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Lecture III Goals 

•  Introduce the key ideas for relating the electroweak 
phase transition and WIMP dark matter in the context of 
electroweak baryogenesis 

•  Provide general considerations regarding dark matter 
model building 

•  Explain how electroweak baryogenesis works 

•  Discuss simple EWPT-DM scenarios and their collider 
probes 

•  Invite questions ! 
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Lecture III Outline 

I.  Electroweak Phase Transition & Dark Matter: Overview 

II.  WIMP Dark Matter: Context & Properties 

III.  Electroweak Baryogenesis: How It Works 

IV.  EWPT & DM: Scenarios & Collider Probes 
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I. EWPT & Dark Matter: Overview 
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Fermion Masses & Baryon Asymmetry 

Partners 

Partners 

Higgs Mechanism 

Electroweak baryogenesis: 
Baryon asymmetry & mf from 
EW symmetry breaking 

Something else ? 

Leptogenesis: Baryon 
asymmetry & mν  from 
lepton number violation 

This lecture 



Baryogenesis Scenarios 
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Standard thermal lepto 

Electroweak, resonant lepto, 
WIMPY baryo, ARS lepto… 

Post-sphaleron, cold… 

7 



8 

Thermal History 

EWSB CMB (decoupl) & 
Recombination 

Inflation Radiation Matter Vac 

QGP-Had 

BBN 

Standard 
Thermal 
Leptogenesis 

End of 
inflation + 
reheating 

Electroweak 
Baryogenesis 



Ingredients for Baryogenesis 

•  B violation (sphalerons) 

•  C & CP violation  

•  Out-of-equilibrium or 
 CPT violation 

Standard Model BSM 

✔ 

✖ 

✖ 

✔ 

✔ 

✔ 

Scenarios: leptogenesis, 
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold 
baryogenesis, post-
sphaleron baryogenesis… 

9 First order EWPT 



EWSB: The Scalar Potential  
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From Nature 

What was the thermal history of EWSB ? 



EW Phase Transition: St’d Model  
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F1st order 2nd order 

Increasing mh  

SM EW: Cross over transition 

EW Phase Diagram 

How does this picture 
change in presence of new 
TeV scale physics ? What is 
the phase diagram ? 
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First Order EWPT from BSM Physics 

•  Thermal loops involving new bosons 

•  T=0 loops (CW Potential)  

•  Change tree-level vacuum structure 
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EWPT & Dark Matter 

•  Can the BSM particles that catalyze a 
first order EWPT also be viable dark 
matter candidates ? 

13 
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II. WIMP Dark Matter: Context & Properties 



Dark Matter Properties 

•  Electrically neutral & colorless 

•  Stable on cosmological time scales 

•  “Cold” 

•  Thermal or Non-Thermal  

15 
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Thermal Dark Matter 

1)  N ~ NEQ 

2)  N starts to depart 
from NEQ 

3)  N “freezes out” at xf 

Boltzmann Eqs: 

 xf  ~ O (10) ! 
T  ~ m / 10 
  

Dark Matter example 
 χ χ $ ff or VV

Abundance 



Dark Matter Interactions 

•  Gravitational 

•  Non-grav interactions w/ St’d Model ? 

•  Non-grav interactions w/ itself ? 

17 



Particle Dark Matter Scenarios 
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Weakly Interacting 
Massive Particles: 
“WIMPS” 

•  σINT ~ σweak 

•  Mχ : few GeV !  
few TeV 



Dark Matter Portals 

Standard Model Hidden Sector 



Dark Matter Portals 

•  Gauge sector (SUSY neutralinos) 

•  Higgs portal (BSM scalars) 

•  QCD portal (Axion) 

•  Yukawa portal (neutrinos) 

20 



WIMP Dark Matter Probes 
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Thermal Abundance & Indirect 
Detection 

SM 

SM 

χ

χ

DM Interactions 



WIMP DM: ΩDM & Indirect Det 
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Real singlet exension: “xSM” 

Barger, Langacker, McCaskey, MJRM, 
Shaugnessy 0706.4311 [hep-ph] 

ΩS   >  ΩDM  

ΩS   <  ΩDM  



WIMP DM: ΩDM & Indirect Det 
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Indirect detection 

Jin, Yue, Zhang, Chen 
1712.00362 [astro-ph] 
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FIG. 2: The primary electrons background derived from (e� � e+) of the AMS-02 data [48] and the total flux of CR electrons
and positrons background measured by DAMPE. The curves that fit the data including and excluding the peak point near 1.4
TeV are shown in the left and right panel respectively. We write the best-fit DM particle mass m� and the velocity weighted
cross-section h�vi in each panel.

For model A the mass of the dark matter particle are
1.7 TeV and 1.3 TeV respectively for the left and right
panel, and 1.4 TeV and 1.2 TeV respectively for model
B. The required annihilation cross sections are typically
h�vi ⇠ 10�23 cm3 s�1, within the constraints derived
from the AMS-02 electron data [49]. The cross-section
values are however larger than the one required to get
correct abundance of WIMPs during the thermal de-
coupling. To obtain large abundance, the dark matter
must be produced non-thermally in the early Universe,
or the cross-section of its annihilation in the current time
must be somehow enhanced [16, 17]. Moreover, while the
cross-section is derived for electrons and positrons pro-
duction, we note that these are larger than the obser-
vational limits on cross-section of annihilation into pho-
tons derived from observations of the dwarf spheroidal
galaxies [65, 66]. The required cross-sections here are
one order of magnitude greater than those of VERITAS
[65], and three order larger than the one from Fermi-LAT
[66]. Although the cross-sections of �-ray and electrons
and positrons could be di↵erent, we expect them to be of

the same order, and special mechanism may be needed to
achieve the large cross-section to electrons and positrons
while not violating the �-ray bound.
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FIG. 3: Spectrum for dark matter decay via the W+W� case.
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Figure 2: The CRE spectrum (multiplied by E3) measured by DAMPE. The red dashed line
represents a smoothly broken power-law model that best fits the DAMPE data in the 55 GeV �
2.63 TeV range. Also shown are the direct measurements from space-borne experiments AMS-
0214 and Fermi-LAT16, and the indirect measurement by H.E.S.S. (the grey band represents its
systematic errors apart from the ⇠ 15% energy scale uncertainty)17, 18. The error bars (±1 s.d.) of
DAMPE, AMS-02 and Fermi-LAT include both systematic and statistical uncertainties added in
quadrature.
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Ambrosi et al (DAMPE Collab) 
1711.10981 [astro-ph] 

Experiment 

Theory 



WIMP Dark Matter Probes 
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Direct Detection: WIMP-Nucleus scattering 

SM χ

SM χ

DM Interactions 



WIMP Dark Matter: Direct Detection 
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WIMP Dark Matter Probes 
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DM Production at Colliders 

SM 

SM 

χ

χ

DM Interactions 



WIMP Dark Matter: Colliders 

27 

V. Cirigliano 
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III. Electroweak Baryogenesis: How It 
Works 



EW Phase Transition: New Scalars & CPV 
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EW Phase Transition: New Scalars & CPV 
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Increasing mh  
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EW Phase Transition: New Scalars & CPV 
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EW Phase Transition: New Scalars & CPV 
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? 

F1st order 2nd order 

Increasing mh  

New scalars  

•  Loop effects 

•  Tree-level barrier 

32 
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Baryogenesis 
Gravity Waves 
Scalar DM     
LHC Searches 

“Strong”   1st order EWPT 

EW Phase Transition: New Scalars & CPV 
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EW Phase Transition: New Scalars & CPV 
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Baryogenesis 
Gravity Waves 
Scalar DM     
LHC Searches 

“Strong”   1st order EWPT 

Bubble 
nucleation 

EWSB YB : diffuses 
into interiors  

Preserve 
YB

initial 

Quench 
EW sph 

EW Phase Transition: New Scalars & CPV 
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IV. EWPT & DM: Scenarios & Collider 
Probes  



Higgs Portal DM & EWPT 



EW Phase Transition: Higgs Portal 
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< φ > 

+… 
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EW Phase Transition: Higgs Portal 
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φ
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φ
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F

? 

F1st order 2nd order 

Increasing mh  

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 

42 



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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Higgs Portal: Simple Scalar 
Extensions 

May be low-energy remnants of UV complete 
theory & illustrative of generic features 
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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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EW Phase Transition: New Scalars 

? 

φ
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φ
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F
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F1st order 2nd order 

Increasing mh  

New scalars  

Simplest Extension: 
two states h1 & h2 

Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010 

<S > 

Real Singlet: φ ! S 

46 
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Simplest Extension 

Standard Model + real singlet scalar 

•  Strong first order EWPT 

•  Two mixed singlet-doublet states 
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Simplest Extension 

Standard Model + real singlet scalar 

JHEP08(2007)010

sufficient condition for having a stable neutral scalar that can be the DM, as first noticed

ref. [25]. We emphasize, however, that imposing a tree-level Z2 symmetry on the potential

(a1 = 0 = b3) does not imply a vanishing singlet vev. Only when x0 = 0 is it possible to

have a stable neutral scalar. While this assumption is implicit in many previous analyses,

we find that models with x0 ̸= 0 arise copiously in the present framework.

The fields (h, s) describing fluctuations about the vevs are defined by H0 = (v0+h)/
√

2

and S = x0 + s, at T = 0. The corresponding entries in the mass matrix are given by4

µ2
h ≡

∂2V

∂h2
= 2λ̄0v

2
0 (2.8)

µ2
s ≡

∂2V

∂s2
= b3x0 + 2b4x

2
0 −

a1v2
0

4x0
(2.9)

µ2
hs ≡

∂2V

∂h∂s
= (a1 + 2a2x0) v0 . (2.10)

The mass eigenstates h1 and h2 are defined as

h1 = sin θ s + cos θ h

h2 = cos θ s − sin θ h (2.11)

where the mixing angle θ is given by

tan θ =
y

1 +
√

1 + y2
, where y ≡

µ2
hs

µ2
h − µ2

s
. (2.12)

With this convention, | cos θ| > 1/
√

2, therefore h1 is the mass eigenstate with the largest

SU(2)-like component and h2 that with the largest singlet component. The corresponding

mass eigenvalues are given by

m2
1,2 =

µ2
h + µ2

s

2
±

µ2
h − µ2

s

2

√

1 + y2 (2.13)

where the upper (lower) sign corresponds to m1 (m2).

For future reference it is useful to relate the parameters in V to those appearing in

the notation of ref. [20], where the potential is written in terms of the zero-temperature,

shifted field s only. One has

V (H, s) = −
µ2

h

2

(

H†H
)

+ λ̄0

(

H†H
)2

+
δ1

2

(

H†H
)

s (2.14)

+
δ2

2
(H†H)s2 −

(

δ1µ2
h

8λ̄0

)

s +
κ2

2
s2 +

κ3

3
s3 +

κ4

4
s4 ,

4We discuss corrections resulting from the full Coleman-Weinberg effective potential below. These

corrections lead to numerically small shifts to these conditions.

– 7 –

Phenomenology 

 m1,2 ; θ ; hi hj hk couplings  

EWPT 

<S > 

 TC , ΓN , Γsph , …  Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010 



EW Phase Transition: New Scalars 
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F1st order 2nd order 

Increasing mh  

New scalars  

Simplest Extension: 
two states h1 & h2 

Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010 

<S > 

Real Singlet: φ ! S 

 m1 > 2 m2 

 m2 > 2 m1 

49 



EW Phase Transition: Singlet Scalars 
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F

? 

F1st order 2nd order 

Increasing mh  

SM EW: Cross over transition 

EW Phase Diagram 

How does this picture 
change in presence of new 
TeV scale physics ? What is 
the phase diagram ? 
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SM 



EW Phase Transition: Singlet Scalars 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

<S > 

 m2 > 2 m1 

 m1 > 2 m2 

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

51 
Profumo, MJRM, Shaugnessy 
‘07 

Collider probes 

•  Resonant di-Higgs production 

•  Precision Higgs measurements 

•  Non-resonant di-Higgs & exotic 
Higgs decays 



EW Phase Transition: New Scalars 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

Resonant di-Higgs production 

No & RM, arXiv:1310.6035 : LHC Discovery w/ 100 
fb-1 

<S > 

 m2 > 2 m1 

 m1 > 2 m2 

Simplest Extension: 
two states h1 & h2 

€ 

h1

€ 

h2

€ 

h1€ 

b

€ 

b 

 τ+

 τ-

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



EW Phase Transition: Singlet Scalars 

Kotwal, No, R-M, Winslow  1605.06123 
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SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies   

SFOEWPT  •    

 h-S Mixing  

m2 ⇡ MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

Lmass = yL̄H̃NR + h.c. + mNN̄RN
C

R
(39)

Lmass =
y

⇤
L̄

c
HH

T
L + h.c. (40)

�(NR ! `H) 6= �(NR !
¯̀H⇤) (41)

m⌫ =
m

2
D

MR

(42)

hp
0
| J

EM
µ

|pi = Ū(p0)


F1�µ +

iF2

2M
�µ⌫q

⌫ +
iF3

2M
�µ⌫�5q

⌫ +
FA

M2
(q2

�µ � 6qqµ)�5

�
U(p) (43)

hp
0
| J

EM
µ

|pi
PV

=
FA

M2
Ū(p0)

⇥
(q2

�µ � 6qqµ)�5

⇤
U(p) (44)

Qquqd = ✏jkQ̄
j
uRQ̄

k
dR (45)

YB =
nB

s
= (8.82± 0.23)⇥ 10�11 (46)

mt̃R
⇠ 160 GeV (47)

bb̄�� & 4⌧ (48)

4

Next gen 
pp 

LHC 

 EWPO 

See also: Huang et al, 1701.04442 



EW Phase Transition: New Scalars 
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 m2 > 2 m1 

 m1 > 2 m2 

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

Modified Higgs Self-Coupling 

h1 

h1 

h1 



EW Phase Transition: Singlet Scalars 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Profumo, R-M, Wainwright, Winslow: 1407.5342; 
see also Noble & Perelstein 0711.3018 
 

<S > 

 m2 > 2 m1 

 m1 > 2 m2 

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

Modified Higgs Self-Coupling 

Increasing mh  

New 
scalars  

FCC-hh/SPPC 

FCC-ee/ 
CEPC 

HL-LHC ILC 

55 

Scan 
includes 
m2 > 2m1 



EW Phase Transition: Singlet Scalars 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Chen, Kozaczuk, Lewis 2017 
 

<S > 

 m2 > 2 m1 

 m1 > 2 m2 

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

Singlet-like pair production 

56 



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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The Simplest Extension 
Model 

H-S Mixing
H1 ! H2H2

Stable S (dark matter?) 
•  Tree-level Z2 symmetry: a1=b3=0 to  

 prevent s-h mixing and one-loop s    hh    

•  x0 =0 to prevent h-s mixing 

Signal Reduction Factor 

Production Decay 

DM Scenario 

Dark Matter Stability: 

•  Invariance under S ! –S 

•  <S> = 0 

•   θhs  = 0

“Z2 
Symmetry” 



The Simplest Extension 
Model 

Independent Parameters: 

   v0, x0, λ0, a1, a2, b3, b4 

H-S Mixing
H1 ! H2H2

€ 

2 =
2 2 2

2 2 2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

Mass matrix 

€ 

1

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ =

sin cos
cos −sin
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 

Stable S (dark matter?) 
•  Tree-level Z2 symmetry: a1=b3=0 to  

 prevent s-h mixing and one-loop s    hh    

•  x0 =0 to prevent h-s mixing xSM EWPT:  ✖ 

Signal Reduction Factor 

Production Decay 

DM Scenario 

ΩDM & σSI 

+ +… 



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 

60 



EW Phase Transition: Singlet Scalars 
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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  

61 * 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 
62 * Singlet two step: see also Profumo, R-M, 

Shaugnessy 2007 



EW Phase Transition: DM Direct Detection 
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φ
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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 

63 



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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EWPT: Complex Singlet Scalars 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

<S > 

SFOEWPT-viable parameters 

65 Chiang, MJRM, Senaha ‘17 

•  DM: Spontaneously & softly-
broken global U(1) 

•  Possibility of SFOEWPT & 
DM candidate 

Small window 



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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Real Triplet 

Σ0 , Σ+, Σ- ~ ( 1, 3, 0 ) 

EWPT: a1,2 = 0  & <Σ0> = 0 

DM & EWPT: a1 = 0  & <Σ0> = 0 

/ / 

Small: ρ-param 

Fileviez-Perez, Patel, Wang, R-M: 
PRD 79: 055024 (2009); 0811.3957 
[hep-ph] 



Real Triplet 

Σ0 , Σ+, Σ- ~ ( 1, 3, 0 ) 

EWPT: a1,2 = 0  & <Σ0> = 0 

DM & EWPT: a1 = 0  & <Σ0> = 0 

/ / 

DM Stability 

Fileviez-Perez, Patel, Wang, R-M: 
PRD 79: 055024 (2009); 0811.3957 
[hep-ph] 
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φ
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φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

New scalars  

EW Multiplets: Two-Step EWPT 

<φ0 > 

j

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 
1504.05195  

•  Step 1: thermal loops 
•  Step 2: tree-level 

barrier 
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One step 

Two step 

1

b4

!
1

2
a2v

2
0 !m2

!

"
<

1

2
m2

Hv
2
0: (7)

Further, in order to facilitate the discussion of two-step
phase transitions, it will be useful to identify regions of
parameter space where the potential exhibits a secondary
local minimum at point!with positive masses. A straight-
forward calculation yields the condition for the existence
of a secondary minimum,

1

2
m2

H >
1

2

a2
b4

!
1

2
a2v

2
0 !m2

!

"
; (8)

which requires !2
! > 0 in Eq. (6).

In Fig. 2, we display the regions (shaded yellow and
blue) in the a2-b4 plane for which the vacuum stability
condition in Eq. (7) is satisfied, with the masses m! ¼
150 GeV and mH ¼ 125 GeV held fixed. The blue shaded
region indicates points where the requirement of Eq. (8)
is also satisfied and the potential has a secondary local
minimum at point !. To assist the reader in visualizing the
potential for various regions of parameter space, we pro-
vide illustrative plots in Fig. 3 of the potential for two
cases: (a) Equation (7) alone being satisfied, corresponding
to a representative point in the yellow region in Fig. 2, and
(b) both Eqs. (7) and (8) holding, corresponding to the
blue region in Fig. 2.

FIG. 3 (color online). Qualitative picture of the potential Vðh;"Þ of Eq. (4) in the two different regions of parameter space as
indicated in Fig. 2. Potential A (corresponding to regions A of Fig. 2) displays no critical point along the " direction, whereas Potential
B (corresponding to regions B of Fig. 2) exhibits a metastable minimum along the " direction.
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0.0

0.5

1.0

1.5

2.0

m

b 4

m H 125 GeV, a2 1.07

EW vacuum
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EW vacuum
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A B

FIG. 2 (color online). Regions A (yellow striped) plus B (solid blue) indicate where the tree-level electroweak vacuum stability
condition of Eq. (7) is satisfied. Left panel: The m!-b4 plane for fixed mH ¼ 125 GeV, a2 ¼ 1:07. Right panel: the a2-b4 plane for
fixed mH ¼ 150 GeV, m! ¼ 150 GeV. The regions labeled B indicate where Eq. (8) is also satisfied and the tree-level potential
exhibits a metastable minimum along the neutral ! direction. Illustrative representations of the scalar potential for regions A and B are
indicated in the left and right panels of Fig. 3, respectively.

HIREN H. PATEL AND MICHAEL J. RAMSEY-MUSOLF PHYSICAL REVIEW D 88, 035013 (2013)

035013-4
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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: 
1504.05195  

•  Step 1: thermal loops 
•  Step 2: tree-level 

barrier 
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One step 

Two step 
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New scalars  

EW Multiplets: Real Triplet 

j

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 
1504.05195  
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Higgs Portal Coupling 

Two-step EWB 
favorable 
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One step 

Two step 
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EW Multiplets: Real Triplet 

j

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 
1504.05195  
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One step 

Two step 
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New scalars  

EW Multiplets: Two-Step EWPT 

j

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 
1504.05195  
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Higgs Portal Coupling 

Two-step EWB 
favorable 
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One step 

Two step 
M. Mangano 

FCC-ee: < 
2% on δHγγ 
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Lecture III Key Ideas 

•  Role of 1st order EWPT in electroweak baryogenesis 

•  Thermal WIMP dark matter: relic density, indirect & 
direct detection signatures, collider probes 

•  Higgs portal EWPT & dark matter: simplest singlet & 
electroweak multiplet scalar sector extensions; Z2 
symmetry; multi-step EW symmetry breaking 

•  Collider implications: resonant di-Higgs production; 
modified Higgs self-coupling, Higgs signal strengths 
(mixing), Higgs di-photon decay 



Research Opportunities 
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•  Finite T, out-of-equilibrium quantum field theory 
•  Model building 
•  Collider phenomenology 
•  Inter-frontier connections: high-energy, cosmic, 

& high sensitivity  
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Back Up Slides 



A0 ! Z H0 
Signature   

EW Multiplets: 2HDM 

77 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 



EW Phase Transition: SUSY 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

New scalars  
1st 
order 
EWPT 

Decreasing RH stop mass 

CCB Vac 

Lattice: Laine, Rummukainen 

MSSM: Light RH stops 

PT: Carena et al,… 

MSSM: Light Stop Scenario 

78 



EW Phase Transition: SUSY 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

New scalars  
1st 
order 
EWPT 

Decreasing RH stop mass 

CCB Vac 

Lattice: Laine, Rummukainen 

MSSM: Light RH stops 

PT: Carena et al,… 

MSSM: Light Stop Scenario 

m2 ⇡ MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

Lmass = yL̄H̃NR + h.c. + mNN̄RN
C

R
(39)

Lmass =
y

⇤
L̄

c
HH

T
L + h.c. (40)

�(NR ! `H) 6= �(NR !
¯̀H⇤) (41)

m⌫ =
m

2
D

MR

(42)

hp
0
| J

EM
µ

|pi = Ū(p0)


F1�µ +

iF2

2M
�µ⌫q

⌫ +
iF3

2M
�µ⌫�5q

⌫ +
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M2
(q2

�µ � 6qqµ)�5

�
U(p) (43)

hp
0
| J

EM
µ

|pi
PV

=
FA

M2
Ū(p0)

⇥
(q2

�µ � 6qqµ)�5

⇤
U(p) (44)

Qquqd = ✏jkQ̄
j
uRQ̄

k
dR (45)

YB =
nB

s
= (8.82± 0.23)⇥ 10�11 (46)

mt̃R
⇠ 160 GeV (47)
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EW Phase Transition: SUSY 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

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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Vacuum Stability & Perturbativity 
Preserving EW Min “Funnel plot” 

VEFF 

 ϕ 

perturbativity 

 mH ? 

 top loops 

 naïve stability 
scale Λ 

 EW vacuum 

top loops DM-H coupling 

Gonderinger, Li, Patel, R-M 
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Temperature Dependence of V(φ) 

Standard Model Effective Potential: High-T expansion 

•  Potential is gauge-dependent 

•  TC is gauge-independent: Nielsen identities 

•  Detailed discussion: H. Patel & MJRM: 
1101.4665 [hep-ph]  



EW Phase Transition: Singlet Scalars 

83 

SFOEWPT Benchmarks: Resonant di-Higgs 

SFOEWPT  •    

 h-S Mixing  

m2 ⇡ MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

Lmass = yL̄H̃NR + h.c. + mNN̄RN
C

R
(39)

Lmass =
y

⇤
L̄

c
HH

T
L + h.c. (40)

�(NR ! `H) 6= �(NR !
¯̀H⇤) (41)

m⌫ =
m

2
D

MR

(42)
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0
| J

EM
µ

|pi = Ū(p0)


F1�µ +

iF2

2M
�µ⌫q

⌫ +
iF3

2M
�µ⌫�5q

⌫ +
FA

M2
(q2

�µ � 6qqµ)�5

�
U(p) (43)

hp
0
| J

EM
µ

|pi
PV

=
FA

M2
Ū(p0)

⇥
(q2

�µ � 6qqµ)�5

⇤
U(p) (44)

Qquqd = ✏jkQ̄
j
uRQ̄

k
dR (45)

YB =
nB

s
= (8.82± 0.23)⇥ 10�11 (46)

mt̃R
⇠ 160 GeV (47)

bb̄�� & 4⌧ (48)

4

Next gen 
pp 

LHC 

 EWPO 

Kotwal, No, R-M, Winslow  1605.06123 

See also: Huang et al, 1701.04442 
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Real Triplet & EWPT 

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 

Crossover 

FOEWPT 

•  One-step 
•  Non-perturbative 

•  Two-step region 
•  Pert studies to 

date 
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Real Triplet & EWPT 

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 

Crossover 

FOEWPT 
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h j
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•  One-step 
•  Non-perturbative 

H
ig

gs
 P

or
ta

l C
ou

pl
in

g 


