
LC09LC09
PerugiaPerugia, 22.09.2009, 22.09.2009

Maria Krawczyk
University of Warsaw
I. Ginzburg, K. Kanishev
(Novosibirsk University),  
D.Sokołowska
(University of Warsaw)

2HDMs
Z2 symmetry
The Inert Model

Various vacua
Today = Inert phase
Thermal evolutions



THE THEORY OF MATTER THE THEORY OF MATTER 
and STANDARD MODELand STANDARD MODEL((SS))
F. F. WilczekWilczek, , LEPFestLEPFest, Nov.2000 (hep, Nov.2000 (hep--ph/0101187)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 fifieldeld theorytheory
-- gauge symmetrygauge symmetry
-- spontaneous symmetry breakingspontaneous symmetry breaking
-- asymptotic freedomasymptotic freedom
-- the assignments of the lightest quarks and leptonsthe 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 ...
NoteNote, , thatthat thethe lightestlightest scalarscalar isis oftenoften SMSM--likelike

NonStandardNonStandard MModelsodels are based on more radical assumptionsare based on more radical assumptions..



BroutBrout--EnglertEnglert--HiggsHiggs mechanismmechanism
SpontaneousSpontaneous breakingbreaking ofof EW EW symmetrysymmetry
SU(2) x U(1) → SU(2) x U(1) → U(1U(1)) QED QED 

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

MassesMasses for Wfor W+/−+/−, Z (, Z (treetree ρ ρ =1) , no =1) , no massmass for for thethe photonphoton
FermionFermion massesmasses via via YukawaYukawa interactioninteraction

HiggsHiggs particleparticle HHSM SM -- spin 0, spin 0, neutralneutral, CP , CP eveneven
couplingscouplings to WW/ZZ, to WW/ZZ, YukawaYukawa couplingscouplings to to fermionsfermions

massmass ↔↔ selfinteractionselfinteraction unknownunknown



BroutBrout--EnglertEnglert--HiggsHiggs mechanismmechanism
SpontaneousSpontaneous breakingbreaking ofof EW EW symmetrysymmetry
SU(2) x U(1) → ?SU(2) x U(1) → ?

TwoTwo HiggsHiggs DoubletDoublet ModelModelss
TwoTwo doubletsdoublets ofof SU(2) (Y=1, SU(2) (Y=1, ρ ρ =1)  =1)  -- Φ₁ , Φ₂Φ₁ , Φ₂

MassesMasses for Wfor W+/−+/−, Z , no , Z , no massmass for for photonphoton?     ?     
FermionFermion massesmasses via via YukawaYukawa interactioninteraction ––

variousvarious modelsmodels: Model I, II, III, IV,X,Y,...: Model I, II, III, IV,X,Y,...
5 5 scalarsscalars:  H+ :  H+ andand HH-- andand neutralsneutrals::
-- CP CP conservationconservation: : CPCP--eveneven h, H & h, H & CPCP--oddodd A A 
-- CP CP violationviolation: h: h11,h,h22,h,h33 withwith undefiniteundefinite CP CP parityparity**
Sum Sum rulesrules ((relativerelative couplingscouplings to SM to SM χχ)  )  



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

V = V = λλ11(Φ₁(Φ₁††Φ₁)²+λ₂(Φ₂Φ₁)²+λ₂(Φ₂††Φ₂)²+λ₃(Φ₁Φ₂)²+λ₃(Φ₁††Φ₁)(Φ₂Φ₁)(Φ₂††Φ₂)Φ₂)

+ λ₄(Φ₁+ λ₄(Φ₁††Φ₂)(Φ₂Φ₂)(Φ₂††Φ₁)+ [λ₅(Φ₁Φ₁)+ [λ₅(Φ₁††Φ₂)²+h.c]Φ₂)²+h.c]

+ + [(λ₆(Φ₁[(λ₆(Φ₁††Φ₁)+λ₇(Φ₂Φ₁)+λ₇(Φ₂††Φ₂)) (Φ₁Φ₂)) (Φ₁††Φ₂+h.c)]Φ₂+h.c)]

-- m²m²1111 (Φ₁(Φ₁††Φ₁) Φ₁) -- m²m²2222(Φ₂(Φ₂††Φ₂) Φ₂) -- [m²[m²1212((Φ₁Φ₁††Φ₂) +h.c.]Φ₂) +h.c.]

Z₂  Z₂  symmetrysymmetry transformationtransformation: Φ₁→Φ₁  Φ₂→ : Φ₁→Φ₁  Φ₂→ -- Φ₂Φ₂

HardHard Z₂ Z₂ symmetrysymmetry violationviolation: : λ₆, λ₇ λ₆, λ₇ termsterms
SoftSoft Z₂ Z₂ symmetrysymmetry violationviolation: : m²₁₂m²₁₂ term       (Re term       (Re m²₁₂=µ²m²₁₂=µ²))
ExplicitExplicit Z₂  Z₂  symmetrysymmetry inin V:  V:  λ₆, λ₇, λ₆, λ₇, m²₁₂m²₁₂=0=0



-- IfIf ZZ22 symmetrysymmetry holdsholds inin thethe LagrangianLagrangian LL
no CP no CP violationviolation inin thethe scalarscalar sectorsector

Lee' 73
Glashow, Weinberg'77, Paschos '77

Despande, Ma' 78
-- SoftlySoftly brokenbroken ZZ22→                                      →                                      Branco, Rebelo '85

CP CP violationviolation possiblepossible, , treetree--levellevel FCNC FCNC absentabsent,   ,   
DecouplingDecoupling andand nonnon--decouplingdecoupling possiblepossible Haber'95Haber'95

-- HardHard breakingbreaking ZZ22→  →  
CP CP violationviolation possiblepossible [* [* eveneven withoutwithout CP CP mixingmixing]]

LavouraLavoura, , SilvaSilva' 94 ; ' 94 ; KanishevKanishev, MK, , MK, SokołowskaSokołowska' 2008' 2008
treetree--levellevel FCNC  FCNC  

ZZ22 symmetrysymmetry: : Φ₁ → Φ₁   Φ₂→Φ₁ → Φ₁   Φ₂→-- Φ₂Φ₂



Yukawa interactions
( with or without Z2 symmetry)

Model I  Model I  -- onlyonly ΦΦ₁ ₁ interactsinteracts withwith fermionsfermions
Model II Model II –– ΦΦ11 withwith downdown--typetype fermionsfermions d , ld , l

ΦΦ22 withwith upup--typetype fermionsfermions uu
Model III Model III -- bothboth doubletsdoublets interactinteract withwith fermionsfermions
Model IV (X)  Model IV (X)  -- leptonsleptons interactsinteracts withwith one  one  doubletdoublet,,

quarksquarks withwith otherother
Model Y  Model Y  -- ΦΦ11 withwith downdown--typetype quarksquarks dd

ΦΦ22 withwith upup--typetype quarksquarks u u andand leptonsleptons
Top 2HDM Top 2HDM –– top top withwith one one doubletdoublet
FermiophobicFermiophobic 2HDM 2HDM –– no no couplingcoupling to to thethe lightestlightest HiggsHiggs

+ + ExtraExtra dimdim 2HDM 2HDM modelsmodels ….….



InertInert oror DarkDark 2HDM 2HDM 
ZZ22 symmetrysymmetry underunder Φ₁ → Φ₁   Φ₂→Φ₁ → Φ₁   Φ₂→-- Φ₂ Φ₂ 

bothboth inin L L andand inin vacuumvacuum →→ InertInert ModelModel

→→ Φ₁ Φ₁ as as inin SM, SM, withwith HiggsHiggs bosonboson h (h (SMSM--likelike))
→   Φ₂ →   Φ₂ -- no no vevvev, , withwith 4 4 scalarsscalars (no (no HiggsHiggs bosonsbosons!)!)

no no interactioninteraction withwith fermionsfermions ((inertinert doubletdoublet))

ConservationConservation ofof thethe ZZ2 2 symmetrysymmetry;  ;  onlyonly Φ₂ Φ₂ hashas oddodd ZZ2 2 --parityparity
→  →  TheThe lightestlightest scalarscalar –– a a candidatecandidate for  for  darkdark mattermatter

((ΦΦ2  2  dark doublet with dark scalars) .) .

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

Deshpande, Ma'78
Barbieri, Hall, Rychkov'06



PossiblePossible vacuumvacuum statesstates (for (for realreal V)  V)  

TheThe most most generalgeneral vacuumvacuum statestate
vv11, v, v22, u , , u , ξ ξ --

realreal, , ≥≥ 00
vv22 =v=v11

22 +v+v22
22 +u+u22

= (246 GeV)= (246 GeV)22

InertInert I  I  u = vu = v22 = 0 = 0 
NormalNormal (CP (CP conservingconserving) ) NN u = u = ξξ = 0= 0
ChargeCharge BreakingBreaking ChCh uu≠≠0   v0   v22 =0 =0 

VacuumVacuum B  B  u = vu = v11 = 0= 0

CPCP violatingviolating CP         CP         u = 0 u = 0 ξξ ≠≠ 00

.



VacuaVacua for for thethe potentialpotential withwith explicitexplicit
ZZ22 symmetrysymmetry andand realreal parametersparameters

Ginzburg, Kanishev, MK, Sokołowska'09

FindingFinding extremaextrema: : ∂ ∂ VV / ∂  / ∂ Φ₁Φ₁||Φ₁Φ₁ = < = <Φ₁Φ₁> > = = 00  andand  ( (Φ₁ → ΦΦ₁ → Φ22))
FindingFinding minima → minima → globalglobal minimum = minimum = vacuumvacuum

PositivityPositivity ((stabilitystability)) constraintsconstraints (for (for λ₆, λ₇, m²₁₂=0)λ₆, λ₇, m²₁₂=0)

ExtremumExtremum fulfillingfulfilling thethe positivitypositivity constraintsconstraints
withwith thethe lowestlowest energyenergy == vacuumvacuum



VariousVarious extremaextrema on (on (λλ44 , , λλ55) ) planeplane (Z(Z22 symsym))
PositivityPositivity constrainsconstrains on V:   X=on V:   X=√√λλ11λλ22+λ+λ33>0>0

λλ4 4 ± λ± λ5 5 >> -- XX

InertInert ((oror B)B)
Y = MY = MH+H+

22 2/v2/v22

Charge Charge 
breakingbreaking
ChCh

NormalNormal

NoteNote thethe overlapoverlap ofof thethe InertInert withwith N N andand ChCh !!



TODAY   TODAY   
2HDM 2HDM withwith explicitexplicit ZZ22 symmetrysymmetry
Φ₁ → Φ₁   Φ₂→Φ₁ → Φ₁   Φ₂→-- Φ₂  Φ₂  withwith Model I (Model I (YukawaYukawa intint.).)

WhichWhich extremumextremum isis a a vacuumvacuum??
ChargedCharged breakingbreaking ??
massivemassive photonphoton, , el.chargeel.charge isis not not conservedconserved

→ No→ No
NeutralNeutral : : 
NormalNormal okok, , manymany data,  but no DM data,  but no DM 
InertInert OK! OK! therethere areare somesome data data 
BB no, no, allall fermionsfermions masslessmassless, no DM, no DM



LEP: 2HDM (N vacuum) v1,v2 (tanβ );Model I,II..  





InertInert Model (Model (DarkDark 2HDM) 2HDM) vsvs datadata
Ma..1978,2007, Ma..1978,2007, BarbieriBarbieri..  2006..  2006

ExactExact Z₂Z₂ symmetrysymmetry inin L L andand inin vacuumvacuum →  →  
ZZ22--parity:  parity:  oddodd isis onlyonly Φ₂

Φ₁Φ₁

NonzeroNonzero vevvev hashas onlyonly doubletdoublet Φ₁ (Φ₁ (HiggsHiggs doubletdoublet)  )  
onlyonly itit couplescouples to to fermionsfermions (Model I) (Model I) 
SMSM--likelike HiggsHiggs bosonboson h            h            M2

h= m11
2 = λ1 v2

Φ₂Φ₂

Zero Zero vevvev for for Φ₂ (Φ₂ (scalarscalar doubletdoublet) ) andand no no YukawaYukawa intint. . 
FourFour scalarsscalars withwith oddodd Z₂Z₂--parity (parity (darkdark scalarsscalars D) D) 
TheThe lightestlightest darkdark scalarscalar -- stablestable



DarkDark scalarsscalars D = H+,HD = H+,H--,H,A,H,A
MassesMasses

D D couplecouple to V = W/Z (eg. AZH, Hto V = W/Z (eg. AZH, H⁻ ⁻ WW⁺⁺H), H), 
no DV Vno DV V !!

SelfcouplingsSelfcouplings DDDD DDDD proportionalproportional to to λ2

Couplings between Higgs boson h and D
proportional to M2

D + m22
2 /2



IntertIntert Model Model –– darkdark scalarscalar massesmasses
usingusing X (X (positivitypositivity) ) andand Y = MY = MH+H+

22 2/v2/v2  2  

herehere
H+ H+ isis
thethe

herehere H+ H+ isis lightestlightest
thethe heaviestheaviest

herehere H H isis thethe darkdark mattermatter candidatecandidate ((λλ5  5  << 0)0)



TestingTesting InertInert Model Model 
To To considerconsider

propertiesproperties ofof SMSM--likelike h (h (lightlight andand heavyheavy))

propertiesproperties ofof darkdark scalarsscalars
((producedproduced onlyonly inin pairspairs!) !) 

DM DM candidatecandidate

CollidersColliders signalsignal//constraintsconstraints
BarbieriBarbieri et et alal '2006 for '2006 for heavyheavy hh

CaoCao, Ma, , Ma, RajasekarenRajasekaren' 2007 for a ' 2007 for a lightlight hh



DarkDark 2HDM 2HDM –– additionaladditional decaysdecays ofof hh
Ma..‘ 2007



DarkDark 2HDM:  LEP II 2HDM:  LEP II exclusionexclusion
LundstromLundstrom et et alal 0810.39240810.3924

LEP II + WIMP LEP II + WIMP 
MMhh= 200 = 200 GeVGeV

MMAA-- MMHH > 8 > 8 GeVGeV



InertInert Model: Model: constraintsconstraints LEP+DM → LEP+DM → 
LHCLHC E. Dolle, S. Su, 0906.1609 [hep-ph] 
LEP (LEP (exclusionexclusion andand EW EW precisionprecision data) data) 
+ + relicrelic densitydensity usingusing MicroOMEGAMicroOMEGA//CalCHEPCalCHEP

Su, CERN, August 2009

S=H





ConclusionConclusion on gamma on gamma lineslines

-- GustafssonGustafsson et al.2007: et al.2007: StrikingStriking DM DM lineline signalssignals --promisingpromising
featuresfeatures to to searchsearch withwith GLASTGLAST

MassMass ofof H = 40H = 40--80 80 GeVGeV, H+ = 170 , H+ = 170 GeVGeV, , 
A = 50A = 50--70 70 GeVGeV, h = 500 , h = 500 andand 120 120 GeVGeV

-- HonorezHonorez, , NezriNezri, , OliverOliver, , TytgatTytgat 20062006--7: 7: H as a H as a perfectperfect
exampleexample oror archetypearchetype ofof WIMP WIMP –– withinwithin reachreach ofof GLAST GLAST 

HereHere massmass ofof h = 120 h = 120 GeVGeV, , largelarge massmass H+ H+ closeclose
to A = 400 to A = 400 -- 550 550 GeVGeV

-- SeptemberSeptember 2009  2009  waitingwaiting on FERMI on FERMI resultsresults



EvolutionEvolution ofof thethe UniverseUniverse ––
differentdifferent vacuavacua inin thethe paspast ?t ?

We We considerconsider 2HDM 2HDM withwith anan explicitexplicit ZZ2 2 symmetrysymmetry
assumingassuming thatthat todaytoday thethe InertInert Model Model isis realizedrealized. . 

UsefulUseful parametrizationparametrization withwith k k andand δδ

YukawaYukawa interactioninteraction –– Model I Model I →→
allall fermionsfermions couplecouple onlyonly to  to  Φ₁Φ₁



PossiblePossible vacuavacua::

ChCh

InertInert

B      u=0B      u=0

NN

DependingDepending on on valuevalue ofof δδ →  →  
a a truetrue vacuumvacuum ((withwith thethe minimalminimal energyenergy) ) 

uu≠≠00



DependingDepending on  on  δ → a δ → a truetrue vacuumvacuum

For For ChCh
> 0> 0

For NFor N
>0>0

SoSo, , ifif δδ changechange withwith time?time?



TermalTermal correctionscorrections ofof parametersparameters

MatsubaraMatsubara methodmethod ((temperaturetemperature T>> mT>> m22) ) ––
--onlyonly quadraticquadratic ((massmass) ) parametersparameters changechange withwith TT

mm1111
22(T), m(T), m2222

2 2 (T) (T) ↓ ↓ withwith T T ↓↓ →  →  differentdifferent phasesphases



ExtremaExtrema::
-- In In thethe EW EW symmetrysymmetry vacuumvacuum, , bothboth m²m²1111 (T) , (T) , m²m²2222(T)<0(T)<0

BothBoth massmass parameterparameter growgrow withwith time ttime t

-- In In thethe InertInert extremumextremum conditioncondition: : m²m²11 11 == λλ11 vv22 , , soso m²m²1111 > 0  > 0  

-- B B extremumextremum conditioncondition: : m²m²2222 = = λλ22 vv22 > 0 , > 0 , soso m²m²2222 > 0 > 0 

SinceSince m²m²1111 (T), (T), m²m²2222(T) (T) areare monotonicmonotonic functionsfunctions ofof T (TT (T22))

ifif InertInert ((oror B) was B) was anan extremumextremum inin thethe past past thenthen
m²m²1111 (T) ((T) (oror m²m²2222(T)) (T)) positivepositive for for thethe restrest ofof thethe evolutionevolution

-- WhatWhat happenedhappened nextnext, , dependsdepends on on otherother parametersparameters



PhasePhase transitionstransitions
fromfrom thethe EW EW symmetricsymmetric phasephase

• For 

to the present INERT phase





ConclusionsConclusions
RichRich contentcontent ofof 2HDMs2HDMs
IntertIntert Model Model inin agreementagreement withwith presentpresent data data ––
soonsoon teststests atat FERMI FERMI andand LHC LHC 
WhatWhat was was inin thethe Past?Past?

VariousVarious scenariosscenarios
CanCan we we findfind clearclear signalssignals ??
BB--InertInert isis thethe 1st order 1st order phasephase transitiontransition ––discontinuitiesdiscontinuities
ItIt isis possiblepossible not to not to havehave DM DM atat highhigh temperaturetemperature

excluded if DM 
neutral !



Model I for N, Model I for N, InertInert, B , B phasephase



S = H (DM)



DarkDark 2HDM: 2HDM: γγγγhh





2HDM: 2HDM: oldold idea idea andand recentrecent progressprogress
T.D. T.D. LeeLee 1973 1973 –– mainlymainly for for spontaneousspontaneous CP CP violationviolation
RichRich phenomenologyphenomenology .... .... 
20042004--2009: 2009: deeperdeeper understandingunderstanding ofof V V usingusing symmetrysymmetry
((reparametrizationreparametrization freedomfreedom oror isis tan tan ββ a a physicalphysical
parameterparameter?, ?, conditioncondition for CP for CP conservationconservation, , vacuumvacuum statesstates))--
HaberHaber, , GunionGunion; ; GinzburgGinzburg, MK; , MK; NishiNishi, , NachtmannNachtmann, , ManiatisManiatis, , 
ManteiffelManteiffel,  ,  IvanovIvanov, , KanishevKanishev, , SokołowskaSokołowska,  ,  BarrosoBarroso, , SantosSantos, , 
FerreiraFerreira, , SilvaSilva, , BotellaBotella, , LavouraLavoura, , BrancoBranco, , RebeloRebelo, , GrimusGrimus, , OslandOsland, , 
VivesVives......
20062006--9 9 DarkDark mattermatter:: Ma, Ma, BarbieriBarbieri;;
EvolutionEvolution ofof thethe UniverseUniverse:: GinzburgGinzburg, , IvanovIvanov, , KanishevKanishev, MK,  , MK,  
SokołowskaSokołowska

NeNew w analysesanalyses for LHC, ILC, PLC for LHC, ILC, PLC 
ConstraintsConstraints fromfrom FlavourFlavour datadata
GeneratorsGenerators for 2HDMfor 2HDM
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