Neutrino option

How to connect the Planck and EW scale?

E[GeV]

108 1 Mpy

106 4

Inflation
Vi/4

Majorana
mass My

102 + vEW

10-10

@ New approach to hierarchy problem: Neutrino Option
[Brivio, Trott, 1703.10924]

o Higgs potential is radiatively generated

2,2
pir = 0 (tree level), Auj; ~ —yll’gz;v
N ‘\\
LT " /—\
L L L

o Type-l seesaw mechanism

m, ~ yovp /my ~ 0.1eV
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Neutrino option

How to connect the Planck and EW scale?
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@ New approach to hierarchy problem: Neutrino Option
[Brivio, Trott, 1703.10924]

o Higgs potential is radiatively generated

2,2
_ YMN

=0 (tree level), Apf ~
i = 0 (tree level) W T6m2

o Type-l seesaw mechanism

m, ~ yovp /my ~ 0.1eV

@ Correct Higgs mass and active neutrino masses scale obtained for
7 —4
my ~ 10" GeV, 1y, ~ 10 [Brivio, Trott, 1809.03450]

o Embedding in scale-invariant theory (my = ymvs)
[Brdar et al, 1807.11490] 20/22



Neutrino option

Neutrino option

@ Another contribution to the Higgs mass
AusS*(H'H) — A\usvi(H H)
o Assume Ags < 1 at tree level
{Aus,ym} ~ 0 stable under renormalization group

@ Ags not fine-tuned to special value!
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Neutrino option

Neutrino option

@ Another contribution to the Higgs mass

AasS2(H'H) — Apsvi(H H)

Assume Aps < 1 at tree level

{Aus,ym} ~ 0 stable under renormalization group

Ams not fine-tuned to special value!

Majorana Yukawa coupling fixed by Planck scale and inflation

M= s T 108

_mnN mNﬂ;;/2 ~ 1010 (55)1/2
Vs Mp

yn — 0 technically natural (U(1)p—r restored) [t Hooft '80]
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Conclusion

Summary & conclusion

Classically scale invariant model with dynamical generation of all scales

Extended scalar sector for Coleman-Weinberg-type breaking
o VEV vg = 10*717 GeV generates Planck scale Mp; ~ ﬁ;/zvs

Inflation predictions consistent with Planck observations

o Majorana mass scale My = ynvs ~ 107 GeV

Higgs mass realized by neutrino option (+ light active neutrinos)

Dark matter production possible without spoiling neutrino option

Thank you!
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