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To what extent can extended Higgs 
sectors help explain this puzzle ? 

Cosmic Energy Budget 

Dark Matter 

Dark Energy 

68 % 

27 % 

5 % 

Baryons Baryons 



BSM Higgs & Cosmology 

This talk: focus primarily on matter-antimatter 
asymmetry (YB )  & some dark matter implications 
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Was YB generated in conjunction with 
electroweak symmetry-breaking?  
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•  B violation: EW sphalerons 

•  C & CP violation: BSM interactions  

•  Out of equilibrium: EW phase transition 
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EWPT: Why Should We Care ?  

•  Were there conditions favorable to generation of the 
matter-antimatter asymmetry during the era of EW 
symmetry breaking ? 

•  What was the detailed history and pattern of EW 
symmetry breaking ? 
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How is the EW symmetry-breaking transition affected by 
presence of new states & interactions introduced to solve 
other problems (naturalness, dark matter…) ? 



FCC Opportunities  

•  To what extent can the LHC and future e+e- and pp 
colliders probe the thermal history of EWSB ? 

•  If the universe underwent at strong first order EWPT, 
can the signatures be discovered in collider studies ? 

•  What are the necessary energies and integrated 
luminosities ?  
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* What will it take to comprehensively probe 
the landscape of possibilities ? 
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EW Theory: Phase Diagram & mh 

•  “Strong” 1st order EWPT needed 
for electroweak baryogenesis 
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EWPT “Poster Child”: MSSM 
Light Stop Scenario 

Light Stop 
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New scalars  

Light RH stops also affect 
Higgs properties 

Katz, Perelstein, R-M, 
Winslow 1509.02934 

MSSM + δλ4 (Hu
† Hu )2   

Curtin, Jaiswal, Meade 1203.2932  
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Beyond the Poster Child 

Light Stop 
Scenario 

•  Gauge singlets (tree-level) 

•  EW multiplets (tree + loops) 
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Beyond the Poster Child 

Light Stop 
Scenario 

•  Gauge singlets (tree-level) 

•  EW multiplets (tree + loops) 

Higgs portal:  
SUSY or otherwise 
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New scalars  

< φ > 

+… 

•  Renormalizable     

•  φ : singlet or charged  
 under SU(2)L x U(1)Y 

•  Generic features of full theory 
 (NMSSM, GUTS…) 

•  More robust vacuum stability 

•  Novel patterns of SSB 
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Higgs Portal: Simple Scalar Extensions 

Extension EWPT DM DOF 

May be low-energy remnants of UV complete 
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FCC Opportunities  

•  To what extent can the LHC and future e+e- and pp 
colliders probe the thermal history of EWSB ? * 

•  If the universe underwent at strong first order EWPT, 
can the signatures be discovered in collider studies ? * 

•  What are the necessary energies and integrated 
luminosities ? * 
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* What will it take to comprehensively probe 
the landscape of possibilities ? 
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on the spectrum 

 m1 > 2 m2 

 m2 > 2 m1 
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SFOEWPT Benchmarks: Resonant di-Higgs  
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 m2 > 2 m1 

 m1 > 2 m2 

Mixed States: 
Precision $ 
ILC, CPEC, 
FCC-ee 

Modified Higgs Self-Coupling 

Increasing mh  

New 
scalars  
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HL-LHC ILC 
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 m2 > 2 m1 

 m1 > 2 m2 

Mixed States: 
Precision $ 
ILC, CPEC, 
FCC-ee 

Exotic Higgs Decays 
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•   h1
* !  h2 h2

  

Chen, Kozaczuk, Lewis 

•  h1 !  h2 h2
  or h2 h2

* 

Kozaczuk, RM, Shelton, Sajjad 
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EW Phase Transition: Singlet Scalars 
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To ensure that we find all the minima of the potential at a given temperature, we
use the iMinuit package []. At each temperature, we feed the algorithm all tree-level
extrema of the potential and allow it to flow to the nearest minimum. This is similar to the
strategy used by the software package VEVacious to find all minima of the one-loop T = 0

potential. This procedure is not necessarily guaranteed to find all minima, however for
parameter space points such that the one-loop corrections to the scalar potential are under
perturbative control, it should, as claimed e.g. in Ref. []. Nevertheless, at each temperature
we feed additional starting points to the algorithm to safeguard against missing minima
that may appear far away from tree level minima, maxima, and saddle points.

4 Discovering Non-resonant Scalar Pair Production at Colliders

We have seen that the pair production cross-section of singlet-like states at hadron colliders
is correlated with the strength of the electroweak phase transition. We now investigate to
what extent current and future experiments can probe this process.

For the purposes of this work we will restrict our attention to m2 > 170 GeV so that
h2 decays primarily to on-shell gauge bosons. For lower masses, a separate collider study
is required to consider the viability of final states involving b’s, ⌧ ’s, and photons, which we
plan to address in a forthcoming publication []. To reduce QCD and Drell-Yan backgrounds,
we will consider final states with leptons of the same charge (“same-sign leptons”). There
are two particularly promising final states with a significant branching fraction:

h2h2 ! 4W ! 4j2`±2⌫;

h2h2 ! 4W ! 2j2`±`0⌥3⌫, ` 6= `0.
(4.1)

Of these, we will focus on the latter trilepton signature. Although it features a somewhat
smaller branching fraction, it has the advantage of being less susceptible to backgrounds
from fake leptons and tends to allow for larger signal-to-background ratios than the dilepton
channel, at least at parton level [6]. We emphasize, however, that the dilepton channel can
also be promising. We hope to return to it in future work.

4.1 Signal

4.2 Backgrounds

The dominant backgrounds for the trilepton signature are:

• WZ/�⇤ where one of the leptons from the Z/�⇤ is missed and one additional non-
prompt lepton is observed

• WWW where all three gauge bosons decay leptonically

• t¯tW where both b-jets are untagged and the tops and additional gauge boson decay
leptonically

• t¯tZ/�⇤ where both b-jets are untagged, the tops and additional gauge boson decay
leptonically and one of the leptons from the Z/�⇤ is missed.

– 7 –

Non-resonant: h1
*
 !  h2h2  

Chen, Kozaczuk, Lewis  to appear 

Vac stab & pert unitarity 
 
SFOEWPT 

•    

•    
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To ensure that we find all the minima of the potential at a given temperature, we
use the iMinuit package []. At each temperature, we feed the algorithm all tree-level
extrema of the potential and allow it to flow to the nearest minimum. This is similar to the
strategy used by the software package VEVacious to find all minima of the one-loop T = 0

potential. This procedure is not necessarily guaranteed to find all minima, however for
parameter space points such that the one-loop corrections to the scalar potential are under
perturbative control, it should, as claimed e.g. in Ref. []. Nevertheless, at each temperature
we feed additional starting points to the algorithm to safeguard against missing minima
that may appear far away from tree level minima, maxima, and saddle points.

4 Discovering Non-resonant Scalar Pair Production at Colliders

We have seen that the pair production cross-section of singlet-like states at hadron colliders
is correlated with the strength of the electroweak phase transition. We now investigate to
what extent current and future experiments can probe this process.

For the purposes of this work we will restrict our attention to m2 > 170 GeV so that
h2 decays primarily to on-shell gauge bosons. For lower masses, a separate collider study
is required to consider the viability of final states involving b’s, ⌧ ’s, and photons, which we
plan to address in a forthcoming publication []. To reduce QCD and Drell-Yan backgrounds,
we will consider final states with leptons of the same charge (“same-sign leptons”). There
are two particularly promising final states with a significant branching fraction:

h2h2 ! 4W ! 4j2`±2⌫;

h2h2 ! 4W ! 2j2`±`0⌥3⌫, ` 6= `0.
(4.1)

Of these, we will focus on the latter trilepton signature. Although it features a somewhat
smaller branching fraction, it has the advantage of being less susceptible to backgrounds
from fake leptons and tends to allow for larger signal-to-background ratios than the dilepton
channel, at least at parton level [6]. We emphasize, however, that the dilepton channel can
also be promising. We hope to return to it in future work.

4.1 Signal

4.2 Backgrounds

The dominant backgrounds for the trilepton signature are:

• WZ/�⇤ where one of the leptons from the Z/�⇤ is missed and one additional non-
prompt lepton is observed

• WWW where all three gauge bosons decay leptonically

• t¯tW where both b-jets are untagged and the tops and additional gauge boson decay
leptonically

• t¯tZ/�⇤ where both b-jets are untagged, the tops and additional gauge boson decay
leptonically and one of the leptons from the Z/�⇤ is missed.

– 7 –

Non-resonant: h1
*
 !  h2h2  

Chen, Kozaczuk, Lewis  to appear 

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê

Ê
Ê
Ê
Ê

Ê
Ê
Ê

Ê
Ê
Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê
Ê
Ê

Ê

Ê
Ê
Ê
Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

ÊÊÊ

ÊÊÊ

Ê
Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
‡
‡

‡
‡
‡

‡
‡
‡

‡
‡

‡
‡
‡

‡
‡
‡
‡
‡
‡
‡
‡

‡
‡
‡
‡
‡
‡
‡
‡
‡

‡
‡
‡
‡
‡
‡
‡

‡
‡
‡
‡
‡
‡
‡

‡
‡
‡
‡
‡

‡

‡

‡
‡
‡
‡
‡

‡
‡

‡

‡
‡

‡

‡
‡

‡
‡

‡
‡
‡

‡
‡
‡

‡
‡
‡

‡
‡
‡

‡
‡
‡
‡

‡
‡
‡
‡

‡
‡
‡
‡

‡
‡
‡

‡
‡
‡

‡
‡

‡
‡

‡
‡

‡

‡

‡
‡
‡

‡

‡
‡
‡
‡
‡
‡

‡

‡

‡
‡

‡

‡

‡

‡
‡

‡

‡
‡

‡

‡

‡

‡

‡

‡

‡

‡

‡
‡

‡

‡
‡

‡

‡
‡

‡
‡

‡
‡

‡

‡

‡

‡

‡

‡‡
‡

‡

‡
‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡
‡

‡
‡

‡

‡

‡
‡

‡
‡

‡

‡
‡

‡

‡

‡

‡
‡

‡‡‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡ ‡

‡
‡

‡

‡

‡

‡

‡

‡

‡

‡‡‡

‡‡‡

‡
‡

‡

‡‡

‡

‡

‡

‡

‡

‡

‡

‡

‡
‡

‡
‡
‡

‡
‡
‡

‡
‡
‡

‡
‡

‡
‡
‡

‡
‡
‡
‡
‡
‡
‡
‡

‡
‡
‡
‡
‡
‡
‡
‡
‡

‡
‡
‡
‡
‡
‡
‡

‡
‡
‡
‡
‡
‡
‡

‡
‡
‡
‡
‡

‡
‡
‡
‡
‡

‡

‡

‡‡‡

‡

‡‡‡‡
‡

‡‡

‡‡

> 100 events
û 14 TeVLHC
w ê 3000 fb-1

-2 0 2 4 6 8

-10

-5

0

5

10

a2

b 3
êv

m2 = 170 GeV, sin q = 0.05

100 TeV pp: 30 ab-1 14 TeV pp: 3 ab-1 



Higgs Portal: Simple Scalar Extensions 

Extension EWPT DM DOF 

May be low-energy remnants of UV complete 
theory & illustrative of generic features 

 Real singlet:     Z2 

 Real singlet:     Z2 

 Complex Singlet 

 EW Multiplets 

1 

1 

2 

3+ 

✔ 

✔ 

✔ 

✔ 

✖ 

✔ 

✔ 

✔ 
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EW Phase Transition: Two-Step 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

<S > 

Profumo, R-M, Shaugnessy 2007 
Curtain, Meade, Yu: arXiv: 1409.0005 
Jiang, Bian, Huang, Shu 1502.07574 
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EW Phase Transition: Singlet Scalars 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

<S > 

Curtain, Meade, Yu: arXiv: 1409.0005 

Z2 symmetric real singlet extension 

•  Loop-induced 1-step transition 
•  2-step transition for µS

2 < 0  

51 * Singlet two step: see also Profumo, R-M, 
Shaugnessy 2007 

2 Step* 

1 Step 

Non-pert 



EW Phase Transition: Singlet Scalars 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

<S > 

Curtain, Meade, Yu: arXiv: 1409.0005 

Z2 symmetric real singlet extension 

•  Loop-induced 1-step transition 
•  2-step transition for µS

2 < 0  

VBF @ 100 TeV pp: 

 pp !  h jj , h ! invis 

2 Step* 

1 Step 

Significance 
w/ 3000 fb-1 

Non-pert 
52 * Singlet two step: see also Profumo, R-M, 

Shaugnessy 2007 



EW Phase Transition: Singlet Scalars 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

<S > 

Curtain, Meade, Yu: arXiv: 1409.0005 

Z2 symmetric real singlet extension 

•  Loop-induced 1-step transition 
•  2-step transition for µS

2 < 0  

VBF @ 100 TeV pp: 

 pp !  h jj , h ! invis 

2 Step* 

1 Step 

Significance 
w/ 3000 fb-1 

Non-pert 
53 * Singlet two step: see also Profumo, R-M, 

Shaugnessy 2007 

> 2 σ 



EW Phase Transition: DM Direct Detection 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

<S > 

Curtain, Meade, Yu: arXiv: 1409.0005 

Z2 symmetric real singlet extension 

•  Loop-induced 1-step transition 
•  2-step transition for µS

2 < 0  

Scalar singlet DM: direct detection 

LUX Exclusion 

Xenon1T 
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Higgs Portal: Simple Scalar Extensions 

Extension EWPT DM DOF 

May be low-energy remnants of UV complete 
theory & illustrative of generic features 

 Real singlet:     Z2 

 Real singlet:     Z2 

 Complex Singlet 

 EW Multiplets 

1 

1 

2 

3+ 

✔ 

✔ 

✔ 

✔ 

✖ 

✔ 

✔ 

✔ 
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A0 ! Z H0 
Signature   

EW Multiplets: 2HDM 

56 Dorsch et al 

 bb ll : 5σ  for 40 fb-1 4l + MET: 5σ  for 60 fb-1 

SFOEWPT 
testable w/ 
LHC 

See S. Su talk 



? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

New scalars  

EW Multiplets: Two-Step EWPT 

<φ0 > 

Baryogenesis 

Quench 
sphalerons 

Small entropy 
dilution 

φ  dark 
matter 

φ0	

j	

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1505.05195  

•  Step 1: thermal loops 
•  Step 2: tree-level barrier 
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One step 

Two step 



? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

New scalars  

EW Multiplets: Two-Step EWPT 

j	

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1505.05195  

<Σ0 > 

Tr
ip

le
t M

as
s 

Higgs Portal Coupling 

Two-step EWB 
favorable 
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One step 

Two step 
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φ

? 

φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

New scalars  

EW Multiplets: Two-Step EWPT 

j	

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1505.05195  

<Σ0 > 

€ 

h j
 γ	

 γ 

Σ+	 Tr
ip

le
t M

as
s 

Higgs Portal Coupling 

Two-step EWB 
favorable 
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One step 

Two step 



Strong 1st Order EWPT 

Light Stop 
Scenario 

Beyond the MSSM: 
singlets, 2-step…. 

Definitive probe of the possibilities ! 
Exciting opportunities for the FCC! 
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Outlook 

61 

•  Probing the thermal history of EWSB & determining whether 
conditions existed for generation of the matter-antimatter 
asymmetry (SFOEWPT) is a key opportunity for the FCC 

 
•  Simple BSM Higgs sectors (singlets, EW multiplets) can readily 

give rise to a SFOEWPT with a rich array of signatures 

•  A comprehensive probe of the EWSB thermal history will likely 
require the FCC-hh with ~ few x 10 ab-1 & complementary 
precision e+e- Higgs factory studies 

•  On-going theoretical work underway: model building, collider 
pheno, & refined finite temperature field theory 

 
•  Ample opportunities for others to join the effort ! 



Back Up Slides 
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EW Phase Transition: Singlet Scalars 

63 

Resonant di-Higgs: bb WW channel @ LHC 13 

Huang, No, Pernie, MRM, Safonov, Spannowsky, Winslow  1701.XXXX 



EW Phase Transition: DM Direct Detection 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

<S > 

Feng, Profumo, Ubaldi 1412.1105 

Z2 symmetric real singlet extension 

LUX Exclusion 

Xenon1T 

LUX Exclusion 
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EW Phase Transition: DM Direct Detection 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

<S > 

Feng, Profumo, Ubaldi 1412.1105 

Z2 symmetric real singlet extension 

LUX Exclusion 

Xenon1T 

LUX Exclusion 

Non-thermal 
DM mechanism 
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