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 Extensions of the IDM  



Higgs particle at LHC -summer 2016 
ATLAS+CMS Run 1 

 Mass 125.09 ± 0.24 GeV       ZZ  4 l, γ γ   
 Total width  < 23  MeV (95%CL);  SM ~4 MeV 
 Signal strengths µ = R = σ×Br/(σ×Br )|SM ; SM =1                     
      global  1.09 ± 0.11/0.10           γγ 
               
 Invisible decay 
     BR = 0.00+0.16 (< 0.32 at 95% CL) 
 Spin/CP JCP  0 + 
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  1.14 ± 0.19/0.18                Rγγ            

SM-like scenario observed 



LHC 2016 
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LHC 2016 
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              Dark matter  

WMAP 

PLANCK 
  

              Morsolli, Corfu 2014 

3 σ 

Direct  DM detection 

Relic  DM density 



Higgs portal with the SM-like h  
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direct detection 

relic DM density                                                invisible decay 
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Potential  V =  

½λ1(Φ₁†Φ₁)²+½λ₂(Φ₂†Φ₂)² - ½m²₁₁(Φ₁†Φ₁)- ½m²₂₂(Φ†Φ₂) 

+λ₃(Φ₁†Φ₁)(Φ₂†Φ₂)+λ₄(Φ₁†Φ₂)(Φ₂†Φ₁)+½[λ₅(Φ₁†Φ₂)²+h.c] 

                                                                  Ginzburg, MK’;Gunion,Haber’04) 
 
    

IDM:   Z2 2HDM potential for 2HDM 

Yukawa interaction   
 
 Model I – one doublet Φ₁  couples to all fermions 

Z₂  symmetry transf.: Φ₁ → Φ₁  Φ₂→ - Φ₂ 

Vacuum state ?  
various possible 

 λ345 = λ3+λ4 +λ5 
 

Branco, Rebelo ‚85 (CP conserved) 

   positivity (stability) constraints  



Extrema  vacua 
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u≠0 
Charge Breaking 

Mixed as in MSSM 

Inert   
 

Symmetry  
 

u=0 u=0 



 
 
 
 
 
   Higgs boson h (SM-like) 
 

ϕ+ 

V+h+i ζ 
  ΦS   = 

    
 
                                     (no Higgses!)  
       4  scalars  H+,H-,H, Α 
      no interaction with fermions   
                                    

      

Η+ 

 H+i A 
   ΦD  = 

 

 
      
 
 
 
      ΦS as in SM (BEH) 
 

 
 
 
 
 
 
       ΦD – no vev   
 

D symmetry ΦS → ΦS   ΦD→- ΦD exact  
       D parity                                                
              only ΦD has odd D-parity                          
                      the lightest scalar stable - DM candidate (H) 
                                   (ΦD dark doublet with dark scalars)  
 
IDM: An Archetype for Dark Matter,  Lopez Honorez,..Tytgat..07 
 LHC phenomenology (Barbieri., Ma.. 2006,…)  
 

√2 

Inert Doublet Model Ma,…'78 
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 Theoretical constraints: 
   vacuum stability, pert.unitarity     
   *condition for Inert vacuum* 
 Detailed study of  the SM-like h    
                                   M2

h= m11
2  = λ1 v2 = (125 GeV)2 

 Study of dark scalars  D  = (H, A, H+,H-)  - in pairs!          
   
                                                                               λ345 
m22

2 arbitrary ! (decoupling…) 

Testing IDM  

           D couple to V = W/Z (eg. AZH, H⁻ W⁺H),  not  DVV! 
             Quartic selfcouplings  D4  proportional  to  λ2      
               Couplings with Higgs:  hHH ~ λ345    h H+H-  ~ λ3 

Ma'2006,.Barbieri 2006, Dolle,Su, 
Gorczyca(Świeżewska), MSc T2011,.. 
 Posch 2011, Arhrib..2012, Chang, Stal .. 

Swiezewska 

H – dark matter  (  λ5  <0 ) 



LHC –  Higgs H125 data   h (IDM) 
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Direct  couplings to W/Z and fermions  - as in SM 
 
Loop  coupling  hgg – as in SM 
 
Loop coupling  hγγ,h Zγ – extra H+ (λ3) contribution  
 
Total width – extra contributions h HH,AA,H+H- 
 
Invisible decay h  HH  (~λ345) 
  

 Rγγ =   Γγγ    ΓSM
tot      invisible decays  important :   Rγγ  > 1                   

              ΓSM
γγ  Γtot             only  if  DM mass above 62.5  GeV  
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Rγγ as a function of mass H, H + 
Invisible decays makes  
enhancement impossible 

Light H+ with proper sign of  
hH+H- coupling (λ3 <0) makes  
          enhancement possible 

narrow    m22
2 range 

Rγγ(2sigma) 
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ATLAS+CMS 2016   
  1.14 ± 0.19 

62.5 GeV 
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Invisible h decay coupling hHH 

allowed 

only very small  |λ345| <0.02 ! 
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Relic DM density 

LHC data 

 
hep-ph/ 
1305.6266 
JHEP 2013 ATLAS+CMS 2016    1.14 ± 0.19 

Coannihilation possible  
for small (AH) mass splitting 

Results: 



WMAP window for  very light H (DM) 

M. Krawczyk, Portoroz 2017 15 

using MicrOmegas 

     here  λ345  ∼ 0.5 in contradiction to LHC !  
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Relic density for DM  
with mass > 64 GeV 

D. Sokołowska 

For 64 GeV distribution still symmetric, 
above 76 GeV  asymmetry due to 
annihilation to gauge bosons 

        Two scales: 
     Mh/2 and MW 
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Using PLANCK data 
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Full scan for IDM 
      A. Ilnicka, T. Robens, MK Phys.Rev. D93 (2016) 

 Theor. constraints –  
     stability of the potential (positivity), pert.unitarity, 
     condition for the Inert  vacuum 
 STU (from 2014) 
 Higgssignal/Higgs bounds 
 Lifetime of H+ (< 10-7 s to decay inside detector) 
 Relic density Planck  Ω < 0.1241 (95% CL) and „exact” 
 Direct detection LUX  (2015)          
                 scan over MH  up  to 1 TeV 
        Benchmarks 

 

+LEP  constraints 
  h total width 
  W/Z total width 

other analyses  Stahl.., Blinov …Cline 
…Arhrib, ..Belayev…,Poulose, …Banerjee 



Low mass H (DM) 
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Limit on mass of DM: MH > 45 GeV !  

1505.04734,1508.01671 

„exact” 
relic 
density 



beyond T2 corrections: strong 1st order PT  
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We applied one-loop effective potential at T=0 
(Coleman-Wienberg term) and temperature dependent 

effective potential at T≠0 (with sum of ring diagrams) 
 
 
 

G. Gil MsThesis'2011,   G.Gil,  
P. Chankowski, MK 1207.0084 [hep-ph] PLB 2012 

T2 corrections:evolution of the Universe                                                  
→ rays from  EWs  phase to Inert  phase 
     one, two or three stages of Universe 
     (2nd order PT, one 1st order)  

Ginzburg, Kanishev,MK,  
Sokołowska PRD 2010 



Results for v(TEW)/TEW >1   
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EWs → I1 

Xenon100 bound 

EWs → I2 → I1 

Mh=125 GeV, MH=65 GeV, λ2=0.2 

λ345 

Allowed 
MH+=MA 
between 275 
and 380 GeV 
(one step) 

strong 1st order 
phase transition  
 

R<0 R>0 

Borach, Cline 1204.4722 
Chowdhury et al 1110.5334   
(DM as a trigger of strong PT) 
2HDM Cline et al, 1107.3559  
and Kozhusko..1106.0790) 

also 



IDMS  Bonilla, Diaz-Cruz, Darvishi, 
Sokołowska, MK – J.Phys. G43 (2016)  
 IDM + extra neutral complex singlet χ with a 

complex vev  
          towards CP violation and baryogenesis 
 SM-like doublet - singlet interaction  
     mixing in the neutral scalar sector  
     3 neutral Higgses: h1 (SM-like), h2, h3  

 
 Small change in h1 couplings to SM particles    
 Dark doublet as before  H is a good DM 

candidate,  modifications due to h2 and h3 
M. Krawczyk, Portoroz 2017                               

 



Fields and potential of the IDMS  
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  ΦS      ΦD 

IDM 

      with softly broken U(1) 

χ 



Remarks  
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To simply model we use U(1)  
But with non-zero vev for singlet  
massless Nambu-Goldstone boson. So we softly break it… 

- generated at one-loop ( small) 

respected by vacuum –> no domain problem   

In order to have DM ~ IDM  we neglect terms with  dark doublet  



Higgs sector – h1(125 GeV), h2, h3 
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M h1 ~125 GeV, w=300-1000 GeV 
 ~ 1 



IDMS - h1(125 GeV) 
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Br h1  inv 

excluded 



Relic density -  interference and  
second light Higgs  
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Dark sector – Higgs portals via  
h1, h2, h3 possible ! 
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We proposed benchmarks – eg.  

                               A1:only h1 lighter than 2MW – like IDM 
                               A4: h2 portal up to MH ~70 GeV 
                                 (h2 resonance);   2MW > M_h1, M_h2                      
                                
                                                       

IDM-like 



IDMS – heavy DM 
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A1-A4 –> similar results 



SM+complex singlet 

 SM SU(2) doublet + complex singlet 
with non-zero complex vev  

                                   (in agreement with LHC) 
 Important cubic terms   
 Possibility of spontaneous CP violation 
 Strong 1st order phase transition 
                                        
 Baryogenesis  with vector-like quarks 

(iso-doublet)           
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Darvishi, Sokolowska,MK  1512.06437  (APP 
B47 2016); Darvishi, MK 1603.00598  

Darvishi, JHEP 2016 
 
 
Darvishi, JHEP 2016; McDonald  1996 

Branco .. 
Espinosa 

http://arxiv.org/abs/arXiv:1603.00598


Fields and potential of the SMCS  
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  ΦS   

 SM 

      with softly broken U(1) 

χ 

Symmetry transformation     χχ* 
    
   

cubic terms  

w1 = w cos  
w2 = w sin  



 
Vacuum: v, w1=cosξ, w2=sin ξ     0 
Spont. CP violation in region 
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full scan 
cubic 
terms 



Scan – results similar to IDMS 
but here low < χ > ~ w  possible  
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Strong 1st order PT 
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T2 – corrections  



Benchmarks 
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Baryogenesis with heavy  
iso - doublet vector - like quarks 
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Neda Dravishi,  
JHEP 2016 (1608.02820) 

McDonald, PRD (1996) 
 



Summary 
 Doublets and singlets extensions of SM – 

rich phenomenology 
 Higgs and Dark Matter  in IDM and IDMS 
    - in agreement with data 
 
 Various stages of the Universe ? 
 Strong first order phase transition  

baryogenesis with vector - quarks 
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