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In praise of the Standard Model

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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In criticism of the Standard Model

Summary

At the LHC:
@ Higgs looks SM-like Ry Tt
@ No signs of new physics uWi e EEMS
What is missing: - e
@ Explanation for the fermion ”Zzi =
mass hierarchy o —
o EW vacuum stability - i
e Sufficient amount of CP we =
violation ubbi e
e Suitable candidate(s) for Dark TSP TOTEG FYRTRTS NI

Matter

[JHEP 08 (2016) 045]

Parameter value
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SM + singlet scalar extensions

o) S

real singlet

complex singlet

extra singlets
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Introduction SM+S 2HDM 3HDM Summary
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SM + real singlet (DM, €RY)
DM protected by a Z, symmetry (+,—): SM —SM, S — —S

L= Low+ 505 + 54257 — AS* — 10257

Z> symmetric Lagrangian, respected by the vacuum

(). ()
- v,H—\h/—%—lG 3 - \/§

DJ[\ /DA\[
J 7 h
DJ[\ SM N /Df\/
N RsM | BSM WY_ ¢ 4
s N
DM, SM /\ DM
N N
(ov) PNV i,
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Introduction SM+S 2HDM 3HDM Summary
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SM + real singlet (DM, €RY)

@ Bounded from below potential: h,s 00 = V >0

@ Vacuum stability: E,., < E,, or 7, > age of the universe
@ Perturbative unitarity: |\;| < 4m, |A;] <87

@ Higgs decays: BR(h — inv.) <20% = Aps small

@ Relic density:  \ps large

°

Direct and indirect detection: \ps small

STigh]
LUX
XENON100
XENONIT

logo(as1pb])

[JHEP 12, 044 (2015)]
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SM + complex singlet (DM, €RV)

S=(vs+s+ix)

1.0 T T T 15
L XENON1T o
% — 1.
05
0.5
0.0 B
g s % 0.0
3 13
° - -05
K > 0.1
{ov) = (o)
-1.0
-1.0
Coherent
-15 v-scattering -15 my=500GeV
-20 - - -2.0
50 100 150 200 50 100 150 200
m, [GeV] my[GeV]

[Phys.Rev. D99 (2019) no.7, 075028]
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Introduction SM+S
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Further singlet extensions (DM, €PV)

2HDM 3HDM

00000000 000000000000

SM+ 2 singlet scalars:
51— =51, S — -5, SM fields — SM fields

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

@ Introducing coannihilation channels: s;so — h — SM

@ Mixing in the dark sector si, x1, 2, X2 —

Summary

does not result in CPV

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

b1, P2

CPC-2HDM
CPV-2HDM
IDM
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Introduction SM+S 2HDM 3HDM Summary
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The generic 2HDM

The general scalar potential:

V = —delen) - i(ohoa) — (6l0a) + he
b 28100 + 2 2a(8502) + 2a(8]61)(8h62) + Aa(6}02)(8Lon)
+ [ 3s(6l0? + xstolen)(oloa) + Mehen)(oloa) + e
Dangerous FCNCs appear
Ly = yjbijor + yivivida

22 symmetry (¢1 — +¢1, ()2 — *(/52) = )\6 = )\7 =0
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Introduction SM+S 2HDM 3HDM Summary
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The CP-conserving 2HDM (BM, €PV)

The doublets compositions:

¢ é3
¢1=<V1+h?+"c"?>7 ¢2:<V2+’73+"«93>’ tan = (¢2)/(61)
V2 V2

Mass eigenstates:
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More constraints

Electroweak precision observables:

S, T, Uparameters

Flavour observables:

BR(B — Xsv), B°— B°mixing
Ds - tv,, Ds— pv,, B — Drv,
LEP bounds:
my+ + My.a > My+, my + ma > mz, 2my+ > mgz
my+ > 70 — 90 GeV
if My < 80 GeV and Ms < 100 GeV = My — My < 8 GeV
LHC bound on the total decay signal strength:

BR(h — XX)

Mtot =
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Introduction SM+S 2HDM 3HDM Summary
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2HDM with CP-violation (CPV, BM)

The scalar potential with softly broken Z, symmetry:

Vo= —R(8161) -~ 1B(8L6) — 1B(8102) + 3 (6101) + 3ha(6}02)’
£ Xa(6}01)(8h6) + Ma(0[6a)(06h0n) + 2 As(8]62) + he.

The only source of CPV-violation:

2
Im,u% = %Im)\5 sin B cos 3

The CP mixed mass eigenstates in the Higgs basis:

h 1 612 013 9
hy | =1 =012 1 03 9
hs —013 —b63 1 3
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. . . . . - 020
mhy,3=200,250

mhy,5=200,300

0.15 mh;3=200,700 - 0.151
mh; 3=500,600

mhy,3=200,250
mhs,5=200,300
mhy,3=200,700

mhy 3=500,600

el ©
2 0.10 {1 gorop 1
0.05 1 0.05f 1
0.00} . : : . . 3 0.00}, o . . n : .
00 05 10 15 20 25 30 00 05 10 15 20 25 30

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

[JHEP 1809 (2018) 059]

cotf (612=623=0.1) Type-II.X



Introduction SM+S 2HDM 3HDM Summary
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The Inert Doublet Model (DM, €PV)

Scalar potential with an exact Z, symmetry:

Zz : gbl — qbl, @2 — *@2, SM fields — SM fields

1 1
Vo= —(0161) — m3(8ho) + S M(6101)” + S ha(0he2)?
1
+ Aa(0101)(0h2) + Aa(@]62)(9h1) + 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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Introduction SM+S

2HDM 3HDM
oo

Summary
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More constraints
Higgs invisible decays: BR(h — S;S;) < 0.23 — 0.36
h — ~~ signal strength: 1, = 1.167%9%
1o R, — /_/_EAE‘?H'*'EST) GeV A,
0.98
0.05
" 0.94
£ 000
_0.05 -0.80
-0.10 -0.86
50 52 5‘{ 56 58 60 65 70 75 80
My[GeV] My [ GeV]
[JHEP 09, 055 (2013)]
o < = = Z= 9ac
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3-Higgs doublet models

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

I(2+1)HDM
(0,0,v)
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Introduction SM+S 2HDM 3HDM Summary
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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]62)? + Na(6563) + As(6fe1)? + h.c.
The Z, symmetry

¢1— =91, P2 — —o,
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Introduction SM+S 2HDM 3HDM Summary
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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 = —p13 — 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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Introduction SM+S 2HDM 3HDM Summary
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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— VEVE 5 fF'ff', §;S; — V* — ff'
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Type 1 benchmarks: ms, ~ ms, ~ ms, ~ ms, < M ~ My

ni2 213 576 n 76 43 32 2 2m3 56 L 7r6 4m3 32

0.100 . 0100

=== Planck limit

& oot ms,=47 GeV
& — ms,=57 GeV
— ms,=67 GeV
0.001

ms,=77 GeV

107 10

20 25 3.0 35 4.0 45 20 25 30 35 40 45
Ocpv  (B1D4Cy) 6cev  (B1DsC1)
m2 2 sme n e ams 3w

0500 = Planck limit

T e S e
& 0050 — & o050 — ms,=57 GeV

— ms,=67 GeV

0,005 0.005 —— ms,=77 GeV

20 25 3.0 35 40 45 20 25 30 35 40 45
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B:D4C;: d12 =4 GeV, 0c.=1GeV, dic=50GeV,

Bngcl . (512 =38 GeV, BlD12C1 . 512 =12 GeV, B1D20C1 . (512 =20 GeV
o = = = = <
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Introduction SM+S 2HDM 3HDM
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Summary

Scalar extensions with or without a Z> symmetry:
@ SM + scalar singlet(s)
o ¢sy, S = DM, RV
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
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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

— E=150 GeV — E=150 GeV

\/ — E=500 GeV \/ — E=500 GeV
-5 — E=1500GeV — E=1500 GeV

00 05 10 5 20 25 30 00 05 10 5 20 25

6 (Generic Ay 6 (Generic Ay)

A(y*Imf?)
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=
2

30
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= 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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