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Introduction 3HDM
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Standard Model and beyond

CPV DM
00000000

At the LHC:
o Higgs looks SM-like
@ No signs of new physics

What is missing:

o Explanation for the fermion
mass hierarchy

e EW vacuum stability

e Sufficient amount of CP
violation

@ Suitable candidate(s) for Dark
Matter

[JHEP 08 (2016) 045]
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Scalars to the rescue!

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
e 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
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3-Higgs doublet models

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

I(2+1)HDM
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The scalar potential with explicit CPV (DM, CPV)

Vaupom = Wo+ Vz
3

% = Y [—u%(qs?qb,-) n A,-,w,%)?]

1

3
+ 3 [ra(6lan(6]en) + Xj(0la(6on)
iJ
Vz, = —15a(662) + M(6]d2)? + Na(6563) + As(6fe1)? + h.c.
The Z, symmetry

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

The doublet compositions

Hy Hy G+
¢1=| Ho+ir0 |, d2=| Hofin |, $3= | virtic®
V2 V2 V2

The mass eigenstates
2 2 2 1 2 2 2 2 1 2
Mot = —p1y — flip + A3V,  Mgx = —py + pis + 5 Azzv
1 2 2 2

2 2
v _ v
m.zsl‘z = *Mg + 7(/\33 +A3) FAT, m%m = *Mg + 7(/\33 + Aaz) FAT

AT = \/(/sz)2 + V422 F 2v2pio| Ao | cos Ocpy
51 is assumed to be the DM candidate

[JHEP 1612 (2016) 014]
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Constraints

Bounded from below potential: ¢, - 00 = V >0

@ Vacuum stability: E,,, < E,, or 7, > age of the universe

Perturbative unitarity: |[\;| <4m, |A;] <8x

Electroweak precision observables: S, T, Uparameters

@ Relic density: Qpy h?> = 0.1197 + 0.0022

Direct and indirect detection: opyn < 107 pb

(ov) $1072" cm3/s
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Constraints

@ Flavour observables: BR(B — X;v), B°— B°mixing

Ds — tv., Ds— pv,, B — Dtv,

LEP bounds: my+ + mya > my+, my+ma>mz, 2mys > myz
my+ 2 70 — 90 GeV
if My <80 GeV and My < 100 GeV = My — My < 8 GeV
@ LHC bound on the total decay signal strength:

_ BR(h—=XX) __
Mtot = m =1.17+£0.17

. ) _ 40.20
@ h — 7 signal strength: 1., = 1.16" 515

@ Higgs invisible decays: BR(h — S;S;) < 0.23 —0.36
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Setting Higgs portal couplings to zero
o annihilation processes:
$151 =W, S5 = W* S V' 515 — VIVE — A

@ co-annihilation processes:

$1534 = Z* = FF, S5, - W — fff

@ (co)annihilation of other dark states:

5,'5,' — VV, 5;5,' — VW* = fo/,
SiSi— V*VE 5 fF'ff', 55— V* — ff'
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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
e 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
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The CP-mixed mass eigenstates

The doublet compositions

H Hy G+
1= | Ho+in0 |, 2= | Ho£ind |, @3 = vinticO
V2 V2 V2

The mass eigenstates

S — aH+aHY—AD+AS S, — —H?—HY —aAY+aAd
1= V2oit2 0 2T V20252
Sy = BH?—BHI+A+AS Sy = —H)+HY+BAY+BAT

V28242 ’ /28242
S:I: — H2i+H1i 5:|: — Hét_Hft

1 V2 2 V2
51 is assumed to be the DM candidate

[JHEP 1612 (2016) 014]
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— ReF4-BPA
— ImF4-BP A

— ReF4-BPB
— ImF4-BPB
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A; and A, asymmetries in ff — ZZ

Assuming the momenta and helicities of ZZ are known:

AZZ — 907 00— pzz _ 004 700

2
040+ 00~ oo+ + 00

0y x: unpolarized-beam cross sections for ZZ production with helicities A
and X
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e CMS4 I

= CMS2 2v b

L o ATLAS 4 (x1.016)

O ATLAS 4 +2 2v (x1.016)
MATRIX NNLO (qq+qg+gg)
NNPDF3.0, fixed p = u = m,
MCFM NLO+gg
NNPDF3.0, fixed BEu =

15—

10

[Eur.Phys.J. C78 (2018) 165
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