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Discoveries of elementary particles  
                     - ‚flood' in years 1950-60 

                                                    Foton γ

                     Neutrino   ν

hadrons  

1964 !!        - Quark Model  
                    - mass  
                       generation 
 
              ->SM in ~1974-6  



Structure of matter 
Molecules> atoms>nuclei>nucleons>quarks 
subquarks?? –  probabbly no (confinement) 

10-10 m                   10-15m 

Forces: electro-mag, gravity, strong and weak   
  
 

quarks 
and 
leptons 

 strong (nuclear) between nucleons (exchange of pions) in nucleus   
range  10-15 m         

  strong (nuclear) fundamental (color)between quarks and gluons 
  
weak  (eg. decay of neutron), range < 10-18 m (point-like) 
 weak fundamental  between quarks  and leptons (exchange  
                                  of  W+,W-, Z  with masses 80-90 GeV)   
 



Fundamental particles in SM 
  

Masses:  0 - 175 GeV 

spin 1/2 ħ 

spin 0 

spin 1 



STANDARD MODEL (SM) 
Description of the fundamental  level 
 quarks and leptons  
 strong, electromagnetic, weak forces  
 
Symmetry as a basic principle –  
local (gauge) symmetry used to describe dynamics!         
                      SU(3) x SU(2) x U(1) 
carriers of interactions –> gauge bosons  
all should be massless (as well matter particle) ?! 
We need a special symmetry breaking …(SSB) 

electroweak (EW) 



Year 1964  
                         ->  LHC    4.07.2012  
           Higgs-like particle with mass125 -126 GeV 
               observed  by ATLAS+CMS (+Tevatron) 
 
  
26.06.1964 27.07.1964 

12.10.1964 



Yoichiro Nambu  
             NOBEL 2008 Za wprowadzenie spontanicznego łamania  

    symetrii do  fizyki cząstek elementarnych 

Nambu, Nobel 2008  
For introducing SSB to elementary particle physics 



October  2013 



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

   Standard Model  
                                              V = ½λ(Φ†Φ)²- ½m²(Φ†Φ) 
 Doublet of  SU(2):   Φ= (ϕ+,v+h+iζ)Τ              v2= m² /λ  (vev)  

 Masses for W+/−, Z (tree ρ =1), no mass for the photon 
 Generation of mass of gauge boson:  MW = g v 
 Fermion masses via Yukawa int.  (add. parameters)  
                   Higgs particle HSM - spin 0, neutral, CP even  
      h couplings  prop. to masses  for WW/ZZ,  fermions 
           only  unknown was  Higgs mass ↔  selfinteraction 
                  
                                                 



 
 
 
Higgs particle-the missing particle of SM  
 
The discovered  ~125 GeV scalar  has 
properties very close to predicted by the SM. 
 But how close? Loop couplings ggh, γγh,  γZh 
sensitive to new physics  (new even very 
heavy particles - nondecoupling effects)        
 
Beyond SM (BSM) – only models with 
SM-like scenarios:  
SM-like h and no other new particle seen  
are relevant. 
 





Unification  with  gravitation 
 
 
 
 
 
 
 
 
 
 

David Gross: The Coming Revolutions in Theoretical Physics  
http://www.youtube.com/watch?v=AM7SnUlw-DU&feature=channel 

„Strenght”  of  gravity  F~ M2 ~ E2  i therfore is rising so fast for large E  

running coupling 
constants  



LHC DATA 

e+e- 
LEP 



Colliding beams of protons  
Goal:  7 TeV beams  
(up to now 3.5 and 4 TeV  
      -> energy of collision  7 and 8 TeV)  
Beams –2800 bunches with1011protonów 
Collisions of bunches every 25 ns 

Large Hadron Collider –  
4 experiments  (detectors)  ATLAS,CMS.. 
 break till spring 2015 



deRoeck, 13.09.2014 



 
Production and decay of Higgs    
                                particle at LHC  

        
       main decays  
 
 
 
        
        decay to γγ  
       loop t, b,W…  
        
            



deRoeck, 13.09.2014 



deRoeck, 13.09.2014 





SM-like 
 Higgs  
 
 
 
 
 
Total width 
 < 4 x SM (in SM 4,2 MeV) 
Decay to invisible particles   

 BR (inv) <  0.37  



HIGGS PORTAL TO DM 



Morsolli, Sept. 2014 



 
 
 
 
 
   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 



Inert Doublet Model  
    
        SM-like h,  
           M2

h= m11
2 = λ1 v2 =(125 GeV)2      

        Dark scalars  
        - masses depend on  
        - dark scalars  D interact  
                     always in pairs!  
             
 
 
 
 
 
              
    

           D couple to V = W/Z (eg. AZH, H⁻ W⁺H),  not  DVV! 
              Quartic selfcouplings D4 proportional to  λ2  

                        hopeless to be measured at colliders!                    ( DM ?) 

              Couplings with Higgs:  hHH ~ λ345  h H+H-  ~ λ3 

λ345 

Ma'2006,.Barbieri 2006, Dolle,Su, 
Gorczyca(Świeżewska), MSc 2011  
                1112.4356, 1112.5086,  
                Posch,  2011, Arhrib..2012 



IDM – scan           (B. Świeżewska 2012)  
Constraints: M_h=125 GeV (λ1=0.25) 
pert. vacuum stability,  
conditions for Inert I1 vacuum    
 perturbative unitarity condition 
EWPT (other data) 
LEP (LHC) 

H = DM  
0 > λ45=λ4 + λ5 
 
 
 

narrow (wide)  range  condition for I_1 



Inert Doublet Model  
                         with Mh=125 GeV  

Analysis based on unitarity, 
positivity, EWPT constraints 
             Gorczyca'2011-12 

m22
2 =0  

m22
2= - 106 

GeV2 

valid up to |m22
2|= 104GeV2 



narrow width approx. 

Swiezewska  

signal strength μ 





λ3 



Rγγ as a function of mass  H and H + 
Invisible decays makes  
enhancement impossible 

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

narrow    m22
2 range 



Invisible decay in IDM  constraining 
                               coupling hHH 



DM  
DATA? 

DM         DM 

h 

N             N 



Relic density constraints on 
masses and couplings - OK 

Coannihilation possible  
for small (AH) splitting 



Relict  DM density 

LHC data 

 
hep-ph/ 
1305.6266 
JHEP 2013 

 Rγγ > 1  
 DM mass only  above 62.5   
 GeV allowed 
 
 
DM mass  below 62.5 GeV 
allowed only if 
Rγγ < 1  
 



WMAP window for light H (DM) 



Relict density for DM  
       with mass  62,64,…,80 GeV 

D. Sokołowska, 2013 

HA coannihilation  
∆ [50,8] 

above 76 GeV  asymmetry due 
to annihilation to gauge bosons 

70 GeV 



Low mass H – excluded by LHC! 

Sokołowska 

R>0.7 







Very heavy DM 



New (Planck) 



Direct detection – comparison 
with LHC, Xenon 100 and LUX 

          … stronger  than the dedicated DM experiments 



Evolution of the Universe in 2HDM– 
    through different vacua in the past  

 We consider 2HDM with an explicit D symmetry 
  assuming that today the Inert Doublet Model describes 
  reality. In the simplest approximation only mass terms in 
  V vary with temperature like T2, while 𝜆’s are fixed 

 
  Various evolution from EWs to Inert phase 
  possible in one, two or three steps, 
  with  1st or 2nd  order phase transitions...  

 
 
 

Ginzburg, Ivanov, Kanishev 2009 
Ginzburg, Kanishev,MK, Sokołowska PRD 2010, 
Sokołowska 2011 



Conclusion  

   Various scenarios of evolution to Inert phase I1 
 
 
 
 
 
      
     Going beyond T2 approximation – strong first order  
     phase transition (  baryogenesis) DM ~65 GeV 
     H+ and A with mass 275 -380 GeV, hHH   

    Ch breaking in the past?-excluded if DM neutral  
    DM matter may appear later (only in I1) 



Are we approaching a new era? 

Spring 2015 at LHC 
 
Higgs data -> Dark Matter 
 
Dedicated DM analysis at LHC  
 
 



DM production at LHC 
LHC at 8 TeV 
  
P. Swaczyna 
MSc, May 2013 

SM background WW,ZZ, tt                                    Pythia, 2HDMC 

above 2 

M_H+M_A< 145 GeV 
M_A>100 GeV 



Transitions to the Inert phase 
beyond T2 corrections 
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) 
 
 
 

Can in IDM  strong first -order phase transition 
– needed for baryogenesis ? 

Gil,Chankowski,Krawczyk: Inert Dark Matter and 
Strong Electroweak Phase Transition,  
                                       Phys.Lett. B717,396-402 



Results for v(TEW)/TEW   

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 Ist order 
phase transition  
 if ratio > 1 



Evolution of vacua  on phase 
diagram (μ1,μ2)  
                                      μi=mii

2/√λi 

stability condition  T2 corrections  
→ rays from   EWs  phase to Inert  phase 
     one, two or three stages of Universe 
     (II order phase transitions, one I order)  

three regions of R 



Nonrestoration of  EW symmetry: R <0 

c1 or c2 < 0 

Only one ray with EW restoration in the 
past (in one step and Rγγ >1!) 

Charged breaking 
phase 



Extrema -> vacua              (v=246 GeV)  

~1/(1-R3
2) 



D-symmetric potential - vacua 
Stable vacuum (positivity) 

Neutral vacua  
 Mixed M   [vS and vD ≠ 0] 
 Inert I1 (I2) [vS or vD  ≠ 0] 
    
 Charged breaking 
    vacuum CB 
 

Y = MH+
2 2/v2| Inert 

     λ4 ± λ5 >- X, X=√λ1λ2+λ3>0  
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