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Higgs particle discovered

e 2012 — a Higgs boson discovered at the LHC

ATLAS: M;, = 125.36 GeV
CMS: My, = 125.03 GeV

o very SM-like
e yet we do expect some New Physics to exist
e Dark Matter
e neutrino masses
e baryon asymmetry and baryogenesis
e extra source of CP violation

vacuum stability
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Dark Matter (DM)

around 25 % of the Universe is:
e cold
@ non-baryonic
e neutral

e very weakly interacting

= Weakly Interacting Massive Particle

e stable due to the discrete symmetry

DM DM — SM SM, DM /4 SM, ...

pair annihilation stable
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Simplest realisation: the SM with ®g5; + Z2-odd scalar S:

S — —S, SM fields — SM fields

1 1
L= Lsy+ 5(aS)2 - 5m%)Ms2 —ApmSt = Npar®%,, 52

Higgs-portal interaction:

-
SM sector 2% DM sector
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given by the same coupling
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The Inert Doublet Model
[(1+1)HDM

2HDM with 1 Inert and 1 Higgs doublet
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A 2HDM

A Two Higgs Doublet Model:
e two scalar SU(2)w doublets @1, @9 with the hypercharge Y = +1

e rich phenomenology: different types of vacua, hierarchy in Yukawa
couplings, CP violation in the scalar sector, baryogenesis, ...

e 2HDM with an exact Zs symmetry: the Inert Doublet Model
— SM-like Higgs boson
— a Dark Matter candidate
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Conclusions

The Inert Doublet Model
Scalar potential V invariant under a Z,-transformation:

Zy: 1> Py, Py — —Dy, SM fields — SM fields
—% [m%@{@l + m§2q>;q>2] + % [,\1 (<I>’{<1>1)2 + X (<1>;<1>2)2}

Aa (@]@1) (0f@2) + Aa (0]2) (@f01) + %/\5 {(¢I®2)2+(‘1’§¢’1)2}

+

e all parameters are real — no CP violation

e Yukawa interaction: , only ®; couples to fermions

The inert minimum:

e=5(0) w-5(5)
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The inert minimum

Inert extremum

00=(2). w-(2)

e ¥, — active as in SM (SM-like Higgs boson h)

®, “dark” or inert doublet with 4 dark scalars (H, A, HT), no
interaction with fermions

e cxact Zs-symmetry — both in Lagrangian and in the extremum
e only ®5 has odd Zs-parity
%
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Constraints

(1) Vacuum stability: scalar potential V' bounded from below
(2) Existence of the Inert vacuum: a global minimum of V'

(3) Perturbative unitarity: eigenvalues A; of the high-energy
scattering matrix fulfill the condition |A;| < 8w

(4) Higgs mass: M), = 125 GeV
(1) — (4) = m2, <910 GeV?, A\ = 0.258, A2 < 8.38, A3, Azq5 > —1.47,
(5) EWPT & LEP: bounds on masses of the scalars
My $10GeV, 40GeV < My < 150GeV, My 2 500 GeV
My+ 270 — 90 GeV

da=Mpg— My <8GeV = My + My > Mgy
excluded : My < 80 GeV, M4 < 100 GeV and §4 > 8 GeV
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Relic density constraints

(6) H as DM candidate: My < Ma, Mg+ with proper Qpysh?

0.1118 < Qparh? < 0.128

A345 ~ g gn and M;
o low DM mass My < 10 GeV, Agq5 ~ O(0.5)
o medium DM mass My = (40 — 160) GeV, A345 ~ O(0.05)

e high DM mass My 2 500 GeV, A345 ~ O(0.1)
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1(2+1)HDM

3HDM with 2 Inert and 1 Higgs doublet
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1(2+1)HDM
Zy-symmetry in 1(24+1)HDM:

01— —P1, P2 — —a, ¢z — P3, SM fields — SM fields

Zo-invariant potential:

3

Vo= D [l + ralslen?]

(3

3
+3 uslslen@len + X;(0lo5) @)

%)
+ (—yﬁz(aﬁ%z) + A1 (A1) + Ao (Bhh3)? + As(dhen)? + h.c.)

o all parameters real
e Yukawa interaction: "Model I”-type (only ¢3 couples to fermions)
o explicit Zs-symmetry
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Motivation I(14+1)HDM

DM in I(2+1)HDM

I1(2+1)HDM

Zo-invariant vacuum state:

HY J Hy
o1 =| mo+ia? |, do2=| m9fial |, ¢3=
V2 V2

e ¢3 — SM-like doublet with SM-like Higgs h
@ Z5-odd doublets ¢ and ¢o mix:

Hy = cosay HY + sin oy HY,

(similar for A; and H;)

Conclusions

G+
v+h+iGO°
V2

Hy = cosagHY — sinag HY

@ 4 neutral and 4 charged Zs-odd particles (double the IDM)

e H; — DM candidate, other dark particles heavier
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Mpn < Mp/2

e annihilation through Higgs into fermions; dominant channel for

e annihilation to gauge bosons; crucial for heavy masses

H, N N

N v N v N v N v

N BSM N

N ROXE ROTE

7/ v ., o,

o, Vv o, %

@ coannihilation; when particles have similar masses
H,y

\\ hs

>_ -
HZ//

Hy f i f
M N NI e
f A Ay 7 f H, Hy,” I
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DM Annihilation Scenarios

(A) no coannihilation effects:

Mpy, < My, 4, 4y, 0% 1E
(D) coannihilation with Hs, A; o:

My, = My, = My, =~ My, < MHli’H;
(G) coannihilation with Hy, Ay 5, Hi ):

My
(1) coannihilation with A, Hi:

~ Ma ~ H*
My, ~ Ma, =, Hf < My 4 s

L N Mg, = My, = Ma, = M+ gyt
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LHC vs Planck Mpy, < My /2
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Planck constraints: Mpy, > My, /2

Relic density constraints (PLANCK)
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Direct detection
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Case D: new region in agreement with LUX
with respect to Case A
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Heavy mass regime Mpys > My

e case H — like the I(1+1)DM: My, 2 525 GeV

e case G — new region: My, 2 360 GeV

~

9H, Hyh

0.61

0.4

0.2 — case G

866nH1[GeV] — case H
-0.2r
~0.4}

-0.61
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Direct detection
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Monojet channels
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LHC signals: dijet channels
Dijet channels pp — H{H; + 2 jets:

e Vector Boson Fusion ¢;q; — H1Hiqrq
e Higgs-Strahlung ¢;q; — V*HH;

VBE: charged channels

o [pb]
4.x1077}
3.x1077f — case G
2 x10-7[ — case H

1'X10_77 \

450 500 550 600 650 700 750 800

my, [GeV]
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Indirect searches

e I(1+1)HDM:
indirect detection signatures: internal bremsstrahlung in the
processes of HiH, — WTW =~ mediated by a charged scalar in
the t-channel.

e I(2+1)HDM
same signature generated through the exchange of any of the two
charged scalars H fQ.

The signal could even be stronger for scenario G with larger scalar
couplings.
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e I(1+1)DM

e a good DM model with rich phenomenology, however, very
constrained.

o 1(2+1)HDM

e viable DM candidate
o large dark sector

— In the light mass region: 46 GeV < mpy < 62 GeV

— In the heavy mass region: 360 GeV < mpy < 525 GeV
e Observable at the LHC
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e CP-Violation in [(2+1)HDMN

o SM-like active sector: Hs = h5M
o CPV in the inert sector: Hj 2, A1 2 — Si1234 CPV DM
o New observables at the LHC: 5;5;Z vertices

e CP-Violation in [(1+2)HDMN

o IDM-like inert sector: CPC DM
o CPV in the active sector: fll, ﬁg, H,
e Interesting LHC phenomenology
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Boltzmann equation:

dng 2

ﬁ :_3Hns_<o-€ffv>(n%_n6$’q )7 S:HlaH2aA17A23
where the thermally averaged effective (co)annihilation cross-section
contains all relevant scattering processes of any S;S; pair into SM

particles:

n?q ne-q
(Oefrv) = Z(Uijviﬂinzeq Tliq?
ij S s
where
eq
ni ~ ex (_M)
ng P T '

Therefore, only processes in which the mass splitting between a state
S; and the lightest Z3-odd particle S (H; in our case) are comparable
to the thermal bath temperature T provide a sizeable contribution to
this sum.

Venus Keus (Helsinki) NIDM UC Davis 25/01/2016 31/26



CPV in I(142)HDM
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The ratio of decay rates of H to those of the SM Higgs boson hgyt as a
function of AL.

Venus Keus (Helsinki) NIDM UC Davis 25/01/2016 32/26



CPV in I(142)HDM
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The ratio of decay rates of H to those of the SM Higgs boson hgyt as a
function of AL.
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