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@ Our love-hate relationship with the SM

© Scalar singlet extensions of the SM

© Doublet extensions of the SM (2HDM)

@ Further doublet extensions of the SM (3HDM)

© Summary



We love our Standard Model, don't we?

FERMIONS (matter)
®Quarks @ Leptons

BOSONS (force carriers)
Gauge bosons @ Higgs boson

Current formulation finalised
in the 70's predicted:

o the W & Z (1983)

e the top quark (1995)

@ the tau neutrino (2000)
e “a" Higgs boson (2012)
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What's up at the LHC?

ATLAS and CMS -8~ ATLAS+CMS
LHC Run 1 - ATLAS
. i L -+ CMS
- —ztlo
o Higgs looks SM-like X e T
o No significant deviation =
from the SM pe ==
@ No signs of new physics W ———
@ Is that all there is? B
e i el
o B Sl
o b e b b bevnc b B b L

-1 -05 0 05 1 15
Parameter value

[JHEP 08 (2016) 045]
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Do we really love the SM though?

What is missing:
@ An explanation for the Femion mass hierarchy
o EW vacuum stability
@ Baryon asymmetry in the universe

e Strongly first order phase transition

o Sufficient amount of CP-Violation

No suitable candidate for Dark Matter
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SM: no explanation for
e my/me ~ 10°

e m;/m, ~ 10"

Fermions Bosons
First Second First ’— —l
generation  generation  generation,

Toalmk

2%

w

Charm quark

8
°

@ sirange
4

Tau
quark

Downguark

@ veauark

Mass (giga-electron-volts)

Electron

| Massless

[Muon neutrino

Tau neutrino

boson

@ cuon
® Photon

BSM: solutions

@ SM + 2 scalar doublets
Weinberg's private Higgs model

@ SM + singlet scalar +...
Froggatt-Nielsen mechanism

fi fi

= Scalar extensions
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Introduction

0000®@0000000000

SM+S
000000000

EW vacuum stability

Higgs quartic coupling A(u)

2HDM
000000000000000000

0.10

008

M, =125 GeV
3¢ bands in
M, =1731+0.7GeV
a,(M;) = 0.1184 + 0.0007

[JHEP 1312, 089 (2013)]

108 1010 1012 10% 106
RGE scale ¢z in GeV

101 1020

3HDM
0000000000000

Higgs
potential

Higgs field

V = —126T¢ + A(o1¢)?

= Scalar extensions
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Baryon asymmetry in the Universe

Bl6 BANG sead

AS{MmeTRy

Sakharov's conditions:

@ B-violation

e C & CP violation

@ Departure from thermal
equilibrium
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Vi(8.)

k0

Ver(¢, T) = Vo(9) + Va(0) + AV (4, T)

SM scalar potential does not go through a first order phase transition.

= Scalar extensions

[Phys. Rev. Lett. 77 (1996)]
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3HDM
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C & CP violation
L+ Xy
7 J
d Vud Vus Vb d
/ k
X, s 1= Vea Ves Ve s
ifs 4 7
= AR YA

-~ B

<0>%0 <¢>=0 V.V

. wub ub* I #_— lv’d = (‘P‘V
Bubble Wall ——

Observation % 1079 > 10729 provided by SM

New sources of CPV needed.
= Scalar extensions
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3HDM Summary

Introduction SM+S 2HDM
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Dark Matter

How we know it exists:
o Galaxy Clusters

@ Galactic Rotation
Curves

e The CMB

Fritz Zwicky in 1933 using the Virial
theorem
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Dark Matter

How we know it exists:
v(kmis)

o Galaxy Clusters

@ Galactic Rotation

Expected
Curves : _ Expecte
from
o The CMB luminous disk
o

10 R(kpc)

M33 Rotation Curve

Vera Rubin & Kent Ford in 1960s
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Dark Matter

How we know it exists:
o Galaxy Clusters

@ Galactic Rotation
Curves

e The CMB

= =) E E El= Hae
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WIMP Dark Matter

Characteristics:

e Cold (non-relativistic
at the onset of galaxy
formation)

@ Non-baryonic

o Neutral & weakly
interacting

@ Stable due to a
discrete symmetry

2HDM 3HDM
0000000000000 00000 0000000000000
Atoms
Dark
4.6% Energy
71.4%
Dark
Matter
24%

DM DM — SM SM, DM 4 SM, ...
—_————

pair annihilation stable
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=} = = E =
Scalar extensions 07.03.18  14/58

Summary

o



Increasing <o,v>

100 L !
1 10 100 1000

x=m/T (time )

Observed relic density: Qpph?® = 0.1199 + 0.0027
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BSMs to the rescue!
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V(@)="19"0+"iA(9'9)

T
Groundstate at |¢0|=,}% =0
: L/ l=olo=\oo 49"
2 A
< » AEF > <= «E» E[= DAX
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SM + singlet scalar extensions

& S

real singlet
complex singlet

more than one singlets
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Introduction SM+S

2HDM
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SM + inert real singlet DM, €PV

3HDM Summary
0000000000000 o

DM protected by a Z, symmetry (+, —):

SM fields — SM fields, S — —§

Z> symmetric Lagrangian:

1 1
L=Lsy+ 5(85)2 + 5,&352 — )\554 - )\hsq)252

Z; symmetry respected by the vacuum (v, 0):
G+
¢ = vh+h+iG? | S= (
V2

Scalar extensions
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Higgs-portal interactions:

1 1
V= =St + And* = SpiS? 4 AsS* + Ans?S?

-
SM sector +25 DM sector

pM_ DM
DM\ SM N Y 7 /DM
N ,
>_hiM | RSM BM_ ¢
e | N
DM, SM /\
N N
(ov)

\DM
ODpM-N

Tith

governed by the same coupling
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What constrains the parameter space?

Bounded from below potential: h,s 00 = V >0
e Vacuum stability: E,,, < E,, or 7,,, > age of the universe

@ Perturbative unitarity: |[\;| <4n, |Aj] <8x

o Higgs decays: BR(h — inv.) <20% = Aps small
@ Relic density: M\ large
@ Direct and indirect detection: A small
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SM+RS: scalar DM is in trouble

Relic density + direct detection constraints:

0

SI[pb)

UX
XENON100
XENONIT H

2t

-4

log,o(os1[pbl)

14 . . .
10° 10

mg(GeV)

+ Higgs decays + SM vacuum stability + purturbativity constraints:

1.1 TeV < mppy < 2.0 TeV

[JHEP 12, 044 (2015)]
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Z5 broken by the vacuum:

Gt Vs +S
d’ = v iGO ) S = ( 2 )
(2] 5= (5
h\ ([ cosf sind Hy
s )]\ —sinf cosd Hy

tan 260 = )\hsvhvs/()\hvﬁ - )\sVsz)

no DM candidate
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What else constrains the parameter space?

0.2¢
100

0.0
150 200 250 300
mpy,[GeV]
Excluded by direct searches, precision tests,
potential stability.
[JHEP 05, 057 (2015)]

mpy,[GeV]

400 500 600 700 800 900 1000

Venus Keus (Helsinki)
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SM + complex singlet DM, €PV

S = (vs +5s+ix)/V2 — Zy-symmetry broken, CP conserves DM

10! . .
. Unitarity
h cosf sinf h
= . 0
s —sinf cosf ho 10
Z 10|
>
X~ _ - X
~
1072
hi, hy |
| sinf = 0.1
myp, = 300 GeV
1073 -
I I 10! 102 103 104

my [GeV]

[Phys.Rev.Lett.119 (2017)]
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Further singlet extensions DM, CPV

SM+ 2 singlet scalars:
51 — —51, 52 — —52, SM fields — SM fields

@ DM: the lightest particle from the dark sector si, s,

@ Introducing coannihilation channels: s;s, =+ h — SM

@ CPV in the dark sector s1, x1, 52, x2 —

[Phys.Rev.D. 83 (2011)]
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2 Higgs doublet model (2HDM)

¢1, ¢2

CPC-2HDM
CPV-2HDM
IDM
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The CP-conserving 2HDM (EPV, BM)

The general scalar potential:

V= i) - i(ohoa) — (6l0a) + he
b 28100 + 2 2a(8502) + 2a(8]61)(8h62) + Aa(6}02)(8Lon)
+ [ 3s(6l6? + xstolen)(oloa) + Mehen)(oloa) + e
Dangerous FCNCs appear
Ly = yjbijor + yivivido

Zy symmetry (¢1 — +¢1, ¢ = —2) = A = A7 =0
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The CP-conserving 2HDM

Zy symmetry: ¢1 — ¢1, ¢o — — o

—Ly = Y, Qioadlug + YgQ|dpgdp + Yel| peek + h.c.

Summary

¢1 | ¢2 | up | dp | eg | Qu, Lt $d Su &
Type-l || + | — | = | — | — + cotf | cotf | cotf
Typell || + | — | — | + | + + —tanf | cot | —tanf
Type-X || + | — | — | — | + + cotf | cotf | —tanf
TypeY | + | — | = | + | — + —tan( | cot3 | cotf
tan 8 = (¢2)/(¢1)
Venus Keus (Helsinki) Scalar extensions 07.03.18  29/58
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The CP-conserving 2HDM

The doublets compositions:

éF ¢3
$1=| v+rtiad |, d2=| v4mtial
V2 V2

Mass eigenstates:

)=(%2)(4)
()= 2)(3F) (F)-(52)(%)
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Electroweak precision observables:

Flavour observables:

-
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Summary of flavour constraints

tan
UL |
bl
tan B

1

100 200 300 400 500 600 700 800 100 200 300 400 500 600 700
m,. (GeV) m,. (GeV)

Exluded by BR(B — Xs7), B® — BY mixing, Ds — 71, Ds — 1y,

[Phys.Rev. D81 (2010)]

o = = = == ¢
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Introduction SM+S 2HDM

3HDM
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LEP and LHC constraints
LEP bounds:
my+ + My.a > mMy+, my 4+ ma > mz, 2my+ > mz

my+ 270 — 90 GeV
if My < 80 GeV and My < 100 GeV = My — My < 8 GeV

LHC bounds for long lived ms, < mp,/2:

T h—)SiS‘
2.0, /) <0.23-0.36

BR(hHan)7FEM+Z,F(h%S,-Sj) .

LHC bound on the total decay signal strength:

BR(h — XX) reM(h)

_ _ tot
Mot =

= . =1174017 at
BR(hsm — XX) T34 (h) + Tnert(h) 017 at3o

tot
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33/58

Summary



Introduction SM+S 2HDM 3HDM
000000000000000 000000000 000000080000000000 0000000000000

Even more LHC constraints

LHC bound on h — ~7 signal strength:

B F(h N ,Yﬁ/)QHDM r(h)SM

_ +0.20
Fr = T (h = 57)SMT (1) 20N — 1.16751s
Modified by
e charged scalars contribution to ['(h — ~~)?HPM
e light neutral scalars contribution to I'(h)2HPM

Venus Keus (Helsinki) Scalar extensions 07.03.18
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Exotic decay channels in 2HDM

Channels Possible final states
H — AA, hh (bb/TT/WW |ZZ |~v7)
H— AZ,A— HZ, hZ | (bb/TT/WW /ZZvv)(¢l/qq/vv)
H— HTH™ (tb/Tv/cs)
H/A — HEWT (tb/Tv/cs) (bv/qq’)
HT — hW= HW* AWT | (bb/T7/WW /ZZ]vv) (bv/qq’)

[JHEP 09 (2016) 093]
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2HDM with CP-violation (BM)

The scalar potential with softly broken Z, symmetry:

1 1
Vo= —E(0]6n) — ua(#502) — 153(6162) + SMa(0]61) + S Aa(@h2)?
£ Xa(6100)(8h62) + Ma(0[e2)(6h0n) + 5 As(0]62)? + e

The only source of CPV-violation:

2
Imu% = %Im)\5 sin 5 cos 3

The doublets composition with

¢f d3
P1=| wtntidd |, P2= | wrhd+iad
V2 V2
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The Higgs basis and mass eigenstates

Rotating the doublets to the "Higgs Baiss":

$1 _ cosf sinf d1
b |~ \ —sinB cosp o

Now diagonalising the 3 x 3 neutral mass matrix

o 1 010 013 h
¢g = —012 1 023 ho
3 —013 —f3 1 hs

The CPV angles, 013 and 653, are constrained by EDM data.
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. . . . . - 020 . . . . . -
mhy,3=200,250 mhy,3=200,250
mhy,5=200,300 mh;,5=200,300

015 mhy3=200,700 - 015} mh,3=200,700
mh;3=500,600 mhy, 3=500,600

©® ™

2 0.10 {1 2ol -

0.05 1 0.05+ B
0.00 n n n s s A 0.00H, T T n L L |
00 05 10 15 20 25 30 00 05 10 15 20 25 30

[arXiv:1712.09613]

cotB (612=623=0.1) Type-1,Y

cotf (612=623=0.1) Type-II.X
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[JHEP 1604 (2016) 048]
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2HDM with DM: the Inert Doublet Model (€PV)

Scalar potential with an exact Z, symmetry:

Zz : ¢1 — qbl, @2 — *gbg, SM fields — SM fields

1 1
Vo= —(0161) — m3(8ho) + S M(6101)” + S ha(0he2)?
1
+ Aa(0101)(0h2) + Aa(@]62)(9) + S As(9]62)°
The vacuum respects the Z, symmetry:

(¢1) = v, (¢2) =0

DM is the lightest neutral particle from the inert doublet: H, A
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In the low mass region, mpy < mz:

S, fos f
Semmmme- ¥
s Py f’
In the medium /heavy mass region, mpy 2 mz:

s, Vv s A%
5 v s v

S\ v’ S—----'fwwwv

¥ s E + crossed
5 e g A e
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IDM with all constraint taken into account

L~ Ma=M,:=120 GeV
0.10 Sa ~ il
0.98
0.05
o 0.94
2 000
005 -0.90
_010 +0.86
65 70 75 80
My[GeV] My[GeV]
0af on=6,:=1 GeV R,
0.2} 1.004
- 1.002
2 00 Planck excluded
K
1
-02 -0.998
o4 -0.996
550 600 650 700 750 800 850
My[GeV]
[JHEP 09, 055 (2013)] o>
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3-Higgs doublet models
I(142)HDM
(0,v,v)

I(2+1)HDM
(0,0,v)

n}
o}
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The scalar potential with explicit CPV

Vauom = Wo+ Vz
3

% = Y [—u%(qs?qb,-) n A,-,-<¢,T¢,-)2]

1

3
+ Z [)\ij(¢:'r¢i)(¢}r¢j) + )\ﬁj(@(ﬁj)((b}@)]

Vz, = —15,(9]62) + M(d102)? + No(dhe3)? + Na(¢561)? + h.c.

The Z, symmetry

¢1— =91, P2 — —o,
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The CP-mixed mass eigenstates

The doublet compositions

Hy HY Gt
dr=| Hring |, d2=| mtig |, d3=| vantic®
V2 NG V2

The mass eigenstates

S, = aHY+aHY—AQ+AS S, = —HY—HY—aAQ+aAS
V2a242 ’ V2a2+2
S5 = BH)—BHY+AY+AS Sy = —HY+HY+BAS+BAS
?

3

2 Ve
+ + Fif1o/2 +
1= N2 Hy + H), Szi:%("/;_"'ﬁ)

51 is assumed to be the DM candidate

Si eFif12/2

—~~
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Scenario A: ms, < ms,, ms,, ms,, Mgk, Mg
Scenario B: ms, ~ ms, < ms,, ms,, M, Mgt
Scenario C: ms, ~ ms, ~ ms, ~ ms, < Mgz, Mt

85181 h

— A1

— B1
mg, [GeV] 4

[JHEP 1612 (2016) 014]




Cancellation between diagrams leas to an asymmetric plot:

S A% S v,v*
wedl
s v, v* S v, ve
g5, h
0.3




With CP-violation one can cover the entire plot:
85181 h

— CPC

— B2
— B3

oo Ms, [GeV]

[JHEP 1612 (2016) 014]

B4

— Other
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Heavy DM mass region

Scenario G: ms, ~ ms, ~ mgs K ms, ~ ms, ~ M

Scenario H: ms, ~ Ms; ~ Ms, ~ Mg, ~ M+ ~ Mg+
1 2

8s:s
06

=

04

02 — H1

— G1

[JHEP 1612 (2016) 014]
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85,81 h

02F

— case C1
01F

oofEEEEEEEE: e e S Himin®(0)=0.66

—h\
o4l Br(h-inv)=0.20
-02
%5 50 5 60 my, [GeV]

[JHEP 1612 (2016) 014]
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Monojet and dijet channels in the heavy mass region:

Monojet
9 [pb]
1.x1078
— case G
8.x107
— case H
6.x1077
4.x1077 @ the IDM
2.x107 T,

450 500 550 600 650 700 750 800

'VBF: neutral channels

apb]
2.x107
1.5%107 — case G
1.x107 — caseH
5.x10°8

My [GeV]
450 500 550 600 650 700 750 800

[JHEP 1511 (2015) 003]

My, [GeV]

VBF: charged channels

I [pb]
4.x107
3.x1077 — case G
2.x10°7 — case H

1.x107 \

450 500 550 600 650 700 750 800

My, [GeV]
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Inert cascade decays at the LHC

Large mass splitting present in 2HDM:

v
FAVAVAVAVY
+ -
S, P 524,3.4
S2,3.4 et T

"""" S 1
1

wt Si_.
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ET .+ ff at the LHC

Summary
0000000000080 o

@ Tree level process: qg — Z* — H1A1p = HiHi Z* — HyHy FF
@ ook process: gg — h — HiH, — HiHiv* — HyHi fF
e VBF process: q;qj — HiH» — HiHiv* — HiHy FF

1072 [EERiiimass
- EEmEEEE Q
| -5
i EREEN —~ 10
g 10°° WO:QCM o tree—level 8 10000000000 o tree-level
N 109 « goF S o8 * « ggF
VBF ' VBF
EEmg * . ....-lllII- N
10”
40 50 60 70 80 40 50 60 70 80 90
mpw(GeV) mpm(GeV)

ms, — mpy ~ 50 GeV, ms, — mpy ~ 5 GeV

[arXiv:1712.09598]

=] (=) = =
07.03.18 56/58

= DA

Venus Keus (Helsinki) Scalar extensions



Z77 and ZWW vertices with non-identical scalars in the loop

Zy
D2, & I/g—a
25
H; Y §
q—|—kl_,/| 3 H]‘ So.
7 o gty - 3
1 6k/,’m2 | H A er *"I'Til [ . a
W\/\ﬁ\\m M3 ey - 2 WG H
D1 o ;]\1\ ! P, i o q+ks
p375 % p37ﬁ
Z3 +
[JHEP 1605 (2016) 025]
«O> «Fr «=Zr «E» Elm= DA




Introduction SM+S 2HDM 3HDM
000000000000000 000000000 000000000000000000 0000000000000

Summary

Scalar extensions with or without a Z> symmetry:
@ SM + scalar singlet(s)
o ¢sm, S = DM, RV
o o¢su, S1, S» = DM, €RV
@ 2HDM: SM + scalar doublet
o Type-l, Type-ll, ...: ¢1, ¢ = CPV, DM
o IDM - I(1+1)HDM: ¢1, ¢, = DM, €PV
@ 3HDM: SM + 2 scalar doublets
o Weinberg model: ¢1, ¢2, ¢35 = CPV, BM
o I(1+2)HDM: ¢1, ¢, ¢35 = DM, CPV
o I(2+1)HDM: ¢1, é», ¢35 = CPV, DM

Venus Keus (Helsinki) Scalar extensions 07.03.18
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Detailed summary

@ Both DM and CPV from scalar sector — beyond one singlet/doublet
e CP-Violation in

o IDM-like inert sector: CPC DM

e CPV in the active sector: :‘:Il7 /:/2, I:I3

e EWBG possible

e CP-Violation in
o SM-like active sector: Hz = h°M
o CPV in the inert sector: Hiz,A12 — S1234 CPV DM
e EWBG possible
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Direct and indirect detection bounds in the low mass region
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Direct detection bounds in the heavy mass region
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SM + real singlet scalar
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