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1. 2HDM and its symmetries

Two-Higgs-Doublet Model (2HDM) is a useful laboratory festing physics beyond the Stan-
dard Model. It opens a window to many interesting effectse ICP nonconservation, lepton-
number nonconservation, existence of the charged anduganieutral Higgs bosons, and it offers
a candidate for a dark matter. Some of these effects can batily in conflict with observation
like FCNC, and should be kept small by some ad hoc assumgtipns

The 2HDM Lagrangian posses explicit gauge SUXR)(1)y symmetry and allows for spon-
taneous violation of this symmetry (BEH mechanism). Intrcidg two SU(2) doublets of scalar
fields ¢ » with identical weak hyperchargé = +1 the most general Higgs potential which can
be constructed contains 14 different terms, quadratic amdltig in doublets fields, with 14 real
coefficients. The generic form of the potential retains urashy global linear transformations U(2)
between two doublets (change of base in the space of the Hagsngiand_y leaving invari-
ant canonical kinetic energy terms) with an appriopriatduced transformation of the parameters
(reparametrization transformation) [1, 2, 3, 4]. Such deaof basis and the corresponding change
of coordinates (ie. parameters) in space ofilthecan not change the physical content of the model,
in particular physical observables. This is called repataization-invariance (or freedom) of the
2HDM. Various attempts to build a basis-invariant or a repagtrization-invariant formulation for
the 2HDM (NHDM) have appeared recently in the literatured3,The global transformation U(2)
= SU(2) x U(1) consists of the subgroup SU(2), parameterigethree parameters, and a phase
of U(1), which is not relevant for change of basis from thendfmint of theLy (containing only
bilinear combinations), however it causes a change in theura expectation values.

Keeping in mind reparametrization freedom a question sufigsv to establish what kind of a
global explicit symmetry is present in the Higgs Lagrangisdf [5]. If after a specific transfor-
mation of scalar doublets in thg — @ basis by somé&— unitary matrix (to keep gauge-kinetic
term invariant) the coefficients in front of all terms ip ldo not change one can conclude that
Ly posses an explicit symmetry. However, the presence of therstry in Ly may be obscure
in other basis [5]. In practice this means, that going to ohbasis we indeed observe an explicit
symmetry however not under S but under other unitary mafiixelated to S. Of course, Sand S’
should lead to the same physical predictions.

As discussed in [5] analysis of the quartic term is sufficiengéstablish that possible simple
symmetries of the 2HDM arexdransformations, changing some fields to their negativeBeocei-
Quinn types. (Simple symmetry means here, that in a fixedslmagy one explicit symmetry is
assumed.) Note however, that symmetry undetransformation (egg — @, @ — —@) in the
¢ — @ basis may look as a symmetry under permutation transfoomati — ¢, in the ¢ — ¢
basis given by ,, = (@1 = ®)/V2[5].

If the Yukawa interaction is included in the 2HDM Lagrangitre most general case cor-
responds to the Model Ill, where both doublets are involvethe generations of masses of all
fermions. Other typical models like Model | and Model Il araskd on idea of natural flavour
conservation [1], where an explicit symmetry under Zadgransformation of the scalar fields and
also of the right-handed quark fields is assumed. This wagesasf quarks with a definite charge
are generated by only one scalar doublet. In the Model | ongyaoublet is involved in the mass
generation of all fermions, like in the SM, on the other hand vev’'s appear here, in contrast to
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SM. Also couplings to bosons and fermions, even for neutrgdislbosons, may differ significantly
from the corresponding SM ones. In the Model Il one double¢gimasses to the up-type quarks
and other doublet to the down-type quarks and charged Igpton

It is a tight relation between symmetry under #yransformation and CP conservation in the
multi-Higgs doublet models. [, is explicitly conserved in the Lagrangian of 2HDM, then CP is
conserved in the 2HDM [1]. 1, is softly violated by the quadratic terms in thg, then CP can
be violated both explicitly or spontaneously Finally, fonadZ, violation by quartic terms ihy
new phenomena, like FCNC and CP violation without CP mixirayrappear [6] at the tree level.

Model with two scalar SU(2)doublets with an exad, symmetry, which is conserved both
explicitly and spontaneously, is called the Inert Doubledddl (IDM) or Dark Doublet Model
[7, 8]. Here one assumes that the SY(@publetg, and all known SM fundamental fields afe-
even, while the doublef, is Z,-0dd. Therefore the vacuum expectation of haehas to be equal
to zero.

The first doublet in IDM plays a role identical to the scalaulet in the SM, being respon-
sible for a generation of masses of gauge bosons and fermitere the only Higgs particle is a
SM-like Higgs bosorh, with tree-level couplings to gauge bosons and fermionslequthe cor-
responding couplings for the SM-Higgs boson. The seconldrsdaublet has nothing to do with
mass generation, nor it has direct couplings to fermiong £/8) - it is "inert" from this point of
view. Physical particles are scaldisA, H™,H~ with Z,-odd quantum number. Since Zymme-
try is strictly conserved in the model, these particles @ptoduced and annihilated only in pairs.
Therefore the lightest dark scalar is stable being a catelida dark matter particle.

The phenomenology of the Inert Dark Model is very distinanirall other 2HDM versions,
although formally it is similar to the Model | and in some asisat is very close to the SM. Some
of the constraints can be derived from the Model Il analysidqgzmed at LEP. Constraints on this
model may also come from the astrophysical data.

2. The2HDM with an explicit Z, symmetry - different vacua
The 2HDM potential with expliciZ, symmetry is given by:

Varsom = $320(0 @)% + $Aa(@ @) + Aol @ @0) (@ @2) + Aa( Al @) (@ @) + § | As(@ @2)? + e
_%{mfl(‘l’;r‘l’l) + m%z(‘P;r‘PZ)}’ A1-4, n€1,22 €eR

Note, that V is invariant undef, transformation(¢n — @, @ — —@), and simultaneously under
Z,: ¢ — —¢, @ — . Since CP is conserved we can Aixto be real.
One can anticipate the most general vev's in the form

0 u
(@) = (%w)’ (@) = (%\@)’

with va, Vo, u real,v2 = V2 + V3 = (246 GeV)2, v > 0 . Z is spontaneously broken g or u # 0.
(Here Z; is broken spontaneously by construction.) Note, that O corresponds ta charged
vacuum, with a heavy photon, charge nonconservation, etc. [9, [LOEdtremum conditions can
be derived from vanishing of the first derivatives of V. Inigating these conditions one sees why
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a solution obtained for zero vacuum expectation vajuean not be a limiting case of the solutions
with v, # 0. Consider for example a following condition (fox0):

[A2V3 4 (A3 + Ag+ As)V2 — B, vo = 0,

from which the equation for paramenaeﬁ2 arises only fow, # 0 case. On general there are three
types of solutions: two corresponding to thhe- 0, v1,V> # 0 (Normal extremum)y; = 0,v, =0
(Inert Model extremum) and one with+£ 0,v1 # 0,v, = 0 (Charge Breaking extremum).

Positivity (vacuum stability) constraints arkj > 0,A2 > 0,A3 > —v/A1A2, Az+As+£|As| >
—+/A1A5. To get local minimum all eigenvalues of the squared massixnétecond derivatives,
corresponding to the squared masses of physical scalaclgsytshould be positive (minimum
constraint). All these conditions define regions of paramsein which local minimum of a certain
type can be realized. Phase diagram inAXhe- A5 space is very useful in such analysis, see [11].
Note that, for Normal extremumZ,, mg, > 0, while for the IDM onlym?, has to be positive.

3. Thelnert Doublet Model

As we already mentioned, in the Inert Doublet Model Hyesymmetry is conserved both
explicitly and spontaneously. The vacuum expectationeshre:< ¢ >=vand< @ >=0 and
Zy-parity is odd forg, while Z,-parity is even forg, and for all SM fields [7, 8].

The Higgs doublet and the Higgs boson h Only doubletg, is a standard Higgs doublet and
contains one physical Higgs bosbmvith the tree-level couplings to gauge bosons and fermisns a
in SM. Its mass is equal to

M2 = 2, — A2,

TheDark doublet and Dark scalars The Dark doubletp, contains four physical spin-@,-odd
particlesH*,H, A, called Dark scalars (collectively denoted by D). Their sessare given by

M2, — m%g )\3\/2 MZ = m%g )\3+)\4+)\5v2, M2 = m§2 )\3+)\4_)\5v2.
2 2 2
Note, that the paramet@p appears onIy in the self-interaction. More preC|ser aligic couplings
which involve solely Dark scalars are proportionalto Both quartic and cubic couplings between
Higgs bosonh and Dark scalars D, are proportional Mg -+ m§2/2. Those involvingH* are
proportional taAs solely. Dark scalars do couple to W/Z, but there are no cagplviolatingZ, of
types:WTW~H, WTW~A. Relevant for searches are following trilinear verticesmlning gauge
bosonsH*WTH, H*WTA, AZH.

4. Constraintson Inert Doublet M odél

It is important to realize how one can discriminate betweanous versions of the explic-
itly Z,-symmetric 2HDM and how existing limits can be used to caistiDM. Note, that in all
considered versions of 2HDM there are two charged and tteetal physical scalar (spin-0) par-
ticles. Since CP is conserved here, neutral scalars havetdegiP-parity f,H are CP-even, while
A'is CP-odd). In phenomenological analysis one can use massesi, A, H*, and additional
parameters, eg. for IDM3, andA,.
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Figure 1: Upper limits on couplinggZ, and mass exclusion plot for h(H)-A from LEP [12].

Using LEP constraints on 2HDM (11) for Inert Doublet Model The LEP data exist for CP
conserving 2HDM (Model II) with an explicit (but spontaneby broken)Z, symmetry. It can
be parametrized by masses amdmixing angle in the CP-even Higgs sector), fan- v, /v;.

Couplings (relative to the SM) dfto VV (V=W/Z), down quarks/leptons and to up quarks are:

Xv=sin(B—a), xa=xv—1/1—x3tanB, xu=xv+1/1— xZ/tanp.

Consider a case whdnis the lightest Higgs boson and has coupling to gauge bosoimstae SM
(xv = 1). Then all its couplings to fermions are as in SM and theesponding contraints for the
SM-Higgs boson hold foh. These constraints can be applied fidirom IDM, provided no new
channels related to the D scalars are open. In such scendviodel I, H has vanishing coupling
HVV, like H in IDM. Of course, in Model Il Yukawa couplings of H are nonadin contrast to
H from IDM) and may differ strongly from the SM ones (t8renhancement or suppression). In
Model Il with SM-like h there is no couplingV—H™h, whileW~H'H exists as in the IDM case.
Similarly, in this scenari@hA is zero, whileZHA exists as in IDM. FinallyAWW W, AZZ as well
asH™W~y, HTW~Z are forbidden in 2HDM, and similarly there are absent in IDM.

It is important to stress that the lightest Higgs boson in Bldtdcould beH - noth. There
exists a upper limit for from the analysis of Bjorken proceZZh(H), see Fig. 1 (left). Since
pair production involvingZAh(H) is proportional to(1— xZ), by combining results from both
measurements mass exclusion can be derived (Fig. 1 (rig@djh these limits maybe relevant for
IDM, as well as the model-independent lower limit from LEP 6" around 80 GeV.

In paper [7] colliders signal and constraints for IDM in theseM;; > Ma > My, with stable
H, were considered. The constraints from the direct measmtnof the neutral sector at LEP
Il were summarized foMy = 105— 110 GeV in a following form:My + Ma > Mz, A(AJH) =
Ma — My = 5—30 GeV. Recently a dedicated EW precision test for IDM has lggformed [8]
for My = 400— 600 GeV with the resulttMy+ —Ma)(Mp+ — My) = M2, M = 120'20GeV.

The absence of a signal within searches for supersymmaedtitraiinos at LEP 1l was used
recently to constrain the IDM [13]. This analysis excludeMifor My < 80 GeV, Mp <100 GeV
andA(A,H)> 8 GeV.
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Testing Inert Doublet Modd at colliders Deviation from the SM decay rates fomay appear in
the IDM due to additional decay channels, for relativeltifark scalars. Significant modification
of the branching ratios fdn with mass 100-150 GeV may appear, dudtdecay to Dark scalars
HH with mass around 50 GeV. The total widthlofs predicted to be enhanced up to factor 3 for
mass ofH* equal 170 GeV an(hg2 = —20 GeV [7]. This effect may be observed at the LHC, as
well as at the plannee™e™ ILC or PLC during a SM-Higgs searches. LHC discovery potgritr

the Dark scalars was studied as well; as the best proceggtpeoduction was found [7].

Dark matter from Inert Doublet Model A direct annihilation of HH intoyyandZy, for mass
of DM candidate between 40-80 GeV, was studied in [14]. SubhlDe signal can be search
for with FERMI (GLAST) satelite.My between 40-80 GeV, mass Hft =170 GeV,Ma =50 -70
GeV,M,=500 GeV (and also fam,=120 GeV) were considered. Other DM study within IDM was
performed in [15], foMy, =120 GeV and larg®ly+, close toMp = 400 - 550 GeV.

5. Summary

There is a basic question -2 symmetry accidental or real? If it is real and respectedtéxac
then the Inert Doublet Model arises naturally. It is a simpdéd phenomenologically very rich
model, with SM-like Higgsh, Dark particledD = H*, A, H and a good candidate for dark matter.

| am grateful to D. Sokotowska, K. Kanishev and |. Ginzburgdollaboration on this topic.
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