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Introduction Motivation Higgs inflation
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The Standard Model

Its current formulation was finalised
in the 70’s and predicted:

@ the W & Z bosons
discovered in 1983

@ the top quark
discovered in 1995

@ the tau neutrino
discovered in 2000

o the Brout-Englert-Higgs mechanism

a scalar boson was discovered
in 2012
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--- and the need to go beyond

What is missing:

@ a suitable Dark Matter candidate - D @ ® @
@ a successful baryogenesis mechanism = il = e
e strong first order phase transition Q- @-®| @
L. . ) down strange bottom photon
e sufficient amount of CP-violation —
. . » e 1 B T o
@ a natural inflation framework " - @ |- ‘be
electron muon tau oson
@ an explanation for the fermion mass R | e |
hi h . Do L w o, v T W
\erarchy gecton || oo || e, || woson
@ a stable electroweak vacuum H
= beyond the Standard Model bhass
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SM + scalar singlets
@ Dark Matter severely constrained
@ CP-violation not possible

@ Inflation DM incompatible

2HDM: SM + a doublet
@ Dark Matter constrained & CPV incompatible

@ CP-violation severely constrained & DM
incompatible

@ Inflation CPV incompatible
3HDM: SM 4 2 doublets

@ Dark Matter many exotic possibilities
@ CP-violation unbounded dark CP-violation
@ Inflation easily achieved + exotic possibilities

@ Bonus: fermion mass hierarchy explanation
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Upcoming experimental probes

. i New LHC / HL-LHC Pian
o Collider experiments

e i
e 2021: LHC-RUN-III T e ) "
e 2026: HL-LHC ;n:n::nanxx;n::lm»
o 2028: CEPC | "
m m NONoT
° DM experiments XENON1O XENON10O XENONIT N
e 2020: XENONNT
e 2022: CTA

@ GW experiments
e 2027: DECIGO
e 2034: LISA mission

@ Precision experiments
e 2020: (g —2),
e 2020: Advanced ACME
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Baryon asymmetry in the universe

Any successful baryogenesis mechanism must satisfy

Sakharov's conditions:
@ B-violation
@ C & CP violation

@ Departure from thermal
equilibrium

A well-motivated and experimentally accessible baryogenesis mechanism:
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Sufficient amount of CP-violation

d" b -m,f I"vu.q I'HIrJ r;

g! = 1 :-;f ! 'r-1 I:;'f} g

h! Vi Vie Vi b
'-;m#"rm;'_nf;el-n; = CPV

Observation % ~107° > 10729 provided by the SM

= New sources of CPV needed.
= Scalar sector is the least experimentally constrained sector

&
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Cosmic inflation

A period of exponential expansion in the early universe

which explains generation of primordial density fluctuations seeding
structure formation
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—Inflation era
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The slow roll inflation
'y Inflation
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reheating end inflaton
the universe inflation field

driven by the scalar inflaton field slowly rolling down its smooth potential
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The Higgs inflation model

The SM scalar Lagrangian:

u2>0

A>0

CP-violating inflation
00000000

2

uw <0

L = Du¢' D" — V(9)

A>0

Vo)

V(o)

]

The SM scalar potential:
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The Higgs inflation model

The action S; and the non-minimal coupling to gravity &:

S;= [d*xy/—g [—%/\/Ig,R — Do Dt g — V() — &9 R]

6.x 1077k

S.x107%

HIGGS VEV
AT v=246GeV
L1077
— g =

] L0077 x0T a7 Bx10TT Lx 107 12x1078 pdx 107t
#in M)
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3-Higgs doublet models (3HDMs)

two scalar doublets + the SM Higgs doublet
¢1, P2 ¢3

hf “ h3 Gt
o1 ="\ mtim | 2=\ htin |, ®3 = | hy+iG®
V2 V2

S
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Zr-symmetric 3HDM

Lagrangian invariant under a Z, symmetry (—, —, +):
o1 — —p1, P2 — —d2 SM fields — SM fields, P3 — P3

and respected by the vacuum (0,0, v):

= L 0 6= — 0 b3 = = ’
@1_\5 hm+im ) 2T 2\ tin )’ T V2 \wths
Only ¢3 can couple to fermions: ¢, = ¢pg = de = @3

—Lyvikaws = YuQLioadup + YaQbadk + Yel|beek + h.c.
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Zr-symmetric 3HDM

The scalar potential: V = Vj + Vz, with
Vo = —pii (8 60) + Xi0] &) + N0l 0 (8] 8)) + Xi(o]e)(0]e))  (i=1,2,3)
which is CP-conserving (real parameters),
Vz, = —pia(6162) + M($]62)" + Xa(9363)° + Na(8561)” + h.c.

which is CP-violating (complex parameters).

The action of the model:

Si= /d“wfg{ - %M@R — DD i — V — <§,|¢,-|2 +&a(plen) + h-c-) R]

The sources of CP-violation are A\; = |\1|e’” and & = |4 e/ .
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The inflationary potential V

To simplify the analysis: 71 = 81 h1 and hy = 52 hy
(B1, B2 can be field dependent)

M?2 i
. o B2 pl A _
Another standard reparametrisation: hj = AR (e 1)

The potential is simplified to:

B4=11/3 01=11/2
0.0015
> 61=11/4
~ T 0.0010
s
~  0.0005
0.0000
0 1 2 3 4 5
A A
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The slow roll parameters

number of e-folds N, the spectral index ng, tensor to scalar ratio r

75
70
65
2 60
55
50
a0 4.2 44 46 48 .
A A
0.008
0.006
ooof T~
oo02f T T—

4.0 4.2 4.4 46 4.8
A

as a function of A with the 55 < N, < 65 grid-lines
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The slow roll parameters and the Planck observation

0.25[
020f 1
015 1 Planck 10
= r Planck 20
010 ]
r o Ng=55
0.05f 1 @ Ng=65
0.00f ‘ - 4 ‘ 1
0.94 0.95 0.96 0.97 0.98 0.99

Ns

the 1o and 20 regions for ns and r from Planck observation
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CP-violating inflation
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Observations from WMAP7 constrain the scalar power spectrum
P, = (2.430+£0.091) x 1079 = 5.565 x
P for 8y=mi3

X(61,94)
[€412

& for central value Py
00 05 1.0 15 20 25
8
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CP-violating inflation

|€a] = 4.785 x 10% \/X (61, 04)
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Reheating and scalar asymmetries

At the exit from inflation: doublets acquire an initial expectation value

b1 — o1 — are’ ™, ¢I—>¢’{—ale_i°‘
$2— do—ay, by — 03— a
$3 — ¢3 — a3, oL — @5 — a3

where the phase « is related to 61 and 6,
Instant reheating: the inflaton quickly decay to ¢3
$1 — ¢33 o 2a1A3e" @) and @] = 9305 o 2a1hge (¢T3
P2 — P33 o 2apdpe® and @5 — pheh o 2ap)hg e
resulting in unequal number of ¢3 and ¢3 states with relative asymmetries
Alp ~ 8a? \isin2(a+63),  AZp ~ 8a3 )3 sin26;

This asymmetry is then transferred to the fermion sector through the
couplings of the Higgs field with the fermions.
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Summary

SM + scalar singlets
@ Dark Matter severely constrained
@ CP-violation not possible

@ Inflation DM incompatible

2HDM: SM + a doublet

@ Dark Matter constrained & CPV incompatible

CP-violating inflation
00000000

@ CP-violation severely constrained & DM incompatible

@ Inflation CPV incompatible

3HDM: SM + 2 doublets

@ Dark Matter

@ CP-violation

@ Inflation

@ Bonus: fermion mass hierarchy explanation
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Roadmap

Scalar extensions with or without a Z, symmetry:
@ SM + scalar singlet(s)
o dsm, S = DM, RV
o ¢su, Si, S, = DM, CPV
@ 2HDM: SM + scalar doublet
o ¢1, &» = DM, CPV
o &1, ¢» = DM, €RV
@ 3HDM: SM + 2 scalar doublets
° o1, ¢2, o3 = DM, CPV
o &1, ¢, 3 = DM, CPV
e o1, O, p3 = DM, CPV
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Roadmap

@ SM + scalar singlets
e Dark Matter severely constrained
e CP-violation not possible
e Strong first order EWPT constrained & DM incompatible
o 2HDM: SM + a doublet
e Dark Matter constrained & CPV incompatible
e CP-violation severely constrained & DM incompatible
e Strong first order EWPT severely constrained
@ 3HDM: SM + 2 doublets
e Dark Matter
e CP-violation
e Strong first order EWPT
e Inflaton
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