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Energy scales in high-energy physics
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Energy scales in high-energy physics
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Mpy and my, are known — gauge hierarchy problem

Inflation scale constrained by tensor-to-scalar ratio

VY% <10 GeV  [pranck 2018]

Light active neutrinos
Z my,; < 0.12eV  [Planck 2018]

Seesaw mechanism: adding vr with Majorana mass My
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— Dynamical generation of all scales
— All scales vanish at tree-level (classical scale invariance)
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Introduction

Scale invariance

Classical action invariant under rescalings

Juv — 62‘79,“, , e Y7

@ Symmetry of SM at high energies: E > m;

o CMB power spectrum ng ~ 1 [Planck '18]

o

o

ot 0 o8 L0
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The scale-invariant model and symmetry breaking

The Model
LCW_}HV ll'“/ _1 4_1 4_1 2 2
V=9 = 29 0,50, + 2g 0,00,0 4)\55 4)\00- 4)\503 o
E 1 ro
\/% = =5 (Bs5” + fo0” + B H'H) R+ 7 R + 5Wuag W
L 1
% = Lsml,,—0 — Z()\HSS2 + Auoo?)H'H
LN fp— 1 __ . o~
—= = 5 NrINR — | SymSNr(N. JLHNR + h.c.
V=g 2 RINR <2yMS r(NRr)" +y R+ c)

O Additional scalar sector for Coleman-Weinberg mechanism — (S) = vg

@ Gravity with global scale invariance — | identifcation of Mp; and inflation
© SM interactions + Higgs portals

@ type-l seesaw — Higgs and light active neutrino mass scale
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The scale-invariant model and symmetry breaking

Dimensional transmutation

Coleman-Weinberg mechanism [Coleman, Weinberg 73]

4 2
e.g. massless sSQED Vet () = %<p4 + 3%94?2 [10g <(g<p) ) _ ?}

OA)~0(g") = (p)#0
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The scale-invariant model and symmetry breaking

Dimensional transmutation

Coleman-Weinberg mechanism [Coleman, Weinberg 73]

4 2
e.g. massless sSQED Vet () = %@4 + 3%94?2 [log <(g:;) ) - 2}
O\ ~0(g") = (p)#0

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

1 . N
Viree (S, 0) = i (AsS* + Ao + AsoS0%) +5(nsS® + oo’ )H'H
Desired flat direction (S # 0,0 = 0) for Ag K Ase and As < A\,
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The scale-invariant model and symmetry breaking

SSB of scale invariance

EGR 1 y p y v Fuvaf
= 75(5352{%02 + B H H) R+ v R2+5W,as WP
@ Coleman-Weinberg potential in background c=0,S#0and R#0:

Uett (S, R) = Viree (S, 0) + (s In[m2 /p®] + g In[im? /p?])

4 2
m2 =3XsS* +fBsR, m2= §A3052 +B.R
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The scale-invariant model and symmetry breaking

SSB of scale invariance

Lor

1 p ‘ , Fv o3
~(Bs8%+B,0° 4+ BuH H) R+ v R*4+5W 0z WH "

V=T

@ Coleman-Weinberg potential in background c=0,S#0and R#0:

Uett (S, R) = Viree (S, 0) + (s In[m2 /p®] + g In[im? /p?])

64 2
m2 =3XsS* +fBsR, m2= §A3052 +B.R

o During Inflation BsR < 3AsS? and B, R < (1/2)\s0S?
Uet (S, R) = Uet (S, R) — U = Ucw (S) + Uy (S)R + U2y (S)R* + O(R?)
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The scale-invariant model and symmetry breaking

SSB of scale invariance

Lor _ 1

Nl (BsS*+ 650" + BuH H) R4y R*+xW,p0s W’

Coleman-Weinberg potential in background o =0, S # 0 and R # 0:

1
6472

2= BAsS? + fsR it = SXsuS® + R

Uett (S, R) = Viree (S, 0) + (s In[m2 /p®] + g In[im? /p?])

During Inflation BsR < 3AsS? and B, R < (1/2)As55>
Uet (S, R) = Uet (S, R) — U = Ucw (S) + Uy (S)R + U2y (S)R* + O(R?)

@ Subtracting induced cosmological constant Uy such that

Ucw(S = ’Us) =0

Identification of Planck mass: Mp, = Us\/ﬂs + 2U(1)(US)/1}§
For inflation Bs ~ 102~ = vg ~ 101617 GeV
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Inflation

Effective action for inflation

c
Jordan frame: —Zeff
vV—=9J
Ei in f ck,
instein frame: —¢
v—g

1B(S)R; + G(S)R5 + 2¢470,50,8 — Ucw(S)

_ _¢
= MER L g 0,600,604+ be VP g 0,50,5 ~ V(S,0)
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Inflation

Effective action for inflation

_P
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Inflation

Slow-roll approximation

@ Potential slow-roll parameters

_ MP 1/n (S) 2
€(5) = 2F2<IS>< Vo >)

S
MPI ( mf(s) FI(S) ‘/llnf(s))
F2(5) \Vint(S)  F(S) Vint(9)

Vi)

Pena -
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Inflation

Slow-roll approximation

@ Potential slow-roll parameters
_ MPI 1/nf(S) ?
)= g7 (1)

S
MPl ( mf(s) FI(S) ‘/li"lf(s))
F2(5) \Vint(S)  F(S) Vint(9)

@ CMB observables

n(S) =

o Vlnf(S*)
As S

T 2472 e(S,) M

Vi)

Pena -

ne =1+4+2n(Ss) —6e(S+), r=16¢(S%)
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Inflation

Inflation results

As,Ass tree-level potential
o Free parameters in Vg : ¢ B, Bs non-minimal couplings
~ R? — coefficient
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Inflation

Inflation results

o

logao(y)

IS

As,Ase tree-level potential

o Free parameters in Vg : ¢ B, Bs non-minimal couplings
% R? — coefficient

@ Scalar amplitude constraint [Planck 2018]

3.020 = In(10%°A;) < 3.058

— Ne=50

— No=55

— Ne=60
O Benchmark point 1
O Benchmark point 2
A Benchmark point 3 | Ase=0.77

A e A5y =0.77
—Asp=112
— Aso=138
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Inflation

Inflation results

As,Ass tree-level potential
o Free parameters in Vg : ¢ B, Bs non-minimal couplings
~y R? — coefficient

@ Scalar amplitude constraint [Planck 2018]
3.020 = In(10%°A;) < 3.058

8 8
S6{ = Ne=50 6
g | Ne=55
2 | = Ne=60
41 O Benchmark point 1 41— A5=0.77
O Benchmark point 2 — Asp=112
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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]
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Neutrino option

How to connect the Planck and EW scale?

E[GeV]
1018 + Mp
10% 4y

Inflation
yi/4

Majorana
mass My

10? 1 VEW

10-10,
m,

@ New approach to hierarchy problem: Neutrino Option

[Brivio, Trott, 1703.10924]

o Higgs potential is radiatively generated

pr = 0 (tree level),

_ymiy Yy
1672’ 6472
\\ N /////
L/—\\L
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Neutrino option

How to connect the Planck and EW scale?

o New approach to hierarchy problem: Neutrino Option

E[GeV] [Brivio, Trott, 1703.10924]
10%5 4 My o Higgs potential is radiatively generated
22 4
2 YvMnN Yv
10% 4y pi = 0(tree level), Apzy ~ — ~
( ) 1672’ 6472
Inflation . .
Y N . -
Vi o . P
AN N .
~0 g---—--{  Fo-os it
Majorana " Q e /—\\
mass My TN
L L L
@ Type-| seesaw mechanism
2 2
my ~y,v,/my ~ 0.1eV
107 7 vEW

10-10,
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Neutrino option

How to connect the Planck and EW scale?

E[GeV]

1018 + Mp

1010 19

Inflation
yl/4

Majorana
mass My

102 + VEW

10-10,

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

o Higgs potential is radiatively generated

2,2 4
0 (tree level), Ap, ~ _ YrmN Y
pr = 0 (tree level) W 16m2 a2

@ Type-l seesaw mechanism

my, ~ y?,v,%/mN ~ 0.1eV

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

e Embedding in scale-invariant theory (my = ymuvs)

[Brdar et al, 1807.11490] 13/15
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Neutrino option

Embedding of neutrino option

p— Jp— e 1
LD %NRaNR - (inSNR(NR)C +y,LHNR + h.c.) - Z(AHSS2 + Auoo’)H'H

@ Induced Majorana mass (Yukawa coupling fixed by Planck scale and inflation)

my = ymvs =~ 107 GeV (neutrino option)
_ mNﬁ;/2 ~10-10 Bs 1z
WS T e 103

@ yar — 0 technically natural (U(1)p—_r restored) [t Hooft '80]
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Neutrino option

Embedding of neutrino option

- 1 e e 1
LD %NRaNR - (EyMSNR(NR) +y,LHNR + h.c.) - Z(AHSS2 + Aroo?)H'H

Induced Majorana mass (Yukawa coupling fixed by Planck scale and inflation)

my = ymvs ~ 107 GeV (neutrino option)

_ mNﬁé/Q ~10-10 (55)1/2

Yum Mp, 10°

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

Another contribution to the Higgs mass

AusS*(H'H) = Asod (H'H) Q
Adgs ~ Yoy /16m°

Ars < 1 but not fine-tuned to special value

{Aus, Ao, ym} < 1 stable under RG running

preserved with gravitational interactions (RGE of [salvio, Strumia '14])
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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
VEV vs = 10617 GeV generates Planck scale Mp; ~ ,8;/21)5

Inflation predictions consistent with Planck observations

Majorana mass scale My = yarvs ~ 107 GeV

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

Thank you!
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Inflation

Inflaton potential

—2 2/3%;31

V(Sv ¢) =e€

Uow(S) + 16]?&15) (B(S) - Q/SMLPI) ]

B(S) = BsS* +2Un)(S), G(S) =7 —Uw(S)

Contours
0 c={s,4(5) whee DI oy =v(s.as))
P =i
[’eEff 1 2 1 2 v

Ucw (S)
B(S)2 + 16 G(S)Ucw (S) /M3,

Vint(S) = V(S,6(S)) =

Q C' ={5(¢), ¢}, where 2V(5:4) s =0 V() =V(5(6).9)
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Inflationary observables

Power spectrum of adiabatic and Gaussian scalar fluctuations

kS
(RR) = (2m)*6(k + K)Pr(k), AX(K) = 5 Pr(k)
o\ e (k)= 1 Ag scalar power spectrum amplitude
A2(k) = A (k) (k—) N scalar spectral-tilt

ks pivot scale

Tensor perturbations (sum of two polarizations: hz, hy)

k ng(kx) A2
A7 (k) = Ag(k.) (k:7> {r = X% tensor-to-scalar ratio
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Slow-roll approximation

o Potential slow-roll parameters

)= b (V)Y

S
_ MPl mf(s) FI(S) ‘/1111‘(5)
8) = F(5 )( V() F(S) vmf<5>>

Vi)

Pond o
@ End of inflation
(S =S8end) =1 or [n(S=Send) =1

o Field value at horizon crossing S, fixed by e-folds N. = 50 — 60

tend Send
Ne=[Tha= [T
ty . ZE(S)

o CMB observables

Mnf(s*)

A= g (S.) M3’

ns =142n(S.) —6e(S+), r=16¢(S%)
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Inflation
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Neutrino option

Figure 1: Schematic illustration of the S faa —
main idea underlying the Neutrino (1) .~ z
Option: (1) the Higgs potential is o015 he &
generated by new physics states ata A P o
scale M > TeV (M = 10°GeV in fuo @
the figure). (2) At E < M the Higas o010 |
parameters run according to the S\ f
RGES. with boundary conditions fixed o5

by the threshold matching contribu- 005 I

tions A/m7. AX. The figure shows in e

wo overla 2 plots the 1-loop S t

¢ rlapping plots the 1-looy . » o i

running of the Higgs mass (bluc line,

and of the quartic coupling
left axis) for a top quark ool
173.2GeV [4]. 008 128

1 (GeV) Lyzo
I

mass my

0.135) S 10°)
o150 3
€ o125 =
; €
Lo "o
= 3
o E
oo
0. 10°
108 107 108 106 10°° 104

Mp(GeV)

Figure 3: Values of the parameters A (left) and \/m} (right) extrapolated at the sc =m asa
function of the two seesaw parameters M and w respectively, in the preliminary study of Ref. [1].

dicate the values consistent with the measured Higgs mass within
umes m; = 173.2 GeV and the orange band corresponds to varying
my between 171 and 175 GeV. Right panel: the solid red line assumes M = 1074 GeV. The grey region
s disfavoured by the A CDM cosmology limit 3 m, < 0.23 eV. The three solid lines indicate, for
reference, the sum of neutrino masses predicted, in eV

Figures taken from [Brivio, 1004.07029]
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Neutrino option
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Figures taken from [Brdar et al, 1807.11490]
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RGE of [Salvio, Strumia '14]

AGME/M) ~

5
2(5?0 (g 367 s57 (38n + 1)) + O(ME/ME)
2AnsfBs

A B~ (n)?

Bupfs 5

A ~
Ans (A2 1642

+ O(Ans)
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