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THE THEORY OF MATTER THE THEORY OF MATTER 
                                  and STANDARD MODELand STANDARD MODEL((SS))
                                    F. Wilczek, LEPFest, Nov.2000 (hep-ph/0101187)F. Wilczek, LEPFest, Nov.2000 (hep-ph/0101187)

Theory of MatterTheory of Matter  = SU(2)= SU(2)I I weakweak  xx  U(1)U(1)YY  weakweak  xx  SU(3)SU(3)colorcolor

Theory of Matter refers to the core concepts:Theory of Matter refers to the core concepts:
- quantum - quantum fifield theoryeld theory
- gauge symmetry- gauge symmetry
- spontaneous symmetry breaking- spontaneous symmetry breaking
- asymptotic freedom- asymptotic freedom
- the assignments of the lightest quarks and leptons- the assignments of the lightest quarks and leptons

Standard ModelsStandard Models: Choose the number of Higgs (scalar) doublets: Choose the number of Higgs (scalar) doublets
                                                              SM=SM=1HDM, 1HDM, 2HDM2HDM (MSSM), 3HDM ... (MSSM), 3HDM ...
                                                              Note, that the lightest scalar is often Note, that the lightest scalar is often SM-likeSM-like

NonStandard NonStandard MModelsodels  are based on more radical assumptionsare based on more radical assumptions..
See eg. CP Study and the Nonstandard Higgs Workshop 2002-2006 See eg. CP Study and the Nonstandard Higgs Workshop 2002-2006                         

                                                                                            (CERN Report hep-ph/0608079)(CERN Report hep-ph/0608079)



  

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

      Standard Model Standard Model     
  Doublet of  SU(2):   Doublet of  SU(2):   Φ= (ϕΦ= (ϕ++,,vv++HH++iiζ)ζ)ΤΤ

  Masses for WMasses for W+/−+/−, Z (tree , Z (tree ρ ρ =1) , no mass for the photon=1) , no mass for the photon
  Fermion masses via Yukawa interaction Fermion masses via Yukawa interaction 
                              
                Higgs particle HHiggs particle HSM SM - spin 0, neutral, CP even - spin 0, neutral, CP even 

                couplings to WW/ZZ, Yukawa couplings to fermionscouplings to WW/ZZ, Yukawa couplings to fermions      
                                                          mass mass ↔↔  selfinteraction    unknown  selfinteraction    unknown

              
                                  
                                                                                                



  

    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, ρ ρ =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 χχ)  )  



  

2HDM Potential   2HDM Potential   
Lee'73, Haber, Gunion, Glashow, Weinberg, Paschos, Despande, Ma, Lee'73, Haber, Gunion, Glashow, Weinberg, Paschos, Despande, Ma, 
Wudka,  Branco, Rebelo, Lavoura, Ferreira, Barroso, Santos, Bottela, Silva, Wudka,  Branco, Rebelo, Lavoura, Ferreira, Barroso, Santos, Bottela, Silva, 
Diaz-Cruz, Grimus, Ecker, Ivanov, Ginzburg, Krawczyk, Osland, Nishi, Diaz-Cruz, Grimus, Ecker, Ivanov, Ginzburg, Krawczyk, Osland, Nishi, 
Nachtmann, Akeroyd, Kanemura, Kalinowski, Grządkowski ,Hollik, Rosiek..Nachtmann, Akeroyd, Kanemura, Kalinowski, Grządkowski ,Hollik, Rosiek..

    V = V = λλ11(Φ₁†Φ₁)²+λ₂(Φ₂†Φ₂)²+λ₃(Φ₁†Φ₁)(Φ₂†Φ₂)(Φ₁†Φ₁)²+λ₂(Φ₂†Φ₂)²+λ₃(Φ₁†Φ₁)(Φ₂†Φ₂)

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

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

    Z₂  symmetry transformation: Φ₁ Φ₁  Φ₂  - Φ₂→ →Z₂  symmetry transformation: Φ₁ Φ₁  Φ₂  - Φ₂→ →

        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, m²₁₂m²₁₂=0=0



  

-   -   If ZIf Z22 symmetry holds   symmetry holds  in the Lagrangian Lin the Lagrangian L
              no CP violation in the scalar sector         no CP violation in the scalar sector         
                                                                                                 Lee' 73
                                                                   Glashow, Weinberg'77, Paschos '77
                                                                                                Despande, Ma' 78
-   Softly  broken Z-   Softly  broken Z22→                                      →                                      Branco, Rebelo '85

              CP violation possible, tree-level FCNC absent,   CP violation possible, tree-level FCNC absent,   
              Decoupling and non-decoupling possible        Decoupling and non-decoupling possible        Haber'95Haber'95

  -   Hard breaking Z-   Hard breaking Z22→  →  
              CP violation possible [* even without CP mixing]CP violation possible [* even without CP mixing]
                                                            Lavoura, Silva' 94 ; Kanishev, MK, Sokołowska' 2008Lavoura, Silva' 94 ; Kanishev, MK, Sokołowska' 2008
              tree-level FCNC  tree-level FCNC  
                                                                                                                                      
                          
                                  

ZZ22 symmetry:  symmetry: Φ₁  Φ₁   Φ₂ - Φ₂→ →Φ₁  Φ₁   Φ₂ - Φ₂→ →   



  

Possible vacuum states Possible vacuum states (for real V)  (for real V)  

                                                                                                            
                                                The most general vacuum stateThe most general vacuum state

                                                                                                                                                vv11, v, v22, u , , u , ξ - ξ - 

                                                                                                                                                        real, real, ≥≥ 0 0

                                                                                                                                        vv22 =v =v11
22 +v +v22

22 +u +u22        
                                                                                  = (246 GeV)                                                                                  = (246 GeV)22

  Inert               Inert                                                    I   I          u = v        u = v22 = 0  = 0 

  NormalNormal (CP conserving)  (CP conserving)  N N          u =           u = ξξ = 0 = 0
  ChargeCharge Breaking              Breaking             ChCh         u         u≠≠0   v0   v22 =0  =0 

                                                      [ Vacuum  [ Vacuum  B  B       u = v     u = v11 = 0] = 0]

  CPCP violating                     violating                    CP         CP         u = 0 u = 0 ξξ  ≠≠ 0 0

.



  

Various vacua on (Various vacua on (λλ44 ,  , λλ55) plane (Z) plane (Z22 sym) sym)
    Positivity constrains on V:            Positivity constrains on V:            X=X=√√λλ11λλ22+λ+λ33>0>0        

                                                                                                            λλ4 4 ± ± λλ5 5 >> - X - X
                                                                                                                Inert (or B)Inert (or B)
                                                                                                                Y = MY = MH+H+

22 2/v 2/v22  

                                                                                                                    Charge         Charge         
                                                       Breaking                                                        Breaking 

                                                                                                                    ChCh
NormalNormal                                                                                              
  

    Note the overlap of the Inert  with N and Ch !Note the overlap of the Inert  with N and Ch !          
                                                                                                                                                        
                                                                  

  
  



  

Yukawa interactions
                      ( with or without Z2 symmetry)

  Model I  - only Model I  - only ΦΦ₁ ₁ interacts with fermions interacts with fermions 
  Model II - Model II - ΦΦ₁ ₁ with down-type fermions with down-type fermions       d , ld , l
                                  ΦΦ22    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 otherdoublet,  quarks with other
Model Y  - Model Y  - ΦΦ₁ ₁ with down-type quarks with down-type quarks       dd

                                  ΦΦ22    with up-type quarks       u and leptons       with up-type quarks       u and leptons       
  Top 2HDM – top with one doubletTop 2HDM – top 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 



  

Inert or Dark 2HDM Inert or Dark 2HDM 
                  ZZ22 symmetry under  symmetry under Φ₁  Φ₁   Φ₂ - Φ₂ → →Φ₁  Φ₁   Φ₂ - Φ₂ → →

                                                      both both in L and in vacuumin L and in vacuum → Inert Model → Inert Model

                            
                 →                    →   Φ₁ Φ₁ as in SM, with Higgs boson h (SM-like)as in SM, with Higgs boson h (SM-like)
                    →                    → Φ₂ - Φ₂ -   no vevno vev, with 4 scalars (no Higgs bosons!), with 4 scalars (no Higgs bosons!)
                                              no interaction with fermions  (no interaction with fermions  (inertinert  doublet)  doublet)

      Conservation of the  ZConservation of the  Z2 2 symmetry;  only symmetry;  only Φ₂ has odd Φ₂ has odd ZZ2 2 -parity-parity
                →                  →  The lightest scalar – a candidate for  dark matterThe lightest scalar – a candidate for  dark matter
                                              ((ΦΦ2  2  dark doublet with dark scalars) .) .

                                Conserved Conserved Z₂- parityZ₂- parity
                                                                                                        only only   Φ₂ has Z₂Φ₂ has Z₂-odd parity.-odd parity.

Today <Φ₁<Φ₁T T >= (0,v)>= (0,v) <Φ<Φ22
TT >= (0,0) >= (0,0)

Ma'78
Barbieri'06



  

2HDMs2HDMs

 

 2HDM 2HDM potential, itspotential, its  symmetry before & after EWSBsymmetry before & after EWSB
              theoretical constraints:   positivity,  unitaritytheoretical constraints:   positivity,  unitarity
              vacua and physical masses vacua and physical masses 
              gauge gauge interactioninteraction, selfinteraction, selfinteraction
 Models of the Yukawa interaction Models of the Yukawa interaction 
                                                                      symmetry, perturbativitysymmetry, perturbativity

 Sum rules and pattern relationSum rules and pattern relation
 SM-like scenarios (decoupling and nondecoupling), SM-like scenarios (decoupling and nondecoupling), 

very light neutral scalar scenariosvery light neutral scalar scenarios

 Constraints on Model I, II..., Inert ModelConstraints on Model I, II..., Inert Model
 Future measurements LHC, ILC/CLIC, PLCFuture measurements LHC, ILC/CLIC, PLC



  

2HDM: old idea and recent progress2HDM: old idea and recent progress
 T.D. Lee 1973 – mainly for spontaneous  CP violationT.D. Lee 1973 – mainly for spontaneous  CP violation
 Rich phenomenology .... Rich phenomenology .... 
 2004-2009: deeper understanding of V using symmetry 2004-2009: deeper understanding of V using symmetry 

(reparametrization freedom or is (reparametrization freedom or is tan tan ββ   a physical  a physical 
parameter?, condition for CP conservation, vacuum states)parameter?, condition for CP conservation, vacuum states)- - 
Haber, Gunion; Ginzburg, MK; Nishi, Nachtmann, Maniatis, Haber, Gunion; Ginzburg, MK; Nishi, Nachtmann, Maniatis, 
Manteiffel,  Ivanov, Kanishev, Sokołowska,  Barroso, Santos, Manteiffel,  Ivanov, Kanishev, Sokołowska,  Barroso, Santos, 
Ferreira, Silva, Botella, Lavoura, Branco, Rebelo, Grimus, Osland, Ferreira, Silva, Botella, Lavoura, Branco, Rebelo, Grimus, Osland, 
Vives...Vives...

 2006-9 2006-9 Dark matter:Dark matter:   Ma, Barbieri;   Ma, Barbieri;  
                  Evolution of the Universe:Evolution of the Universe: Ginzburg, Ivanov, Kanishev, MK,   Ginzburg, Ivanov, Kanishev, MK,  

SokołowskaSokołowska

                                                                                                                            New analyses for LHC, ILC, PLC New analyses for LHC, ILC, PLC 
                                                                                                                            Constraints from Flavour dataConstraints from Flavour data
                                                                                                                            Generators for 2HDMGenerators for 2HDM

  
                                                                                                                                                        

                



  

The explicit and spontaneous CP 
violation 

      

  Distinguishing tDistinguishing the explicit and spontaneous CP
 violation using the I- and J -invariantsI- and J -invariants
                                                    (CP-odd weak-basis invariants)   (CP-odd weak-basis invariants)   

  Special case: CP violation without CP mixing, Special case: CP violation without CP mixing, 
              i.e.  CP violation in V only in selfinteractioni.e.  CP violation in V only in selfinteraction
            -  a hard CP violation due to  the hard Z-  a hard CP violation due to  the hard Z22  

violating terms                    violating terms                    
            
  

Sokołowska, Kanishev, MK' 08Sokołowska, Kanishev, MK' 08



  

Distinguishing direct vs spontaneous Distinguishing direct vs spontaneous 
CP violation            CP violation            Sokołowska, Kanishev, MK' 08Sokołowska, Kanishev, MK' 08

• We must identify CP-invariant part in We must identify CP-invariant part in 
order to determine CP transformation  order to determine CP transformation  

                                                                        Branco, Rebelo, Grimus,Branco, Rebelo, Grimus,
                                                                                        Nachtmann, Nishi, Haber,...Nachtmann, Nishi, Haber,...

• The simplest CP transformation:The simplest CP transformation:
ΦΦ(x,t) → (x,t) → Φ†Φ†(-x,t)   (-x,t)   

• Then Then 
            CP-even CP-even η₁, η₂η₁, η₂
            CP-odd  ACP-odd  A

Higgs basis



  

J-invariantsJ-invariants
Mass matrix: JMass matrix: J11 ~ Im ( ~ Im (Λ₅*Λ₆²)Λ₅*Λ₆²)

Interactions: JInteractions: J22~ Im (Λ₅*Λ₇²), J~ Im (Λ₅*Λ₇²), J33 ~ Im (Λ₇*Λ₆) ~ Im (Λ₇*Λ₆)
 CP conservation: all J =0CP conservation: all J =0
- If J- If J11 not zero  CP mixing in states, no definite → not zero  CP mixing in states, no definite →

CP-parity for h1,h2,h3CP-parity for h1,h2,h3
- If J- If J11=0 and J=0 and J2,32,3 not zero  no CP mixing→ not zero  no CP mixing→

  CP violation in the interaction at the tree level CP violation in the interaction at the tree level 
    
                                                                                                      Lavoura, Silva, Botella' 94Lavoura, Silva, Botella' 94

≠≠



  
Branco et al.



  Sokołowska, Uppsala 2008



  

2HDM – what do we know?2HDM – what do we know?
    
Most results for the Normal (CPconserving) Most results for the Normal (CPconserving) 
casecase

-   Direct measurements-   Direct measurements
-   Undirect measureament-   Undirect measureament

                                                        Sum rules useful !Sum rules useful !



  

Relative couplings (respect to SM)Relative couplings (respect to SM)

For neutral Higgs particles hFor neutral Higgs particles hii , i = 1,2,3 , i = 1,2,3

there are relations among couplings, eg.there are relations among couplings, eg.

Haber, Wudka';
Kalinowski, Grządkowski, Gunion



  

Pattern relation- for each hPattern relation- for each hi i (or h,H,A)(or h,H,A)

In Model II:  one can determine tan β =v2/v1=tan β II via :

for hi (h,H) 

Ginzburg, MK, Osland

Haber, Gunion 
Ginzburg, MK



  

Higgs search  atHiggs search  at   colliders colliders
    

The Standard Model and  Beyond Standard Model:The Standard Model and  Beyond Standard Model:
                                                                                                                  2HDM/MSSM2HDM/MSSM
                                  Colliders: LEP, Tevatron and LHCColliders: LEP, Tevatron and LHC

                                  Low energy measurements: Low energy measurements: 
                                            B-decays constraining Higgs sector,B-decays constraining Higgs sector,
                                            g-2 for muon – new physics?g-2 for muon – new physics?
                                  Future colliders ILC and  PLC  Future colliders ILC and  PLC  
                                
                                Cosmic connectionCosmic connection



  

Model IIModel II
Re m2

12



  

B → tau nu, D →  tau nuB → tau nu, D →  tau nu → lower limit on mass H+ → lower limit on mass H+



  

LEP: 2HDM with Z2 symmetry



  



  

Upper limit for MH for light h (20 GeV) sin(Upper limit for MH for light h (20 GeV) sin(β-α) β-α) 
=0 for H+ =1000-800-600 GeV=0 for H+ =1000-800-600 GeV

Global fit to EW precision data Global fit to EW precision data 

Chankowski, MK, 
         Żochowski' 99



  

  A very light Higgs boson scenarios (h or A) A very light Higgs boson scenarios (h or A) 

                              

MA= 
   25 GeV

MA=1 GeV

10 15 

upper limits for mass of h  upper limits for mass of h  



  

g-2 for muon (Jegerlehner’07)

 δ aµ = (287 +/- 91) 10-11 
                      3.2 σ

New Physics?



  

g-2 for muon



  



  



  



  



  



  

MA=100 
GeV



  



  

Misiak PRL98



  

Mass of H+ above 295 GeV at 95 % CLMass of H+ above 295 GeV at 95 % CL
                                                                                                        



  

B to tau nu’ 2006-7B to tau nu’ 2006-7



  

B to tau nuB to tau nu



  



  
Baak, EPS2009: Gfitter



  

CP conserving, soft Z2 + Z2

Model I, II
Model III →  Y
Model  IV → X

Flavour constraints Flavour constraints 
in 2HDM in 2HDM F. Mahmoudi, O.StahlF. Mahmoudi, O.Stahl



  

S, T, U -
from 
Grimus..08

Mh=114 
GeV;
others 
Higgses 
heavier 



  



  

Fit for Model II Fit for Model II                         best fit for mass H+ 608 GeV 
                                    and   tan beta = 6.4  !



  



  

D0D0



  

SM-like scenarios SM-like scenarios 
 In many Standard Models 
        SM-like scenarios are realized
        (Higgs mass >114 GeV, SM tree-level couplings
                                      or   SM tree-level decay width)
 In models with two doublets:

- MSSM with decoupling of heavy Higgses 
                                                     → LHC-wedge
- 2HDM with and without CP violation
                                  both h or H can be SM-like
- Dark  2HDM (Intert Model)



  

Signal of SM-like 2HDM Signal of SM-like 2HDM 
 Scalar h – mass region as allowed  for HScalar h – mass region as allowed  for HSMSM

               –                – direct couplings direct couplings   as for Has for HSMSM

                                  (within exp. accuracy) (within exp. accuracy) χχ   = 1; = 1;
                                  in practice |in practice |χ| = 1,   χ| = 1,   sign may differ.sign may differ.  
                                  So,  loop coupling ggh and So,  loop coupling ggh and γγ  γ γ hh
                                may differ from the SM predictionmay differ from the SM prediction
                                  (also other contributions possible)(also other contributions possible)
      
               –                – no other Higgs particle seenno other Higgs particle seen
                                    typical decoupling (in 2HDM, MSSM) typical decoupling (in 2HDM, MSSM) 
    



  

Loop couplings ggh, Loop couplings ggh, γγγγh in 2HDMh in 2HDM

γγh

ggh ggh - - solution B „wrong” signs of fermion couplings solution B „wrong” signs of fermion couplings 

600 GeV
m2

12

Ginzburg,Osland, MK



  
Often just opposite



  

    Inert Model or Dark 2HDMInert Model or Dark 2HDM
                                                                Ma..' 78, Barbieri.. ' 2006Ma..' 78, Barbieri.. ' 2006
  exact Z₂ in L and in vacuum →  
         Z2 parity –  odd are only dark scalars 

 nonzero vev only  doublet Φ₁  →  only it couples to 
fermions (Model I) →  Higgs boson h SM-like

                       M2
h= m11

2 = λ1 v
2

 four scalars from Φ₂ with Z₂-odd parity (dark scalars D) 
(no Yukawa interaction (so „inert”))

     
  the lightest dark scalar candidate for a dark matter
        here we consider H 



  

                Testing Inert Model Testing Inert Model 
 To considerTo consider
                                  properties of  SM-like h (light and heavy)properties of  SM-like h (light and heavy)
            
                            properties of dark scalars properties of dark scalars 
                                                                                              (produced only  in pairs!) (produced only  in pairs!) 
                            DM candidateDM candidate

 Colliders signal/constraints  Colliders signal/constraints  
              Barbieri et al '2006 for heavy hBarbieri et al '2006 for heavy h
                                                  Cao, Ma, Rajasekaren' 2007 for a light hCao, Ma, Rajasekaren' 2007 for a light h



  

Dark 2HDM:  LEP II exclusion Dark 2HDM:  LEP II exclusion 
                                                Lundstrom et al 0810.3924                                                Lundstrom et al 0810.3924

          

LEP II + WIMP LEP II + WIMP 
            MMhh= 200 GeV = 200 GeV 

  MMAA- M- MHH > 8 GeV > 8 GeV



  

Inert Model: constraints LEP+DM → Inert Model: constraints LEP+DM → 
LHCLHC
LEP (exclusion and EW precision data) LEP (exclusion and EW precision data) 
+ relic density   using  MicroOMEGA/CalCHEP + relic density   using  MicroOMEGA/CalCHEP 

Su, CERN, August 2009

E. Dolle, S. Su, 0906.1609 [hep-ph] 

S=HS=H



  

S = H (DM)



  



  

Conclusion on gamma linesConclusion on gamma lines
Gustafsson et al.2007:  striking DM line signals -promising 
features to search with GLAST

   Mass of: H = 40-80 GeV, H+ = 170 GeV, 
   A = 50-70 GeV, h = 500 and 120 GeV

Honorez, Nezri, Oliver, Tytgat  2006-7
   H as a perfect example or arcgetype of WIMP – within reach of 

GLAST (FERMI)
   Here mass of h = 120 GeV, large mass H+ close to A = 400-550 GeV



  

Dark 2HDM – Dark 2HDM – 
additional decays for hadditional decays for h Ma' 2007



  

Dark 2HDM – total width of hDark 2HDM – total width of h



  

Dark 2HDM: Dark 2HDM: γγγγhh





  

    ILCILC  experimentsexperiments

• Highest eHighest e++ee-- energy and variable energy:  200-500 GeV energy and variable energy:  200-500 GeV
• High luminosity: 500-1000/fbHigh luminosity: 500-1000/fb
• >80% e>80% e- - polarization (mandatory)polarization (mandatory)
      >50% e>50% e++ polarization   polarization  
• Upgrade to ~1 TeV in the second stage.   Upgrade to ~1 TeV in the second stage.   
• Possible Options: Possible Options: GigaZ, eGigaZ, e--ee--,  ,  γγγγ, e, eγγ (PLC) (PLC)  
• Excellent detector performance: tracking, vertexing, jet Excellent detector performance: tracking, vertexing, jet 

energy resolution.  energy resolution.  

      Energy scan, polarization, detector performance are all Energy scan, polarization, detector performance are all 
essential for physics studies at ILC. essential for physics studies at ILC. 

      Some of options may become very important from the Some of options may become very important from the 
results from LHC and early stage of ILC.results from LHC and early stage of ILC.



  

PLC:  Photon Linear ColliderPLC:  Photon Linear Collider
                          γγ  γγ and e  and e γγ

• Resonance production of C=+ states  (eg. Higgs) Resonance production of C=+ states  (eg. Higgs) Ginzburg et alGinzburg et al

• Higher mass reachHigher mass reach
• Polarised beams – CP filter      Polarised beams – CP filter      Gunion, Grzadkowski, Godbole,ZarneckiGunion, Grzadkowski, Godbole,Zarnecki

• H H γγ  γγ coupling – sensitive to charged particles in theory  coupling – sensitive to charged particles in theory 
(nondecoupling)                                        (nondecoupling)                                        Ginzburg et al.., Gunion..Ginzburg et al.., Gunion..              
            

• Direct production of charged scalars, fermions and vectors – Direct production of charged scalars, fermions and vectors – 
higher cross section                                              higher cross section                                              Monig, , 

• Pair production of neutral particles (eg. light-on-light) via loopsPair production of neutral particles (eg. light-on-light) via loops
                                                                                                                                          Jikia, Gounaris…Jikia, Gounaris…
• Study of hadronic interaction of the photon   Study of hadronic interaction of the photon   Godbole,Pancheri; MKGodbole,Pancheri; MK
                                                                                                                                                                                    Brodsky, deRoeck,ZerwasBrodsky, deRoeck,Zerwas



  

Higgs coupling to      : Br ~2%Higgs coupling to      : Br ~2%            
                                                              

Niezurawski et al., Niezurawski et al., 

                                      Monig, RoscaMonig, Rosca



  

MSSM Higgs searches/overall discovery MSSM Higgs searches/overall discovery 
potential (300 fbpotential (300 fb-1-1))

at least 1 Higgs boson is 
observable

•in some parts >1 Higgs bosons 
observable in the whole 
parameter space

• But large area in which only 
one   Higgs boson observable 
                                 

                          LHC wedge!!!

Result assuming no HSUSY 
  

Basic question: Could we distinguish between 
SM and MSSM Higgs sector 
    - e.g via rate measurements?

Jack Gunion



  

          Covering the LHC wedgeCovering the LHC wedge

Niezurawski et Niezurawski et 
al., Spira et alal., Spira et al



  

Neutral Higgs bosons decaying into WW/ZZ pairs   Neutral Higgs bosons decaying into WW/ZZ pairs   
with mass above 200 GeV at PLCwith mass above 200 GeV at PLC
Simulations for CP conserving and violating 2HDM  Simulations for CP conserving and violating 2HDM  
                                                                      

Interference with SM - both partial width and phase for h γ γ vertex can be tested.       
        Similar effect in the tt final state -  Asakawa et al  

Żarnecki et al.



                                     Zarnecki, Niezurawski, MK 



  



  

CPX scenario (max CP violation in CMSSM) CPX scenario (max CP violation in CMSSM) 
studied for LHC, ILC, PLC (CLIC ?)            studied for LHC, ILC, PLC (CLIC ?)            
                             by   Heinemeyer, Velasco 2004                             by   Heinemeyer, Velasco 2004



  

ConclusionsConclusions
 2HDM – a great laboratory for physics BSM2HDM – a great laboratory for physics BSM
 In many Standard ModelIn many Standard Models s SM-like scenariosSM-like scenarios
            can be realized: can be realized: 
              [Higgs mass >114 GeV, SM tree-level couplings][Higgs mass >114 GeV, SM tree-level couplings]
 In models with two doublets:In models with two doublets:
  - MSSM with decoupling of heavy Higgses - MSSM with decoupling of heavy Higgses 
                                                                                              → → LHC-wedgeLHC-wedge
- 2HDM with and without CP violation- 2HDM with and without CP violation
                                                          both h or H can be SM-likeboth h or H can be SM-like
- Dark  2HDM (Intert Model)- Dark  2HDM (Intert Model)
                    



  

Kanemura,2002
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