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Extension of the SM addressing

1. inflation

2. baryogenesis

3. dark matter

4. smallness of neutrino masses

5. strong CP problem



vMSM

SM + Three singlet neutrinos, N, , with Majorana masses

- Small masses of left-handed neutrinos from the see-saw mechanism
- The lightest of the /V; is a DM candidate with ~ keV mass

- Baryon asymmetry is generated by oscillations of the two heavier /V;

Asaka, Blanchet and Shaposhnikov 2005

- The Higgs boson non-minimally coupled to gravity gives inflation

Bezrukov and Shaposhnikov 2008
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vMSM

S

1. inflation 3

a) Negative effective potential at large Higgs values

b) Loss of unitarity (due to large non-minimal coupling)
and (consequently) lost of predictive power

Burgess, Lee and Trott 2009
Barbon and Espinosa 2009
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SMASH!

Standard Model - Axion - See-saw - Hidden scalar
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SMASH = SM +

axijon—> DM
- A complex singlet, o _—

- — 1nflaton, couples to Higgs

- Three singlet neutrinos, N, _

— see-saw, baryogenesis

- @ and ( in the fund. and anti-fund. reps. of SU(3).
and hypercharges —1/3 and 1/3

(allowing them to decay into SM quarks)

New global U (1) symmetry with charges:

g | w d | L] NTET]T Q] @ |o
1/2—1/2 | —1/21/2 | -1/2 | —1/2 | —1/2 | -1/2 | 1




Yukawa couplings and potential:

1
LD — |:Yu7;jq'i€HUj -+ YdijQiHde -+ GZJLZHTE] —+ FijLZ'EHNj —+ §YL’]‘O'NZ'N]'

+y Qo + yg,,0Qd; + h'c'] ) Neutrino masses

Strong CP problem and DM

U2 2 U2 2 U2 Uz
V(H,0) = A (H*H _ 5) oy (\0\2 . 50) s (HTH . 7) (rarz - 7“)

Strong CP problem, DM, inflation and stabaility

Couplings to gravity:

M? ]
5 g HH+ &, 00| R
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SMASH Lagrangian

Proposed in
Dias, Machado, Nishi, Ringwald and Vaudrevange (2014)
to relate the PQ symmetry breaking scale to the see-saw scale

It did not consider inflation

A similar model was proposed by Salvio (2015).
Same field content, but extra quark without hypercharge —— standard see-saw

Higgs as the inflaton



Neutrino masses
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The strong CP problem

) -
L < (GG breaks CP
AED T 30
0 = 0y — arg(det M) p <10 1Y
T T from neutron e.d.m.
Invariant under chiral quark mass
transformations matrix

Solution: another transformation under which 05 o / GG,
making ¢ unphysical.

Example: global sym that 1s anomalous under SU(3)c
But there 1s no global symmetry with this property in the SM



The KSVZ axion

1 . a ~
L e iauaﬁﬂa | 2327T2GG a—a+c, 0J,c=0

The coupling of the axion to QCD 1s a dim. 5 operator.

UV completion ?

2

1 S
5(%0 oMo+ A, (\a|2 — %") +y Qo + h.c.

oo, Q— e 27 (Q

a

Redefine () with a chiral transformation of parameter @ = o
o)

and integrate out () and |0| below Vs (large VEV)



AX10n mass

Can be computed using chiral perturbation theory

mawmwﬁ, Vo = fA
Vo
1012GeV
Mg = ( - - > (5.70 & 0.07) eV

(at zero temperature)

Grilli di Cortona, Hardy, Pardo Vega, Villadoro (2016)



Matter/anti-matter asymmetry

obtained from thermal leptogenesis:

Fukugita and Yanagida, 1986
Example:

Hierarchical RH neutrino mass spectrum 3 )/, < M3 ~ Ms

(determined by the Yukawas in our case)

For a thermal distribution of the lightest RH neutrino
and neglecting flavour effects, the observed baryon asymmetry
1s generated 1f

M; > 5 x 10% GeV:; (MpML)i1/M; <1073 eV

Davidson and Ibarra, 2002

Buchmiiller, di Bari and Plumacher 2002
For smaller RH masses, resonant leptogenesis may occur

Pilaftsis and Underwood, 2003



Stability of the effective potential and inflation

02 2 U2 2 U2 ,02
V(H,0) = Ay (H*H _ 7) a, (|a|2 - 70) . (HTH . 5) (\0\2 - 5”)

Absolute stability: the potential 1s positive everywhere
- Safe choice to avoid quantum tunneling during inflation

- Required 1if we want inflation to occur along the direction where
an 1nstability may develop. E.g. Higgs inflation

- If there 1s an 1nstability, inflation might occur away from it,
but quantum fluctuations still need to be under control



Higgs quartic coupling A
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Inflation and the Higgs

vim ] - V(h) <0 at h=A;~10"GeV

h V(h) ~ @h‘l

Quantum fluctuations of the Higgs:

Vin _
(h2) ~ H ~ VMf(qﬁ) ~1075Mp ~ 10" GeV > A
P

Mp =1/v8r G ~2.435-10'8 GeV



Stability
AS

2 A\ \
V = m%{HTH | TZSSQ+§(HTH)2+ZS4 | ;HHTHSQ

At large field values, V' > 0 requires:
)\>O, )\5>O, )\SH>_\/)\)\S/3

R 9., N 204 09 o0 9,
B = 62 [-.—.12y7i.,+ A <—591 — 993 + 12%) 10091 T 199291 T 192'.7512)‘ + )‘SI{ ;
B 2 2
Brg = T 3NS + 12X5y]

1 9 9
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Threshold stabilization

2
V = m%H'H A m552+5(HTH) AS ga  ASH prt g2

2 2 4! 2
_ 2
A )\—3>)\\SH = \ — 0¢},
S
A1) 5 7
SM+S SM

A%h ~ |m?9\ < A%

w S A,

Y

p>> A,

Lebedev 2012
Elias-Miro, Espinosa, Giudice, Lee, Strumia 2012



Inflation with a new singlet

,02 2 02 2 02 v2
V(H,0) = An (HTH — 5) + Ao (\a|2 — 7") + 2Xpo (HTH - 5) <|a|2 - 5“)

A2
2

S D —/d4:13\/—g

&g HYH + &, 0%0 | R,

£ and &, are always generated radiatively

Newton’s constant depends on the VEVs and on g and &4
M3 = M? + Egv* + €02,

The stability of the effective potential does not depend on &z and &,

- They do not affect the running of the quartic couplings.
- In Jordan frame: effective masses, do not affect vacua existence
- In Einstein frame: the potential 1s proportional to their squares



Einstein Frame at tree-level

H@ = 5 ()o@ = 2

G () = Q2(h(2), p(2)) guo(z), 2 — 1 4 SHI = 0°) + & (P —v5)

M2 ’
— | M7 y
/d4.fl? —( PR‘I_ Zgzjg'u 8,u¢z V¢]
~ ]_ )\ )\o' >\ O
V0hi0) = gy |2 (2 = 03)" 4 22 (02 = )+ 222 (02 = 02) (42 - 42)
M4

inflationary potential for large fields ~ A—— 1e2



Example, Higgs inflation: £ h° > M7 and &g > 1/6

Canonically normalized field in Einstein frame: XH

- 12
~ A Mé‘) 2 Xh
‘/ m\J 1 —_ —_—
=y £z _ D ( 3 Mp ’

Polar coordinates: h = pcosf , p = ¢sinf, for large ¢

7~ Ay cos® 0 + N\, sin® @ + 2\ gy, cos? 0 sin? HMj‘S

4 (Ep cos? 0 + &, sin 9)2

Extrema for # =0, /2 and

/,/ 6’ p:\/ )\H | (€H>
) | )h h >\HO' ga




Amplitude of primordial perturbations

5 . 42
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£~ 10°y/ A ~ 10* problematic

Recall also: if the potential 1s unstable, no inflation at large field



Loss of unitarity
£~ 10°v/ A ~ 10%

M M
Ay = —2 ~ 10 GeV « —L

137 N

To restore unitarity something must occur at or below Ay,
very likely altering the inflationary dynamics

/

Roles of the Higgs in the SM > (G1ve masses by SSB

\ Inflation??

10'% GeV

Unitarize gauge boson scattering




Loss of unitarity
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The inflationary predictions depend critically on the potential shape



Free the Higgs from the burden of inflating!

M? + &5 v + 68, v, 2 a2 e 2
s Eo/ M2+ 6,02 Mp = M=+ &0 v

¢ >1 and &ue ~Mz/6 — Ay ~ Mp

Giudice, Min-Lee
vy <10 GeV > 101°GeV

Y

Instead: fH <<£g§1%MpNM and AUNMP

o~ Mp  asinusual “large field” models

~ - 14
o A ft fa ‘X |
V;aff ~ Z M;L) tanh ( a Mpp
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Axion dark-matter

1. PQ symmetry restored after inflation 7., > f4 > T,

- vacuum misalignment

- decay of strings and domain walls

1 — 0.084(n — 8)

2 N 10
Fa(Qach? =0.12) ~ 7.0 x 10" GeV x (n/3)11

n depends on the behaviour of the axion mass with temperature and

can be between ~2 and ~10

5x 101" GeV < f4 < 5 x 10 GeV



Axion dark-matter

2. PQ symmetry NOT restored after inflation Tax < 1

- vacuum misalignment

Isocurvature perturbations below current bounds (~3%) 1f

fa< 101 GeV



Conclusion

Solving
the strong CP problem, by the KSVZ axion

and explaining
the smallness of neutrino masses, by the see-saw,

we can 1dentify
the dark matter, which 1s the QCD axion,

obtain
baryogenesis, via leptogenesis
and explain
and the origin of primordial inflation.

All we need 1s to extend the SM with:
a complex singlet, a heavy quark and three RH neutrinos



