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NaturalnessNaturalness

Vacuum Stability in SMVacuum Stability in SM

New Scalar (s) Could Alleviate SM Vacuum Stability Problem
e.g. e.g. Heavy singlet scalar can provide threshold correction toHeavy singlet scalar can provide threshold correction to  λλ  runningrunning

(                   )Shortcomings of the SM Higgs

...

... Degrassi, Di Vita, Elias-Miro, Espinosa, Giudice, Isidori, Strumia, JHEP 1208 (2012) 098 

Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio, Strumia, JHEP 1312 (2013) 089 

Elias-Miro, Espinosa, Giudice, Lee, Strumia, JHEP 1206 (2012) 031 

Lebedev, Eur. Phys. J C72 (2012) 2038 
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SphaleronsSphalerons

✗✗ not enoughnot enough
Gavela, Hernandez, Orloff, Pene, Quimbay, Nucl. Phys. B430 (1994) 382

✗✗ not enoughnot enough

SMSM

Kajantie, Laine, Rummukainen, Shaposhnikov, Phys. Rev. Lett. 77 (1996) 2887
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Sakharov ConditionsSakharov Conditions ((for dynamical generation for dynamical generation 
of baryon asymmetryof baryon asymmetry))

B B ViolationViolation

CC//CP CP ViolationViolation

Departure from Thermal EquilibriumDeparture from Thermal Equilibrium

Matter-Antimatter Asymmetry

✓✓
Kuzmin, Rubakov, Shaposhnikov, Phys. Lett. B155 (1985) 36

SphaleronsSphalerons

??

?? EW Phase Transition

CPV in Scalar Sector

Beyond
Higgs SystemSMSM

EDMs

LHC & beyond
TESTABLETESTABLE

Possible to establish  / rule-out EW Baryogenesis
in the not-too-distant future
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CP Violation        (in Scalar Sector)

e.g.e.g.  2 Higgs Doublets2 Higgs Doublets

e.g.e.g.  Higgs + Higgs + Complex SingletComplex Singlet

Also Possible to Obtain CPV (within non-minimal scalar sector scenarios)Also Possible to Obtain CPV (within non-minimal scalar sector scenarios)  
from higher-dim. operatorsfrom higher-dim. operators
Espinosa, Gripaios, Konstandin, Riva, JCAP 1201 (2012) 012

Chala, Nardini, Sobolev, Phys. Rev. D94 (2016) 055006



6

CP Violation        (in Scalar Sector)

CPV Induces Electric Dipole Moments (EDMs)

(Measurable for electrons, neutrons & Atomic Nuclei)
Engel, Ramsey-Musolf, van Kolck, Prog. Part. Nucl. Phys. 71 (2013) 21

Weinberg OperatorWeinberg Operator
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CP Violation        (in Scalar Sector)

CPV Induces Electric Dipole Moments (EDMs)

(Measurable for electrons, neutrons & Atomic Nuclei)
Engel, Ramsey-Musolf, van Kolck, Prog. Part. Nucl. Phys. 71 (2013) 21

Weinberg OperatorWeinberg Operator

EDMEDM ChromoChromo-EDM-EDM

e.g.e.g.  2 Higgs Doublets

Inoue, Ramsey-Musolf, Zhang, Phys.Rev. D89 (2014) 115023

ACME eEDM Experiment 
Yields Stringent Bounds 

on CPV
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CP Violation        (in Scalar Sector)

CPV in Scalar Sector Could be Probed @ Colliders
(Higgs CP Properties)

Higgs + 2Jets @ LHC 
Dolan, Harris, Jankowiak, Spannowsky, Phys.Rev. D90 (2014) 073008

Higgs Decays to Taus @ LHC-ILC 
Harnik, Martin, Okui, Primulando, Yu, Phys.Rev. D88 (2013) 076009

2α

Others:
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EW Phase Transition
Universe Expands AdiabaticallyUniverse Expands Adiabatically           Equilibrium Thermal Field TheoryEquilibrium Thermal Field Theory

Tree-level 
potential

Loop 
corrections

Thermal 
corrections

(Higgs) Finite(Higgs) Finite--T Effective PotentialT Effective Potential
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EW Phase Transition

1st Order: 
〈h〉 = 0  〈h〉 = h(T) Discontinuous

2nd Order: 
〈h〉 = 0  〈h〉 = h(T) Continuous

Tree-level 
potential

Loop 
corrections

Thermal 
corrections

≈ (a T2 - 2) h2 - E(T) h3 + 
eff
(T) h4 (High(High  --T expansion)T expansion)
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EW Phase Transition

1st Order: 
〈h〉 = 0  〈h〉 = h(T) Discontinuous

2nd Order: 
〈h〉 = 0  〈h〉 = h(T) Continuous

Tree-level 
potential

Loop 
corrections

Thermal 
corrections

≈ (a T2 - 2) h2 - E(T) h3 + 
eff
(T) h4

T ≫ v
EW Symmetry 
Restoration
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EW Phase Transition

1st Order: 
〈h〉 = 0  〈h〉 = h(T) Discontinuous

2nd Order: 
〈h〉 = 0  〈h〉 = h(T) Continuous

Tree-level 
potential

Loop 
corrections

Thermal 
corrections

≈ (a T2 - 2) h2 - E(T) h3 + 
eff
(T) h4

Larger mh

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

New Bosons

NonNon--analytic term (manalytic term (m22))3/23/2 in V(h) from Matsubara Zero in V(h) from Matsubara Zero--modesmodes
((only present for bosons))
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EW Phase Transition

Tree-level 
potential

Loop 
corrections

Thermal 
corrections

≈ (a T2 - 2) h2 - E(T) h3 + 
eff
(T) h4

  Thermal Effects 
Add New BOSONS to generate a thermal barrierAdd New BOSONS to generate a thermal barrier

((In the SM, W, Z gauge bosons  not sufficient→In the SM, W, Z gauge bosons  not sufficient→ ))

  Tree-level Effects
Add scalars that modify the tree-level potentialAdd scalars that modify the tree-level potential

  Loop Effects
Add Particles whose loops reduce vacua energy difference.Add Particles whose loops reduce vacua energy difference.
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EW Phase Transition

Tree-level 
potential

Loop 
corrections

Thermal 
corrections

≈ (a T2 - 2) h2 - E(T) h3 + 
eff
(T) h4

  Thermal Effects 
Add New BOSONS to generate a thermal barrierAdd New BOSONS to generate a thermal barrier

((In the SM, W, Z gauge bosons  not sufficient→In the SM, W, Z gauge bosons  not sufficient→ ))

  Tree-level Effects
Add scalars that modify the tree-level potentialAdd scalars that modify the tree-level potential

  Loop Effects
Add Particles whose loops reduce vacua energy difference.Add Particles whose loops reduce vacua energy difference.


eff
(T)



9

Out of Equilibrium
(Sphaleron Shut-off)

EW Phase Transition
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Case Study: a Second Higgs

2 CP Even States, with2 CP Even States, with

We Assume      We Assume      = 125= 125 GeV GeV

            = 125= 125 GeV Is Also Possible GeV Is Also Possible
Bernon, Gunion, Haber, Jiang, Kraml, Phys. Rev. D93 (2016) 035027 
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Case Study: a Second Higgs

BSM ParametersBSM Parameters

EWPOEWPO  ::  

HH jj Couplings to Fermions:                        choice not Relevant for EW Phase Transition Couplings to Fermions:                        choice not Relevant for EW Phase TransitionType I , Type II ...

h is SM Higgs
for           
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Case Study: a Second Higgs

Strength of 2HDM EW Phase Transition 
Dominantly Controlled by Vacuum Uplifting
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Case Study: a Second Higgs

Strength of 2HDM EW Phase Transition 
Dominantly Controlled by Vacuum Uplifting

⇒   EW Phase Transition EW Phase Transition Favours 2HDM Alignment orFavours 2HDM Alignment or  ≿

Dorsch, Huber, Mimasu, JMN, Phys. Rev. D  93 (2016) 115033

+ Many Other Refs!

Higgs Signal Strengths Higgs Signal Strengths 
(LHC(LHC  RunRun  1)1)
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Case Study: a Second Higgs

Strength of 2HDM EW Phase Transition 
Dominantly Controlled by Vacuum Uplifting

⇒   EW Phase Transition EW Phase Transition Favours 2HDM Alignment orFavours 2HDM Alignment or  ≿

Alignment LimitAlignment Limit
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Case Study: a Second Higgs

Combine with Vacuum Stability and UnitarityCombine with Vacuum Stability and Unitarity
Gunion, Haber, Phys.Rev. D67 (2003) 075019

Ginzburg, Ivanov, Phys.Rev. D72 (2005) 115010

Barroso, Ferreira, Ivanov, Santos, JHEP 1306 (2013) 045

(       )(       )

Dorsch, Huber, Mimasu, JMN, arXiv:1612.xxxxx

Prelim
inary

⇒   EW Phase Transition EW Phase Transition FavoursFavours  ((  >> m m
ZZ
  ))
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AA
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ZZ
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or
EW Phase TransitionEW Phase Transition S Signatureignature

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett.  113 (2014) 211802

Case Study: a Second Higgs

LHC 13 TeV with ~100 fb-1 
Shall Have a Final Word 

on this Scenario
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CMS­PAS­HIG­15­001CMS­PAS­HIG­15­001
Phys. Lett. B759 (2016) 369 (ArXiv:1603.02991)

Case Study: a Second Higgs



Meaningful LHC Run 1 ConstraintsMeaningful LHC Run 1 Constraints

15

((AssumeAssume  2HDM2HDM  AlignmentAlignment))

Dorsch, Huber, Mimasu, JMN, Phys. Rev. D93 (2016) 115033

Case Study: a Second Higgs
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Higgs & Dark Matter

Assume: DM with Relic Density via 
Thermal Freeze-Out in Early Universe

SMSM

SMSMDMDM

DMDM

Relic Density (Early Universe)Relic Density (Early Universe)
Indirect Detection (Now)Indirect Detection (Now)

DM AnnihilationDM Annihilation

DM ProductionDM Production
Colliders (LHC)Colliders (LHC)D
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Nature of DM-SM Interactions??Nature of DM-SM Interactions??

““Dark Matter Complementarity”Dark Matter Complementarity”
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Higgs & Dark Matter

DM may feel         gauge interactions
e.g.e.g.  “Minimal Dark Matter”“Minimal Dark Matter”

Cirelli, Fornengo, Strumia, Nucl. Phys. B753 (2006) 178
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Higgs & Dark Matter
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e.g.e.g.  “Minimal Dark Matter”“Minimal Dark Matter”

Cirelli, Fornengo, Strumia, Nucl. Phys. B753 (2006) 178

or... DM may belong to a Dark Sector

Standard Standard 
ModelModel

Dark Dark 
SectorSector

Need “Portal” InteractionNeed “Portal” Interaction  ((ss)) between SM and DS between SM and DS

PortalPortal
Dark MatterDark Matter

SM Higgs portal:SM Higgs portal: OOSS
B.Patt, F. Wilczek, hep-ph/0605188

e.g.e.g.  
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Higgs & Dark Matter

DM may feel         gauge interactions
e.g.e.g.  “Minimal Dark Matter”“Minimal Dark Matter”

Cirelli, Fornengo, Strumia, Nucl. Phys. B753 (2006) 178

or... DM may belong to a Dark Sector

Standard Standard 
ModelModel

Dark Dark 
SectorSector

Need “Portal” InteractionNeed “Portal” Interaction  ((ss)) between SM and DS between SM and DS

PortalPortal

SM Higgs portal:SM Higgs portal: OOSS
B.Patt, F. Wilczek, hep-ph/0605188

e.g.e.g.  

Singlet scalar DMSinglet scalar DM

The SM Higgs Mediates Interactions The SM Higgs Mediates Interactions 
of Dark Matter with the SMof Dark Matter with the SM

The EWSB Sector, Well-Motivated SM-DM Portal

Dark MatterDark Matter
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Higgs & Dark Matter

Consider Fermion DM + Spin - 0 Mediator
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Higgs & Dark Matter

Consider 
Interactions DM-SM may be characterized via Simplified Model  (s)

Buckley, Feld, Goncalves, Phys. Rev. D91 (2015) 015017

De Simone, Jacques, Eur. Phys. J. C76 (2016) 7, 367

Shoemaker, Vecchi, Phys. Rev. D86 (2012) 015023

Frandsen, Kahlhoefer, Preston, Sarkar, Schmidt-Hoberg, JHEP07 (2012) 123

Scalar MediatorScalar Mediator Pseudoscalar MediatorPseudoscalar Mediator

Fermion DM + Spin - 0 Mediator
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Consider 
Interactions DM-SM may be characterized via Simplified Model  (s)

Buckley, Feld, Goncalves, Phys. Rev. D91 (2015) 015017

De Simone, Jacques, Eur. Phys. J. C76 (2016) 7, 367

Shoemaker, Vecchi, Phys. Rev. D86 (2012) 015023

Frandsen, Kahlhoefer, Preston, Sarkar, Schmidt-Hoberg, JHEP07 (2012) 123

Scalar MediatorScalar Mediator Pseudoscalar MediatorPseudoscalar Mediator

Fermion DM + Spin - 0 Mediator

18

Seem Useful to Interpret LHC Searches



Higgs & Dark Matter

Consider 
Interactions DM-SM may be characterized via Simplified Model  (s)

Buckley, Feld, Goncalves, Phys. Rev. D91 (2015) 015017

De Simone, Jacques, Eur. Phys. J. C76 (2016) 7, 367

Shoemaker, Vecchi, Phys. Rev. D86 (2012) 015023

Frandsen, Kahlhoefer, Preston, Sarkar, Schmidt-Hoberg, JHEP07 (2012) 123

Scalar MediatorScalar Mediator Pseudoscalar MediatorPseudoscalar Mediator

Fermion DM + Spin - 0 Mediator

18

Seem Useful for DM Complementarity

For Scalar MediatorFor Scalar Mediator

For Pseudoscalar MediatorFor Pseudoscalar Mediator

Spin Dependent @ Tree-level
Spin Independent @ One-loop

Both very suppressed

Spin-Independent DM Direct Detection (tree-level) MUCH MORE SENSITIVE than LHC

DM Direct Detection MUCH LESS SENSITIVE than LHC
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The Problem is            Gauge (non)The Problem is            Gauge (non)  InvarianceInvariance
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19

A A ConsistentConsistent ” ”CompletionCompletion“ of the Simplified Pseudoscalar “ of the Simplified Pseudoscalar 
Portal to DM Portal to DM Goes Beyond the Standard Higgs SystemGoes Beyond the Standard Higgs System

Nomura, Thaler, Phys. Rev D79 (2009) 075008
2 Higgs Doublets!2 Higgs Doublets!

The Problem is            Gauge (non)The Problem is            Gauge (non)  InvarianceInvariance

Allows Coupling of (singlet) Allows Coupling of (singlet) 

aa00 to SM fermions to SM fermions
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A A ConsistentConsistent ” ”CompletionCompletion“ of the Simplified Pseudoscalar “ of the Simplified Pseudoscalar 
Portal to DM Portal to DM Goes Beyond the Standard Higgs SystemGoes Beyond the Standard Higgs System

The Problem is            Gauge (non)The Problem is            Gauge (non)  InvarianceInvariance

Physical States

MixingMixing
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SM + DM + SM + DM + aa00  mediatormediator  + New States+ New States
New (heavier) MediatorNew (heavier) Mediator

New States New States 
(Mediator Gauge Partners)(Mediator Gauge Partners)

NEW STATES DO NOT DECOUPLE (( If If DM-SMDM-SM Portal is Active Portal is Active  ))

[                  ][                  ]

UnitarityUnitarity

∣ Λ


 ∣ ≤ 8

Goncalves, Machado, JMN, ArXiv:1611.04593
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Impact on LHC (Impact on LHC (Simplified Model vs Consistent Completion):):



Higgses & Dark Matter

21

SM + DM + SM + DM + aa00  mediatormediator  + New States+ New States
New (heavier) MediatorNew (heavier) Mediator

New States New States 
(Mediator Gauge Partners)(Mediator Gauge Partners)

NEW STATES DO NOT DECOUPLE

Impact on LHC (Impact on LHC (Simplified Model vs Consistent Completion):):

h

”New“ Searches: (Resonant) mono-h / mono-Z
JMN, Phys. Rev D93 (2016) 031701

e.g. mono-h



Higgses & Dark Matter

21

SM + DM + SM + DM + aa00  mediatormediator  + New States+ New States
New (heavier) MediatorNew (heavier) Mediator

New States New States 
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Impact on LHC (Impact on LHC (Simplified Model vs Consistent Completion):):

h

”New“ Searches: (Resonant) mono-Z

Goncalves, Machado, JMN, ArXiv:1611.04593



Higgses & Dark Matter

21

SM + DM + SM + DM + aa00  mediatormediator  + New States+ New States
New (heavier) MediatorNew (heavier) Mediator

New States New States 
(Mediator Gauge Partners)(Mediator Gauge Partners)

NEW STATES DO NOT DECOUPLE

Impact on LHC (Impact on LHC (Simplified Model vs Consistent Completion):):

LHC Picture for ConsistentConsistent  DM-SM DM-SM 
PseudoscalarPseudoscalar  PortalPortal 

Very Different from Simplified Model

5%
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EW Phase Transition @ LHC

MSSM (Most Studied EWBG Scenario)(Most Studied EWBG Scenario)

MSSM Baryogenesis Window

mmtt  <  110 GeV  <  110 GeV~~
Carena, Nardini, Quiros, Wagner, Nucl. Phys. B812 (2009) 243

Lattice studies suggest there may be a Lattice studies suggest there may be a SEWPTSEWPT for  for mmtt  <  150 - 160 GeV  <  150 - 160 GeV
Laine, Nardini, Rummukainen, JCAP 1301 (2013) 011

~~



EW Phase Transition @ LHC

MSSM (Most Studied EWBG Scenario)(Most Studied EWBG Scenario)



EW Phase Transition @ LHC

due to Light Stops

Deviations in Deviations in Higgs Couplings Higgs Couplings fromfrom  SMSM

Curtin, Jaiswal, Meade, JHEP 1208 (2012) 005

MSSM (Most Studied EWBG Scenario)(Most Studied EWBG Scenario)



EW Phase Transition @ LHC

due to Light Stops

Deviations in Deviations in Higgs Couplings Higgs Couplings fromfrom  SMSM

Curtin, Jaiswal, Meade, JHEP 1208 (2012) 005

MSSM (Most Studied EWBG Scenario)(Most Studied EWBG Scenario)



EW Phase Transition @ LHC

due to Light Stops

Deviations in Deviations in Higgs Couplings Higgs Couplings fromfrom  SMSM

A way out?  A way out?  
Higgs Invisible WidthHiggs Invisible Width

Curtin, Jaiswal, Meade, JHEP 1208 (2012) 005

Carena, Nardini, Quiros, Wagner, JHEP 1302 (2013) 001

MSSM (Most Studied EWBG Scenario)(Most Studied EWBG Scenario)



EW Phase Transition @ LHC

The MSSM Baryogenesis WindowThe MSSM Baryogenesis Window
Seems to be ClosedSeems to be Closed

      SEWPTSEWPT via colored states is disfavoured via colored states is disfavoured
Cohen, Morrissey, Pierce, Phys. Rev. D86 (2012) 013009

color breakingcolor breaking



Higgs & Dark Matter

DM Complementarity

Note: Note: Plots for Plots for Spin - 1 Mediator    

Was Unable to find the Was Unable to find the 
Spin – 0 ones! (if they exist)ones! (if they exist)

Argument Holds
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