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Motivation
©000

The Standard Model

Its current formulation was finalised ' I i

( 22mev N [ 128Gev ) [ 17316y ) [ 0 N\
in the 70's and predicted: 9 (5 ]
AL AN charm J\ o ) gluon )
° the W & Z bosons g  s7mev N[ mev N[ 418Gev N [ 0 3\ 2
discovered in 1983 o o o o
down strange bottom photon (o]
e the top quark SR L e e o
discovered in 1995 " ° P
z eledron muon ta Z boson 2
H o\ J\muen J\=_J\ J O
‘ the tau neUtrIno E  <10ev N[ <017Mev N [ <i82mev ) [ 80.39Gev )
discovered in 2000 | @
. . eneutrmo u-neutrino ) J—neutrino >) \W boson )
o the Brout-Englert-Higgs mechanism —
a scalar boson discovered in 2012
Higgs
SCALAR BOSON
VK experiment experiment
4EK: Ask not what your esuntry-can do for you - ask what you can do for your eeuntry.
} =] =] = = 5 = DA
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Motivation
0e00

and the need to go beyond

What is missing: I I m

( 22vev N [ 128Gy ) [ 171Gy ) [ 0 N\
@ a suitable Dark Matter candidate o
()
. . X u charm to luon
e\ L' J\ J\_ P\ 9 J
@ a successful baryogenesis mechanism ealoalsaloel
e strong first order phase transition © 2
L down ) \_strange J kI.wttomJ L photon ) 8
e sufficient amount of CP violation FRFXNNFNNFNE
v <
@ a natural inflation framework 3 |etecron ) {_muon J|_wauJ| zbosen | 3
o (o (e [ wweer )
@ an explanation for the fermion mass u
hierarchy  e-neutrino | | p-neutrino | | 7-neutrino ) | W boson
@ a stable electroweak vacuum (1 RIS
Higgs
= beyond the Standard Model SCALAR BOSON
= scalar extensions of the SM
=] = = = El= DA
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Motivation
00®0

Scalar extensions of the SM

SM + scalar singlets

@ Dark Matter severely constrained [ 1 n

 22mev ) [0 128Gev N [ 173Gy ) [ 0 )
@ CP-violation not possible ° °
wv
. . . ¥
@ Inflation DM incompatible 2\ )\ em J_tep ) _slen )
( 2mev N [ smev N[ a18Gev ) [ 0 \ W
2 2
2HDM: SM + a doublet @ o 00O
. . . down strange bottom photon o
@ Dark Matter constrained & CPV incompatible > < < < £ @
0s1iMev Y (7 10se6Mev ) (7 1776Gev ) (7 91.19GeV ) L
S . v}
@ CP-violation severely constrained & DM " o e <
incompatible gﬁ'“‘"’"; \_muen J(_tauJ\(Zbeson J O
. . . N e YR VR YR
@ Inflation DM incompatible w e
3HDM SM + 2 d Oubl etS ke-nentrlno ) kll-neutrlno ) J—neutrlno ) \W boson y,
( 125Gy \ [ AY 4 \
@ Dark Matter many exotic possibilities @
. . . . Hi Hig Hi
@ CP-violation unbounded dark CP-violation o Wi o W
SCALAR BOSONS
@ Inflation easily achieved + exotic possibilities
@ Bonus: fermion mass hierarchy explanation

o =) E = Dae
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Motivation
feelel ]

Upcoming experimental probes

. . New LHC / HL-LHC Plan
o Collider experiments

e 2021: LHC-RUN-III
e 2026: HL-LHC
e 2028: CEPC

XENONnT

. D M eX p e ri m e n ts XENON10 XENON100 XENONIT (XENONIT Upgade)

e 2020: XENONNnT
e 2022: CTA

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

20192025
7/

@ Precision experiments
e 2020: (g—2),
e 2020: Advanced ACME

o =) E =r El= DAl
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Introduction
[ 1)

Simplest and best in agreement with observation

Slow roll inflation:
driven by a scalar field (inflaton) slowly rolling down its smooth potential

Inflation
>
5
5 ‘/o
s
=
o
°
o
\
Value of
reheating end inflaton
the universe inflation field
J. Garcia-Bellido, [arXiv:hep-ph/0303153 [hep-ph]]
=] = = =, E|= 9Dac
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Introduction
oe

The Higgs inflation model

w>0r>0 W<0,A>0

V(o)
Vi)

The SM Higgs potential:
V(9) = —uid" ¢ + Mn(9'9)?

6.x107

Introducing a non-minimal

coupling to gravity &:
%

- il.xm’”
L=V 8 MR

2.x107

+0.0) - V9)] v
0
o 2107741077 6.x1077 8.x1077 Lx1070 12%10710 4% 10710
#(in Mp)

S. Choudhury, T. Chakraborty, S. Pal, [Nucl. Phys. B 880, 155-174 (2014)] . - _ - 2 Hae
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CP-violating inflation
©000000

3HDMs: 3-Higgs doublet models

two scalar doublets + the SM Higgs doublet
¢17 ¢2 ¢3

hy hy Gt
¢1 = h+im | ¢2 = ho+inp | » ¢3 - h3+iG°
V2 V2 V2

I. P. Ivanov, V. Keus, E. Vdovin, [J. Phys. A 45, 215201 (2012)], I. P. lvanov and E. Vdovin, [Phys. Rev. D 86, 095030 (2012)]
o =) E =r El= DAl
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CP-violating inflation
0®00000

Z>-symmetric 3HDM with dark CPV

Lagrangian invariant under a Z, symmetry (—, —, +):

b1 — —d1, o — —o, SM fields — SM fields, ¢3 — ¢3

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

¢_i 0 _i 0 _i 0
= lntm) = ntim) 2= (uin)

Only ¢3 can couple to fermions: ¢, = ¢g = ¢ = ¥3

r * hl
—EYukawa S YuQ/LiO'ngqu;? /,--\\
+ YdQ,L(,ZdeIR ] ll 1 l \‘ l
+Yez;_¢e3;? + h.c. LLLLH,L’\Y

No contributions to electric dipole moments (EDMs)

VK, S. F. King, S. Moretti, D. Sokolowska, D. Rojas, [JHEP 12, 014 (2016)], VK, [Phys. Rev. D 101, 07300
[m] = = =
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CP-violating inflation
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Z>-symmetric 3HDM with dark CPV

The scalar potential: V= Vy + Vz, with
Vo = —ui (9] é1) + Ni(0] 6)” + Xi0] )(6] ) + Nyl @i)(61)  (i=1,2,3)
which is CP-conserving (real parameters),
Vz, = =it (6] 62) + M(6]62)” + Xa(6163) + Ns(6]1)” + hoc.

which is CP-violating (complex parameters).

The action of the model:

S;= /Cf‘X\/jg[ - %Mﬁ,R— D¢} D" i — V— (€i|¢i|2 + &(elen) +h~C-> R}

Zy—symmetric

[ The sources of CP-violation are A\; = [A1]e”" and &, = |&4] €.

=] =) E =) El= DAl
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CP-violating inflation
000e®000

The inflationary potential V

To simplify the analysis: 7, = 8, b and hy, = 8o by

Finding the inflationary direction yields: g, (6:,64), 82(61,6.)

M2 ~
Another standard reparametrisation: h? = ol -1
other standard reparametrisatio "= 2T Baleo, T say) e’j
inflaton field reparametrised inflaton field

— M2 2 LL 2
The potential is simplified to: V = <2£”’> (1 —eA ) X(01,04)
4 ——

new

"G4=113’ ' ' "G1=712]
0.0015 64=11/3 1
> B1=11/4
~ T2 0.0010 1
Nyt
< | =
~  0.0005
0.0000 .
0 1 2 3 4 5
A A
o <] = = E= DAl
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CP-violating inflation
0000800

1o and 20 regions from Planck observation

025

0.20F ]

015 1 == Planck 10
- 7 wem Planck 20

0.10F ]

r o Ng=55
0.0sF 1 @ Ne=65
0.00F , . —e , ,
0.94 0.95 0.96 0.97 0.98 0.99

the

Tensor to scalar ratio r = 16¢ and the spectral index ns = 1 — 6¢ + 27

~ N2 -
2 (1 dV _ AR 1PV
M2y (%) and m =0, 3 95

calculated from the slow-roll parameters € = ol

1
2

o =) E E = Dae
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CP-violating inflation
000000

WMAPT constraints on the scalar power spectrum P;

_ o () -9
P = ki (7 = (2:430+0.001) x 10

08 P; for 6,=r1/3 i } §4f9rcent‘ralval‘ueP i
1 3.0
25
0.17
2.0
1 0.16
Lomm 1o -
- M2 15 0.15
| 3o 014
1.0
0.13
0.5
0_05 ] 0.0, n . 0 . . o
00 05 10 15 20 25 30 00 05 10 15 20 25 30
A 61
In Higgs inflation: €] ~ 4.785 x 10* /Ay = |¢| ~ 10

In our model: |&| ~ 4.785 x 10* VX /X(01,04) = |&] ~1/6

o = = R
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CP-violating inflation
©000000e

Reheating and scalar asymmetries

At the exit from inflation: doublets acquire an initial expectation value
{ ¢1—>¢1—a1ei(f‘ {¢2—>¢2—82 {¢3—>¢3—33
¢l = ¢ —ame " ¢ = &3 — a ¢} = &3 — a3

where the phase o = a(01, 04).

Instant reheating: the inflaton quickly decays to ¢3
.6} o

Interference between tree & loop diagrams = unequal ¢3 & ¢3 numbers

1 _ rtreetloop _ tree+loop .
Ace =T (4, 50503) ~ T (07 saatn) & SiN(20+63)

Such asymmetries are then transferred to the fermion sector through the
couplings of Higgs/W/Z with fermions.

o =) E =r El= DAl
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A one-slide summary

Three scalar doublets:

1/ o 1/ o
“":$<m+ml>' "”:E(hﬁim)’

Inflaton

The potential:

1 0
¢3:E(Vh+h3)

SM-Higgs

= (6] 1) + N[ 6) + Ni(¢] 6:) (6] 7) + Ni(¢] 87) (6] 1)
sz = —152(612) + M1(612)? + Na(d3h3)? + As(61)* + h.c.

The sources of CP-violation are \; =

The action:

[A1]€? and & = |¢q| €%

S= / d“x\/fg[ — IR Dol D6 V- <5.-\¢.-|2 + &(dld) +h4c4> R]

2Z,—symmetric

?
CP-violation inflation = Baryogenesis

Venus Keus (DIAS)

CPV inflation

Summary
0

The inflationary potential:
~ M, 4 pi\i2
v <7> (l—e A) X(61,04)

64=11/3

0.0015

>
~, 0.0010

482
Mpl*

~  0.0005

0.0000

&4 for central value Pg

0.17

0.16

0.15

0.14

0.13

0.0 0.5 1.0 15 20 25 3.0
61
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Summary
oce

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-violation severely constrained & DM incompatible

@ Inflation DM incompatible

3HDM: SM + 2 doublets
Dark Matter CP-violating DM

(-]
@ CP-violation unbounded dark CP-violation
@ Inflation CP-violating inflation

o

Bonus: fermion mass hierarchy explanation
o« = =T, Zlz= Dac
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The slow roll parameters

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

75

70

0.008

0.006

0.004

0.002

4.0 42 4.4 46 4.8

as a function of A with the 55 < N, < 65 grid-lines

[} = =
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Planck constraints on different inflationary models

0
N T
=]

~8

s

go Co,]l/

S

S

2 | O
0

2.l TR

o

=

R

3

gal

g

I

S

2

sl
=]

o
=]
< 0.94

|

-
.

Planck+WP+BAO
Planck+WP-+highL
Planck+WP

Natural Inflation
Hilltop quartic model
Power law inflation
Low scale SSB SUSY
R? Inflation

Voo ¢?

Vo ¢2/3

Vo

Vx¢?

N,=50

N,=60

0.96 0.98
Primordial tilt (ns)

1.00

Tensor to scalar ratio r = 16¢ and the spectral index

~ N2 -
1 dV 1 PV
( —) and n = MIQJIV G

calculated from the slow-roll parameters e =

P. A. R. Ade et al. [Planck], [Astron. Astrophys. 571, A22 (2014)]

Venus Keus (DIAS)

1
2 M;Q:/
CPV inflation

vV d¢

ns=1—6e+2n

& = =
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Other inflationary models

0.25

N Planck+WP
B Planck+WP+highL
Il Planck+WP+BAO

0.20

Predictions of
inflationary models:

0.15

# Higgs inflation
O R?inflation
—0— \¢* + EPPR/2
s Non-minimal
derivative coupling

Tensor-to-Scalar Ratio (rg.002)
0.10

0.05

0.00

0.94 0.96 0.98 1.00
Primordial Tilt (ns)

F. Bezrukov, [Class. Quant. Grav. 30, 214001 (2013)]

=] = = =r E[= DA
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Reheating

185, 1N\&
105 T T ,I
f | L -
[ ! e —=-". ’
Up---mmmmm oo R AT GERREEEEEEE 1 exact solution
) 4
< r l,:/’c’ T . 1_2

0-105‘”’”””;;’/’: T 164 -==-- &ahy

' 7 A log(Q?)

[ 4 | |
0.01: ya | 1

0.01 0.10 1 10
hy
O <@ «=» «T» Z[z DAl
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Roadmap

Scalar extensions with or without a Z, symmetry:
@ SM + scalar singlet(s)
o o¢su, S = DM, €RV
o bsu, Si, S» = DM, €RV
@ 2HDM: SM + scalar doublet
o 61, ¢» = DM, CPV
o &1, ¢» = DM, €RV
@ 3HDM: SM + 2 scalar doublets
° o1, ¢2, o3 = DM, CPV
o &1, ¢, 3 = DM, CPV
e ¢1, ¢, 3 = DM, CPV

=] = = =)>r El= DAl
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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

@ 2HDM: SM + a doublet
e Dark Matter constrained & CPV incompatible
e CP-violation severely constrained & DM incompatible

e Strong first order EWPT severely constrained
e 3HDM: SM + 2 doublets

e Dark Matter many exotic possibilities

e CP-violation unbounded dark CP-violation

e Strong first order EWPT easily achieved

e Inflaton easily achieved + exotic possibilities

=] = = =)>r El= DAl
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Motivation
©0000

Baryon asymmetry in the universe

Sakharov's conditions for a successful baryogenesis mechanism:

@ B-violation
o C & CP-violation
@ Departure from thermal equilibrium

d’ Vud Vus  Vup d
s = Vcd Ves Vcb S
b’ th Vt‘; th b

i

Vo # Va3V 2V = CPV]
. NGB _ _ .
Observation % ~107° > 1072 provided by the SM
= New sources of CPV needed.
G m = =
Venus Keus (DIAS) CPV inflation December 2, 2022
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Motivation
0@000

Dark Matter

We know it exists because of:

@ galactic rotation curves
o the CMB pattern
@ .-

None of the SM particles
are suitable DM candidates.

= Beyond the SM

Weakly Interacting Massive Particles
(WIMPs)

DM DM — SM SM, DM 4 SM, ...

pair annihilation stable

Venus Keus (DIAS)

CPV inflation

v(kmls)

R(kpc)

Atoms

Dark
4.6% Energy
Dark 71.4%
Matter
24%

=] F
December 2, 2022 25/16
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Motivation
00®00

Inflation: an exponential expansion in the early universe

Quantum
ctuations

Explains: generation of primordial density fluctuations seeding structure
formation, the flatness, homogeneity and isotropy of the universe

o« = E = Dac
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Motivation
000@0

Fermion mass hierarchy in the SM

Fermions Bosons
First Second First ’7 —‘
generation generation generation
. Higgs |
10 s 85.
" N b
w z
3 o Bottom quark
No explanation for -
arm quark
6 10° . Tau
~
e my/me =10 . -
S 107!
11 & Muon
e my/m, ~ 10 R -
2107
3’2 . Up quark
2 107
= [ ]
_— Electron
Massless
10710
® cuon
ot Muon neutrino | _Tauneutrino | @) Photon

[Electron neutring

10712

=] = = =r E[= DA
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Motivation
0o000e

The SM electroweak vacuum is not stable

0.10

008l M;, =125 GeV ]

’ 3 30 bands in Higgs

M, =173.1£0.7 GeV i
3 o6l \ =1 ] potential
= N @,(My) = 0.1184 + 0.0007
£
B 004f
g
8
°
g 002}
£
@
& 000
= .
Higgs field
002+
M, =1753 GeV
=004 . v 0wy wd
102 10* 10° 10% 10 10'2 10 10' 10' 10%
RGE scale p in GeV

V=121 + A(6¢)>

= Scalar extensions can stabilise the EW vacuum.
D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F. Sala, A. Salvio, A. Strumia [JHEP 1312, 089 (2013)]
o = = = El=
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SM+S
[ 1e}

Scalar singlet extension of SM

the SM Higgs doublet + a scalar singlet
) S

(i) ()

SS— SM SM, S 4 SM SM
—— ———
pair annihilation stable
o <@ =) «T» E[z DaC
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SM + scalar singlet

DM protected by a Z, symmetry (+,

DM v/, CPV x
—) from decaying to SM particles.
SM fields — SM fields, ¢ — ¢, S— —S
The Lagrangian and the vacuum are Z; symmetric: (¢) = v, (5) =0
L=Lsy+ = (as)2 m2S% — AS* — Apst? S
Relic density Direct detection Collider
Indirect detection experiments
DM, DM
DM SM ‘g DM
N RSM | RSM M _ _(/
o, SM /\ \DM
N N
Tension: all relevant interactions are governed by the same coupling!
S
Venus Keus (DIAS) CPV inflation
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2-Higgs doublet models (2HDMs)

the SM Higgs doublet + a scalar doublet

o T = =, E[z Dac
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Z>-symmetric 2HDM DM v/, CPV x

DM is protected by a Z» symmetry (4, —) from decaying to SM particles:
SM fields — SM fields, ¢1 — ¢1, ¢2 — —ho

Z> symmetry: only ¢1 couples to fermions ¢, = ¢g = de = ¢1

_£Yukawa = Yué?_io'%ﬁz uf‘? + Yd©2¢ddR + Yezi¢ee;? +h.c

Gt
Z> symmetry respected by the vacuum: ¢1=( 00 |, ¢2= <&>
V2 V2
DM candidate: the lightest neutral particle from the dark doublet

HH— h—SM, HA— Z—SM, HH" = W* = SM

Tension: all scalar interactions are governed by the same coupling!
Gauge couplings are fixed!

e e

Venus Keus (DIAS) CPV inflation December 2, 2022  32/16



CP-violating 2HDM

Break the Z, symmetry and let the two doublets mix

+ +
¢)1 <Z)2

$1=| wtnl+i |+ P2= | vprrl+id
V2 V2

No Dark Matter candidate!

Mixing doublets means h; (mixtures of h9 ,,a%,) are CP-mixed states
h;

- ~.
.
, N

Sl
! . : !
1%11

contributing to electric dipole moments (EDMs).

CP-violation is very constrained!

V. Keus, S. F. King, S. Moretti, K. Yagyu, [JHEP 04, 048 (2016)] V. Keus, N. Koivunen, K. 'I[%ljominen, [JHEP. 09, 059120%)&0
(=] = = ==
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3-Higgs doublet models (3HDMs)

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

=] (=) = = == DA
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3HDM
oeo

Z>-symmetric 3HDM with dark CPV DM v/, CPV v

DM is protected by a Z, symmetry (—, —, +):

(151 — 7(;[)1, ¢2 — 7@52, SM fields — SM ﬁelds, (253 — (153
Z; symmetry respected by the vacuum (0,0, v):

Hy HE G*
G =\ H+ia | G2 = | Hytin, |, $3 = | virntic®
2 2 V2

Only ¢3 can couple to fermions ¢, = ¢g = ¢e = @3 and h; = h

= . w1
—Lvukawa = YUQL’U2¢uUR AN

+YaQlLpadr Th

> ! . !
Y.L, dees + hoc. %

No contributions to electric dipole moments (EDMs)

V. Keus, [Phys. Rev. D 101, 073007 (2020)] =] = = =

= DAl
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Zr-symmetric 3HDM with dark CPV

DM v
DM is protected by a Z, symmetry (—, —, +)
¢1 — _(blv

2 = — 2, $3 = ¢3
Z> symmetry respected by the vacuum (0,0, v)

SM fields — SM fields,

it b

¢1 =\ H+ia | D2 = | HotiA
V2

Gt
>7 ¢3:<
V2
Si

vk htiG? )
V2
DM candidate: the lightest CP-mixed state S 234 (mixtures of Hj 2, A1 2)
S 51\ f
\\_"h“< AN

S

v,v- g v,V
AAA%/V\< \\__}f_il p
S1 fo S f

S
Tension released: the extended dark sector allows for annihilations

co-annihilations and CP-violation!

V. Keus, S. F. King, S. Moretti, D. Sokolowska, et al., [JHEP 12, 014 (2016)]
Venus Keus (DIAS)

&
CPV inflation
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