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    Brout-Englert-Higgs mechanismBrout-Englert-Higgs mechanism
      Spontaneous breaking of  EW symmetry   Spontaneous breaking of  EW symmetry   
      SU(2) x U(1) → ?SU(2) x U(1) → ?

    Two Higgs Doublet ModelTwo Higgs Doublet Modelss
        Two doublets of  SU(2) (Y=1, Two doublets of  SU(2) (Y=1, =1)  -  =1)  -  Φ₁ , Φ₂Φ₁ , Φ₂
        Masses for WMasses for W, Z , no mass for photon?     , Z , no mass for photon?     
        Fermion masses via Yukawa interaction – Fermion masses via Yukawa interaction – 
                                                          various models: Model I, II, III, IV,X,Y,...various models: Model I, II, III, IV,X,Y,...

      
        
                                  
                                                                                                

5 scalars:  H+ and  H-  and  neutrals:5 scalars:  H+ and  H-  and  neutrals:
  - CP conservation: CP-even h, H & CP-odd A - CP conservation: CP-even h, H & CP-odd A 
  - CP violation: h- CP violation: h11,h,h22,h,h33 with undefinite CP parity* with undefinite CP parity*

Sum rules (relative couplings to SM Sum rules (relative couplings to SM )  )  

                                                              T.D. Lee 1973 T.D. Lee 1973 



  

2HDM's

Potential                           YukawaPotential                           Yukawa

VacuumVacuum

SYMMETRIES!!!



  

2HDM Potential   2HDM Potential   (Lee'73)(Lee'73)

    V = V = ½λ½λ11(Φ₁†Φ₁)²+½λ₂(Φ₂†Φ₂)²+λ₃(Φ₁†Φ₁)(Φ₂†Φ₂)(Φ₁†Φ₁)²+½λ₂(Φ₂†Φ₂)²+λ₃(Φ₁†Φ₁)(Φ₂†Φ₂)

            + λ₄(Φ₁†Φ₂)(Φ₂†Φ₁)+½ [λ₅(Φ₁†Φ₂)²+h.c]+ λ₄(Φ₁†Φ₂)(Φ₂†Φ₁)+½ [λ₅(Φ₁†Φ₂)²+h.c]

            + + [(λ₆(Φ₁†Φ₁)+λ₇(Φ₂†Φ₂))(Φ₁†Φ₂)+h.c][(λ₆(Φ₁†Φ₁)+λ₇(Φ₂†Φ₂))(Φ₁†Φ₂)+h.c]

            - ½m²₁₁(Φ₁†Φ₁)- ½m²₂₂(Φ₂†Φ₂)- ½[- ½m²₁₁(Φ₁†Φ₁)- ½m²₂₂(Φ₂†Φ₂)- ½[m²₁₂(Φ₁†Φ₂)+h.c.m²₁₂(Φ₁†Φ₂)+h.c.]]

    Z₂  symmetry transformation: Φ₁ Φ₁  Φ₂  - Φ₂→ →Z₂  symmetry transformation: Φ₁ Φ₁  Φ₂  - Φ₂→ →
                                                                                                                    (or vice versa)(or vice versa)
          Hard Z₂ symmetry violation: Hard Z₂ symmetry violation: λ₆, λ₇ termsλ₆, λ₇ terms
          Soft  Z₂ symmetry violation: Soft  Z₂ symmetry violation: m²₁₂m²₁₂ term       (Re  term       (Re m²₁₂=µ²m²₁₂=µ²))
          Explicit Z₂  symmetry in V:  Explicit Z₂  symmetry in V:  λ₆, λ₇, λ₆, λ₇, m²₁₂=0m²₁₂=0



  

Z2 symmetric potentialZ2 symmetric potential
Stable vacuum (positivity)Stable vacuum (positivity)

Neutral vacua 
Mixed (v1 and v2 ≠ 0)
Inert (v1 or v2 ≠ 0)
[Z2 exact, D parity (R-
type) → dark matter]

Charged breaking 
vacuum CB

Y = MY = MH+H+
22 2/v 2/v22| | InertInert



  

Phase diagrams Z2 sym. VPhase diagrams Z2 sym. V

Inert  I1 vacuum
for Mh=125 GeV 

coexistence 
of minima



  

Charged Higgs boson benchmarks in Charged Higgs boson benchmarks in 
nonsupersymmetric  2HDM –status reportnonsupersymmetric  2HDM –status report

   Potential and states (Potential and states (λλ1-5,1-5, if if m m1212
22  ≠≠ 0  CPV possible) 0  CPV possible)

        Various extrema (minima)  possibleVarious extrema (minima)  possible
                        Mixed (v1 Mixed (v1 andand v2  v2 ≠≠ 0)  tan 0)  tanββ=v2/v1=v2/v1
                        Inert   (v1 Inert   (v1 oror v2 = 0)  v2 = 0) 
        SM-like h with mass 125 GeVSM-like h with mass 125 GeV
        H+ masses in Mixed vacuum H+ masses in Mixed vacuum 
                                      (Z2 exact m(Z2 exact m1212

22=0)=0)

                                                  
                                                        Inert     Inert     
    Decoupling  for large mass parameter – very large  MH+ 

without conflict with pert. unitarity                             

(mainly CP conserving)



  

                         

Full scattering  matrix macierz 25x25 for scalars (including Goldstone's)

Block-diagonal 
form due  electric 
charge and  CP 
conservation

Unitarity constraints on parameters of  V  Unitarity constraints on parameters of  V  
                                             (Z                                             (Z22 symmetry) symmetry)

analysis by B. Gorczyca, MSc Thesis, July 2011

M1:  G+H-, G-H+, hA, GA, GH, hH
M2:  G+G-, H+H-, GG, HH, AA, hh
M3:  Gh, AH
M4:  G+G, G+H, G+A, G+h, GH+, HH+,AH+,hH+
M5:  G+G+, H+H+
M6:  G+H+

Unitarity constraints 
→ |eigenvalues|< 8 π

in high energy limit



  

Unitarity constraints for Unitarity constraints for 
lambdaslambdas

Couplings for dark 
particles in IDM 
λ345=λ3+ λ4 +λ5

λ45=λ4 + λ5



  

Mixed vacuumMixed vacuum
allowed region MH vs MH+allowed region MH vs MH+



  

Max Mh vs tan beta Max Mh vs tan beta 

For Mh = 125 GeV

Mixed vacuum

Limit on tan β ! 



  

Inert vacuum  Inert vacuum  
                     with Mh=125 GeV                      with Mh=125 GeV 
Analysis based on unitarity, 
positivity, EWPT constraints
            

m22
2 =0 

m22
2= - 106 GeV2

valid up to |m22
2|= 104GeV2

arXiv:1209.5725 



  

Couplings of Higgs bosons to Couplings of Higgs bosons to 
gauge bosonsgauge bosons
Mixed                                Inert Mixed                                Inert 
                                                                                  hWW/ZZ = 1hWW/ZZ = 1

      relative to SM 

0
sin (β-α) → 1
the same



  

Various models of Yukawa inter.
            typically with some Z2 type symmetry to avoid FCNC

  Model I Model I  - only one doublet - only one doublet  interacts with fermions interacts with fermions 
  Model II Model II – one doublet – one doublet   with down-type fermions with down-type fermions       d , ld , l
                                      other  other    with up-type fermions                uwith up-type fermions                u
  
Model III -  both doublets interact with fermionsModel III -  both doublets interact with fermions
Model IV (X)  - leptons interacts with one  Model IV (X)  - leptons interacts with one  
                                                  doublet,  quarks with the otherdoublet,  quarks with the other
Model Y  - one doubletModel Y  - one doublet  with down-type quarks with down-type quarks       dd

                                  otherother    with   up-type quarks     u and leptons  with   up-type quarks     u and leptons  
Top 2HDM – top only with one doubletTop 2HDM – top only with one doublet
Fermiophobic 2HDM – no coupling to the lightest HiggsFermiophobic 2HDM – no coupling to the lightest Higgs
                                                  + Extra dim 2HDM models + Extra dim 2HDM models 



  

Yukawa interactionsYukawa interactions



  

Yukawa couplingsYukawa couplings

Mixed (Model II)Mixed (Model II)

Inert (Model I)
First (Higgs) doublet like in SM  Φ₁ Φ→ S 
Second (Dark) doublet has no vev 
(no couplings to fermions) Φ₂ Φ→Φ₂ Φ→ DD



  

Minimal Flavour Violation - 2HDM Minimal Flavour Violation - 2HDM 
Z2 symmetry in Yukawa int.- how stable under radiative Z2 symmetry in Yukawa int.- how stable under radiative 
corrections ?                                     (T. Hurth at al)corrections ?                                     (T. Hurth at al)

   Mixed Model (a'la MSSM) -  Z2 sym. V and Yukawa int.,Mixed Model (a'la MSSM) -  Z2 sym. V and Yukawa int.,
          but  Z2 is violated spontaneously by vacuumbut  Z2 is violated spontaneously by vacuum
   Inert Doublet Model= Z2 exact Inert Doublet Model= Z2 exact 
          (potential, Yukawa int.Model I and vacuum)  (potential, Yukawa int.Model I and vacuum)  



  

D. Temes, MK 
Eur.Phys.J.C44(2005)435

Comment to B decay
- exclusion based only 
on tree diagram...

Model Mixed (II)



  

LHC (Mixed) LHC (Mixed) 



  



  



  

Br – light H+Br – light H+



  

BR

H+ →  Wh, 
WH open,
WA not



  



  

BRBR



  

Exp. constraints   Exp. constraints   (mainly Model II) (mainly Model II) 

Some observables depends solely on H+ Some observables depends solely on H+ 
(indep. on CPV) others also on neutral scalars (indep. on CPV) others also on neutral scalars 
1/ tree-level H+ (eg.B → 1/ tree-level H+ (eg.B → τντν ) )
2/ loop H+ (eg.B → X2/ loop H+ (eg.B → Xss  γγ, mass H+> 380 GeV), mass H+> 380 GeV)

3/ LEP (mass H+ above 75 GeV)3/ LEP (mass H+ above 75 GeV)
4/ LHC – SM h search4/ LHC – SM h search
5/TeVatron t  → H+ b 5/TeVatron t  → H+ b 
6/ LHC6/ LHC
7/ Other precise data: EWPT, g-2 for muon, 7/ Other precise data: EWPT, g-2 for muon, 

electron el. dipole moment (CPV)   electron el. dipole moment (CPV)   



  

Cross sections at LHCCross sections at LHC

Other talks..



  

Models with several H+Models with several H+

Models with DM candidates 
IDM
SO(10) and GUT-induced scalar DM scenario

          via  real or virtual W
Si    –  el. neutral Dark scalar 

LHC:
production
H+H_    or

+ S singlet



  



  

Benchmarks for LHC (14 TeV)Benchmarks for LHC (14 TeV)

l in meters



  

SummarySummary

Non supersymmetric 2HDM – Non supersymmetric 2HDM – 
                          a great laboratorya great laboratory
It offers Higgs boson and DMIt offers Higgs boson and DM
  
Various SM-like scenarios possibleVarious SM-like scenarios possible
H+ (Higgs or just scalar)H+ (Higgs or just scalar)
Work in progress on report  Work in progress on report  



  

Loop couplings hgg and h Loop couplings hgg and h γ γγ γ
For hgg For hgg 
- b and t important- b and t important

For For h h γ γγ γ
- t (b), W, H+- t (b), W, H+
(in 2HDMs)(in 2HDMs)

W and t destructive interfence in SM, so...W and t destructive interfence in SM, so...    



  

LC-TH-2001-026

Then for the relative couplings (vs SM)   

Using pattern relation
for 2HDM (II)
 



  

Loop couplings ggh/H, h/H 
                         2HDM(Z2) = Mixed    
                                        

      solution B   „wrong” signs of fermion couplings →solution B   „wrong” signs of fermion couplings →

suppression due to H+ (600GeV)

 Ginzburg,Osland, MK '2001

Tree couplings  as in SM - close to 1 (solution A)

ГГ((h/H →h/H → gg,  gg, ))  
including exp. uncertaintiesincluding exp. uncertainties



  

Both h and H maybe SM-likeBoth h and H maybe SM-like

For h or H  
with mass 
120 GeV

MH+=600 GeV

Two solutions:
                                A – all couplings close to 1
                                B – one Yukawa coupling close to -1  
Loop induced couplings gg, gg,   
different for A and B 



  

IDM: IDM: 
decay widthdecay width
hh



Ma'2007



For negative   
It maybe larger 
than in SM



  
Blue : R > 1
When < 0 (and  <0

gg → h → gg → h → γγγγ in IDM  in IDM 

Arhrib at alArhrib at al



  

FFrom the EW symmetric phaserom the EW symmetric phase
to the INERT phase in T2 approximationto the INERT phase in T2 approximation

In the simplest T2 approximation only In the simplest T2 approximation only mass termsmass terms
in V vary with temperature in V vary with temperature 
like Tlike T22, , 
while while λ'λ' are fixed are fixed

Ginzburg, Kanishev, MK, 
Sokołowska Phys. Rev D 2010

Various scenarios possible
in one, two or three steps,
with  1st or 2nd type phase 
transitions → Sokołowska talk



  

Phases at T=0 (beyond T2) Phases at T=0 (beyond T2) 

Xenon100 bound λ345

G.Gil et al. PLB 2012Strong Electroweak Phase Transition.
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