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The EW Phase TransitionThe EW Phase Transition
Sakharov Conditions B Violation (Sphalerons)

C, CP Violation
Departure from Equilibrium Departure from Equilibrium 

In the SM (In the SM (mmhh  = 125 GeV= 125 GeV) ) EW Phase Transition Smooth CrossOverEW Phase Transition Smooth CrossOver
K. Kajantie, M. Laine, K. Rummukainen, M. Shaposhnikov, Phys. Rev. Lett. 77 (1996) 2887

11stst  Order EW Phase Transition possible in Extended EWSB SectorsOrder EW Phase Transition possible in Extended EWSB Sectors

  Cosmology of EWSB?Cosmology of EWSB?

for Baryogenesis:
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HowToHowTo  Probe Nature of EWProbe Nature of EW  
Phase Transition in EWSB Sectors?Phase Transition in EWSB Sectors?

What Can What Can the EW Phase Transitionthe EW Phase Transition Tell us about  Tell us about Collider SearchesCollider Searches??

Extended
at LHC

➊➊  Identify (possible) Patterns Leading toIdentify (possible) Patterns Leading to  11stst Order Order  EW Phase TransitionEW Phase Transition    

➋➋  Extract Extract LHCLHC signatures Characteristic of such Patterns signatures Characteristic of such Patterns

““To find it, you need to know where to look for”To find it, you need to know where to look for”

HowToHowTo Develop a Search Strategy for Extended EWSB Sectors  Develop a Search Strategy for Extended EWSB Sectors 
with a Strong EW Phase Transition at LHC?with a Strong EW Phase Transition at LHC?



  

Extended EWSB Scalar SectorsExtended EWSB Scalar Sectors

  Scalar Higgs PortalScalar Higgs Portal
R. Schabinger, J. Wells, Phys. Rev. D72 (2005) 093007
B. Patt, F. Wilczek, hep-ph/0605188

Scenarios wScenarios w.. Scalar Singlets can Lead to Strong  Scalar Singlets can Lead to Strong 11stst Order Order  EW Phase TransitionEW Phase Transition
S. Profumo, M. Ramsey-Musolf, G. Shaughnessy, JHEP 0708 (2007) 010

J. R. Espinosa, T. Konstandin, J. M. N, M. Quiros, Phys. Rev. D78 (2008) 123528
J. R. Espinosa, T. Konstandin, F. Riva, Nucl. Phys. B854 (2012) 592

||HH||22
  unique Lorentz & Gauge unique Lorentz & Gauge 
Invariant term w. Invariant term w. d < 4d < 4

SingletSinglet  --  

SM + SM + Real Scalar SingletReal Scalar Singlet  SS

V. Barger, P. Langacker, M. McCaskey, M. Ramsey-Musolf, G. Shaughnessy, Phys. Rev. D79 (2009) 015018
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B. Patt, F. Wilczek, hep-ph/0605188

||HH||22
  unique Lorentz & Gauge unique Lorentz & Gauge 
Invariant term w. Invariant term w. d < 4d < 4

SingletSinglet  --  

SM + SM + Real Scalar SingletReal Scalar Singlet  SS

  hh1 1 ((mm11==  125 GeV125 GeV))      hh2 2 ((mm22))      θθmm

    SingletSinglet--Doublet MixingDoublet Mixing

S. Profumo, M. Ramsey-Musolf, G. Shaughnessy, JHEP 0708 (2007) 010

A Strong A Strong EW Phase Transition EW Phase Transition 

strongly prefers strongly prefers aa11 < 0  < 0 (Mixing)(Mixing)
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  Scalar Higgs PortalScalar Higgs Portal
R. Schabinger, J. Wells, Phys. Rev. D72 (2005) 093007
B. Patt, F. Wilczek, hep-ph/0605188

||HH||22
  unique Lorentz & Gauge unique Lorentz & Gauge 
Invariant term w. Invariant term w. d < 4d < 4

SingletSinglet  --  

SM + SM + Real Scalar SingletReal Scalar Singlet  SS

S. Profumo, M. Ramsey-Musolf, G. Shaughnessy, JHEP 0708 (2007) 010

Decay Channel Decay Channel hh2  2      hh11  hh11



  

Extended EWSB Scalar SectorsExtended EWSB Scalar SectorsSingletSinglet  --  

125 GeV (Resonant) Higgs Pair Production at LHC125 GeV (Resonant) Higgs Pair Production at LHC
M. Dolan, C. Englert, M. Spannowsky, Phys. Rev. D87 (2013) 5,  055002
J. Cao, Z. Heng, L. Shang, P. Wan, J. M. Yang,  JHEP 1304 (2013) 134

hh22
hh11

hh11

Potential Discovery Mode for Potential Discovery Mode for hh22
(if (if hh22    Z Z Z Z Suppressed Suppressed))

J. M. N, M. Ramsey-Musolf, arXiv:1310.6035 [hep-ph].J. M. N, M. Ramsey-Musolf, arXiv:1310.6035 [hep-ph].



  

Extended EWSB Scalar SectorsExtended EWSB Scalar SectorsSingletSinglet  --  

125 GeV (Resonant) Higgs Pair Production at LHC125 GeV (Resonant) Higgs Pair Production at LHC
M. Dolan, C. Englert, M. Spannowsky, Phys. Rev. D87 (2013) 5,  055002
J. Cao, Z. Heng, L. Shang, P. Wan, J. M. Yang,  JHEP 1304 (2013) 134

ATLAS-CONF-2013-013ATLAS-CONF-2013-013

hh22
hh11

hh11

Potential Discovery Mode for Potential Discovery Mode for hh22
(if (if hh22    Z Z Z Z Suppressed Suppressed))

Possible to Evade Direct Searches:Possible to Evade Direct Searches:

  Suppressed ProductionSuppressed Production  (Singlet Admixture)(Singlet Admixture)

  Suppressed Br(Suppressed Br(hh2 2   Z ZZ Z))

J. M. N, M. Ramsey-Musolf, arXiv:1310.6035 [hep-ph].J. M. N, M. Ramsey-Musolf, arXiv:1310.6035 [hep-ph].



  

Extended EWSB Scalar SectorsExtended EWSB Scalar SectorsSingletSinglet  --  

125 GeV (Resonant) Higgs Pair Production at LHC125 GeV (Resonant) Higgs Pair Production at LHC
M. Dolan, C. Englert, M. Spannowsky, Phys. Rev. D87 (2013) 5,  055002
J. Cao, Z. Heng, L. Shang, P. Wan, J. M. Yang,  JHEP 1304 (2013) 134
J. M. N, M. Ramsey-Musolf, arXiv:1310.6035 [hep-ph].J. M. N, M. Ramsey-Musolf, arXiv:1310.6035 [hep-ph].

Constraints:Constraints:

  EW Precision Observables

  125 GeV Higgs Couplings (LHC)

  Direct Heavy Higgs Searches (LHC) 
(C(C

θθ
))22  ≥≥  0.660.66  atat  95%95%  C.L.C.L.

  Vacuum Stability

(C(C
θθ
))22  ==  0.66 , 0.66 , mm22 = 270 GeV , b = 270 GeV , b44 = 1 = 1

(C(C
θθ
))22  ==  0.66 , 0.66 , mm22 = 370 GeV , b = 370 GeV , b44 = 1 = 1

See Pete
r 

Winslow'
s Talk



  

Searching for Resonant Di-Higgs at LHCSearching for Resonant Di-Higgs at LHC

Main SM Backgrounds:

p p p p  hh2 2    hh11  hh11   bb bb  ττ ++ττ --
_

Benchmark Scenarios: UnUn--Boosted:Boosted:  (C(C
θθ
))22  ==  0.66 , 0.66 , mm22 = 270 GeV ,  = 270 GeV , λλ 211211 = 325 GeV = 325 GeV  

Boosted:Boosted:  (C(C
θθ
))22  ==  0.66 , 0.66 , mm22 = 370 GeV ,  = 370 GeV , λλ 211211 = 325 GeV = 325 GeV  

Classify according to Leptonic/Hadronic Nature of each ττ -Decay

ZZ  bbbb
_

tt  tt
_



  

Searching for Resonant Di-Higgs at LHCSearching for Resonant Di-Higgs at LHC

mm
ττττ
 Reconstruction Algorithms:Reconstruction Algorithms:

Reconstructing both 125 GeV Higgses              mbb    mττττ

...... but  but ττ --Decay involves missing EnergyDecay involves missing Energy

  Collinear approximationCollinear approximation
R. Ellis, I. Hinchliffe, M. Soldate, J. J. van der Bij, Nucl. Phys. B297 (1988) 221.

  Missing Mass CalculatorMissing Mass Calculator
A. Elagin, P. Murat, A. Pranko, A. Safonov, Nucl. Instrum. Meth. A654 (2011) 481

p p p p  hh2 2    hh11  hh11   bb bb  ττ ++ττ --
_



  

Searching for Resonant Di-Higgs at LHCSearching for Resonant Di-Higgs at LHC

Event Generation Event Generation   MadGraph 5MadGraph 5 +  + PythiaPythia +  + PGS/DelphesPGS/Delphes

Leptonic Mode:Leptonic Mode:  ττ leplepττ leplep

UnUn--Boosted   vs   BoostedBoosted   vs   Boosted

p p p p  hh2 2    hh11  hh11   bb bb  ττ ++ττ --
_
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Event Generation Event Generation   MadGraph 5MadGraph 5 +  + PythiaPythia +  + PGS/DelphesPGS/Delphes
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Searching for Resonant Di-Higgs at LHCSearching for Resonant Di-Higgs at LHC
Leptonic Mode:Leptonic Mode:  ττ leplepττ leplep

UnUn--BoostedBoosted

BoostedBoosted
S /  B ~ 5  L ~ 150 fb-1

_

S /  B ~ 5  L ~ 1000 fb-1
_



  

Searching for Resonant Di-Higgs at LHCSearching for Resonant Di-Higgs at LHC

SemiLeptonic Mode:SemiLeptonic Mode:  ττ leplepττ hadhad

p p p p  hh2 2    hh11  hh11   bb bb  ττ ++ττ --
_



  

Searching for Resonant Di-Higgs at LHCSearching for Resonant Di-Higgs at LHC
SemiLeptonic Mode:SemiLeptonic Mode:  ττ leplepττ hadhad

UnUn--BoostedBoosted

BoostedBoosted
S /  B ~ 5  L ~ 50 fb-1

_

S /  B ~ 5  L ~ 100 fb-1
_
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hh2  2       hh11  hh11  as Probe of Higgs Portal   as Probe of Higgs Portal && EW Phase Transition EW Phase Transition

Promising at LHC in Promising at LHC in bbbb  ττττ  Final State with 100 Final State with 100  --  200 fb200 fb-1-1

Other Final States?Other Final States?
bbbbbbbb
bbWWbbWW
bbbbγγγγ
......

Interplay between Interplay between hh2 2    hh11  hh11  &&  hh2 2    Z ZZ Z??

HowToHowTo Map the EW Phase Transition in Higgs Portal to LHC... Map the EW Phase Transition in Higgs Portal to LHC...
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  2 Higgs Doublet Model2 Higgs Doublet Model HowToHowTo Develop a Search Strategy for 2HDMs  Develop a Search Strategy for 2HDMs 
with a Strong EW Phase Transition at LHC?with a Strong EW Phase Transition at LHC?

mmHH    m    mAA   m   mHH
    t    t

ββ
      α-α-ββ   μ   μ

What Regions Lead to a StrongWhat Regions Lead to a Strong  EW Phase Transition in 2HDM?EW Phase Transition in 2HDM?
G. Dorsch, S. Huber,  J. M. N.,  JHEP G. Dorsch, S. Huber,  J. M. N.,  JHEP 13101310 (2013) 029 (2013) 029

G. Dorsch, S. Huber, K. Mimasu,  J. M. N., To AppearG. Dorsch, S. Huber, K. Mimasu,  J. M. N., To Appear



  

Extended EWSB Scalar SectorsExtended EWSB Scalar Sectors

  2 Higgs Doublet Model2 Higgs Doublet Model HowToHowTo Develop a Search Strategy for 2HDMs  Develop a Search Strategy for 2HDMs 
with a Strong EW Phase Transition at LHC?with a Strong EW Phase Transition at LHC?

mmHH    m    mAA   m   mHH
    t    t

ββ
      α-α-ββ   μ   μ



  

Extended EWSB Scalar SectorsExtended EWSB Scalar Sectors

  2 Higgs Doublet Model2 Higgs Doublet Model HowToHowTo Develop a Search Strategy for 2HDMs  Develop a Search Strategy for 2HDMs 
with a Strong EW Phase Transition at LHC?with a Strong EW Phase Transition at LHC?

mmHH    m    mAA   m   mHH
    t    t

ββ
      α-α-ββ   μ   μ



  

Extended EWSB Scalar SectorsExtended EWSB Scalar Sectors

  2 Higgs Doublet Model2 Higgs Doublet Model HowToHowTo Develop a Search Strategy for 2HDMs  Develop a Search Strategy for 2HDMs 
with a Strong EW Phase Transition at LHC?with a Strong EW Phase Transition at LHC?

mmHH    m    mAA   m   mHH
    t    t

ββ
      α-α-ββ   μ   μ

  mmA A > > 350 GeV350 GeV  
  mmA A - m- mHH  ∼∼  v  v 
  αα   ∼∼   ββ   

  moderate moderate tt
β  β  

((tt
ββ

  ∼∼   11  --  5) 5) 

((for light Hfor light H00 ,  , αα   ≠≠   ββ  possible possible))
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mmHH    m    mAA   m   mHH
    t    t

ββ
      α-α-ββ   μ   μ

  mmA A > > 350 GeV350 GeV  
  mmA A - m- mHH  ∼∼  v  v 
  αα   ∼∼   ββ   

((for light Hfor light H00 ,  , αα   ≠≠   ββ  possible possible))

Decay ChannelDecay Channel  AA0 0    ZZ  HH00

G. Dorsch, S. Huber, K. Mimasu,  J. M. N., To AppearG. Dorsch, S. Huber, K. Mimasu,  J. M. N., To Appear
B. Coleppa, F. Kling, S. Su, arXiv:1404.1922 [hep-ph]B. Coleppa, F. Kling, S. Su, arXiv:1404.1922 [hep-ph]

Decay ChannelDecay Channel  AA0 0    ZZ  hh  suppressedsuppressed

  moderate moderate tt
β  β  

((tt
ββ

  ∼∼   11  --  5) 5) 
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mmHH    m    mAA   m   mHH
    t    t

ββ
      α-α-ββ   μ   μ

  mmA A > > 350 GeV350 GeV  
  mmA A - m- mHH  ∼∼  v  v 
  αα   ∼∼   ββ   

  moderate moderate tt
β  β  

((tt
ββ

  ∼∼   11  --  5) 5) 

((for light Hfor light H00 ,  , αα   ≠≠   ββ  possible possible))

mmAA = m = mHH
 = 450 GeV    t = 450 GeV    t

ββ
  = 2= 2

(α-β)/ (α-β)/ = 0.005 (0.15)= 0.005 (0.15) μ  μ = 100 GeV= 100 GeV
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mmHH    m    mAA   m   mHH
    t    t

ββ
      α-α-ββ   μ   μ

mmAA = m = mHH
 = 450 GeV    t = 450 GeV    t

ββ
  = 2= 2

(α-β)/ (α-β)/ = 0.005 (0.15)= 0.005 (0.15) μ  μ = 100 GeV= 100 GeV

What Final States to Search For at LHC?What Final States to Search For at LHC?

(α-β)/ (α-β)/ = 0.005    = 0.005           bbbb  ℓℓ++
ℓℓ
--

(α-β)/ (α-β)/ = 0.15    = 0.15           WW++WW--  ℓℓ++
ℓℓ
--

G. Dorsch, S. Huber, K. Mimasu,  J. M. N., To AppearG. Dorsch, S. Huber, K. Mimasu,  J. M. N., To Appear
B. Coleppa, F. Kling, S. Su, arXiv:1404.1922 [hep-ph]B. Coleppa, F. Kling, S. Su, arXiv:1404.1922 [hep-ph]

_
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mmHH    m    mAA   m   mHH
    t    t

ββ
      α-α-ββ   μ   μ

mmAA = m = mHH
 = 450 GeV, t = 450 GeV, t

ββ
  = 2, = 2, μ μ = 100 GeV= 100 GeV

What Final States to Search For at LHC?What Final States to Search For at LHC?

(α-β)/ (α-β)/ = 0.005    = 0.005           bbbb  ℓℓ++
ℓℓ
--

(α-β)/ (α-β)/ = 0.15    = 0.15           WW++WW--  ℓℓ++
ℓℓ
--

G. Dorsch, S. Huber, K. Mimasu,  J. M. N., To AppearG. Dorsch, S. Huber, K. Mimasu,  J. M. N., To Appear
B. Coleppa, F. Kling, S. Su, arXiv:1404.1922 [hep-ph]B. Coleppa, F. Kling, S. Su, arXiv:1404.1922 [hep-ph]

Searches for bbbbℓℓℓℓ on A0  Z h are suppressed 
for a Strong EW Phase Transition

_
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  2 Higgs Doublet Model2 Higgs Doublet Model HowToHowTo Develop a Search Strategy for 2HDMs  Develop a Search Strategy for 2HDMs 
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mmHH    m    mAA   m   mHH
    t    t

ββ
      α-α-ββ   μ   μ

Search Mode:Search Mode:  bbbb  ℓℓ++
ℓℓ
--

_



  

SummarySummary

          What Can What Can                                            Tell About       Tell About                                        ??EW Phase TransitionEW Phase Transition Collider SearchesCollider Searches
Collider SearchesCollider Searches EW Phase TransitionEW Phase Transition

HowToHowTo Develop a Search Strategy for Extended EWSB Sectors  Develop a Search Strategy for Extended EWSB Sectors 
with a Strong EW Phase Transition at LHC?with a Strong EW Phase Transition at LHC?



Singlet Higgs Portal:Singlet Higgs Portal:    hh2 2    hh11  hh11    vsvs    hh2 2    Z ZZ Z

2HDM:2HDM:    AA0 0   ZZ  HH00

Other Signals for mOther Signals for mhh < 250 GeV?   < 250 GeV?  hh1 1    hh22  hh22  ??22
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