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So to do this topic justice we’ll need to develop a 
good understanding of: 

2

Cosmology 
Finite Temperature Quantum Field Theory 

Non perturbative Quantum Field Theory Methods 
…
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So as per the organizer’s instruction
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“We hope that your lecture will provide a broad overview of the connection  
between baryogenesis and the Higgs boson  
(within, but also Beyond the Standard Model)  

- all with a rather broad brush.”   



My apologies if it seems more like this…
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What I hope you come away with…
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What I hope you come away with…

Higgs Baryogenesis

Why are they related?



What I hope you come away with…
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Higgs Baryogenesis

If they are related

What experimental observables 
matter?



Why are they usually related?
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Why are they usually related?
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Why are they usually related?
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Elect
row

eak Baryogenesis
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Nevertheless, it’s instructive to understand what are 
the ingredients that made this idea so compelling
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First… because it’s cool!

Second, because so little is known about the Higgs and 
it’s properties can easily be changed by BSM physics 

as you’ve heard many times over during the SSI



Let’s start at the beginning
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What is Baryogenesis (Baryosynthesis)?
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What is Baryogenesis (Baryosynthesis)?
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What is Baryogenesis (Baryosynthesis)?

17

The more poetic version… Why are we here?



We have a beautiful understanding of the universe 
when we combine particle physics and cosmology
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Quantitatively it’s absolutely ridiculous…
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e.g.



We’re led to pictures like this
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Figure from WMAP collaboration



We’re led to pictures like this
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Figure from WMAP collaboration

We spend a lot of time 
thinking about these



We’re led to pictures like this
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Figure from WMAP collaboration

We know this, and 
Use it to make predictions for 
the CMB and nucleosynthesis, 

and everything else, right?



This is because not only do we need enough of us… We seen 
no evidence of “anti-us” on the largest scales we can access

23
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There are really 2 questions we seek to answer, what 
sets the amount of “us” correctly, and why is there 

more matter than antimatter?

Cosmic ray anti-particles  
Diffuse Gamma ray background vs Spatial Inhomogeneity



Dark matter and Dark Energy are certainly gigantic unsolved 
problems, but how far off are we from the lowly Baryons?

24
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If you start from a symmetric universe in thermal 
equilibrium and follow your nose like for Dark Matter
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H

Stays symmetric and off by about 10 orders of magnitude for density

Couldn’t this all just be fixed with some initial condition instead of some 
fancy sounding new idea like BARYOGENESIS?

Recall Prof. Shelton’s Higgs Portal lectures earlier!



Well we really like inflation too…
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Well we really like inflation too…

27

So initial conditions  
don’t work



Well we really like inflation too…
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So initial conditions  
don’t work
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Don’t know the mechanism and don’t know when 
it occurred…
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After inflation, but I don’t know when 
that happened either

Before nucleosynthesis



Sakharov to the rescue…
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Sakharov Conditions

• Baryon number violating processes


• C and CP violation


• Thermal equilibrium departure

32



Many theories can satisfy the criteria
• GUT Baryogenesis


• Leptogenesis


• Affleck-Dine Baryogenesis


• Electroweak Baryogenesis 


• (Insert your model here)


• …
33

Qualitative features that satisfy 

Sakaharov criteria are different 

in this grouping (but shared sometimes)
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Grand Unified Theories in principle  
have all the needed ingredients…
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The devil is always in the details,  
not the arguments

Generically it runs into many other problems 
IF you want to explain the observed values



Many theories can satisfy the criteria
• GUT Baryogenesis


• Leptogenesis


• Affleck-Dine Baryogenesis


• Electroweak Baryogenesis 


• (Insert your model here)


• …
36

Qualitative features that satisfy 

Sakaharov criteria are different 

in this grouping (but shared sometimes)



Why out of all these possibilities is the Higgs 
singled out? 
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The SM when looked at in more detail actually 
had all the features to potentially dynamically 

explain Baryogenesis

38

• Baryon number violating processes (Sphalerons!)


• C and CP violation (experimentally seen!)


• Thermal equilibrium departure (EW phase 
transition)



It’s actually a quite intricate story that needs 
A good deal of background information so keep in mind…
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What’s a sphaleron?

40

The Standard Model has accidental global symmetries -  
like Baryon number! 

’t Hooft showed that non-perturbative processes (Instantons) could 
violate it!
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B � L
Violated in SM Conserved in SM



What’s a sphaleron?

41

Unfortunately/Fortunately instantons are highly 
suppressed!
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What’s a sphaleron?
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However, a related field configuration at finite temperature 
(the sphaleron) has a temperature dependence.
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T

What happens to the SM at high temperatures? 
(assuming we just have the SM)



Textbook cosmology…

43
Kolb & Turner



Imperfect Analogy:

44

Early universe 
was hotter!

Universe now

Early Universe



Sphalerons allow for unsuppressed  
B violation in SM for

45
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Sphalerons allow for unsuppressed  
B violation in SM for
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Sphalerons can allow for a potential SM only solution, but also are important for 
any BSM idea like GUT Baryogeneis, Leptogenesis, etc. that occurs at high T

Can provide B violation, or convert asymmetries, can 
also washout asymmetries…



The SM when looked at in more detail actually 
had all the features to potentially dynamically 

explain Baryogenesis

47

• Baryon number violating processes (Sphalerons!)


• C and CP violation (experimentally seen!)


• Thermal equilibrium departure (EW phase 
transition)

W
hat about these?



EWBG in pictures…

48

D. Morrissey, M. Ramsey-Musolf 
1206.2942

IF you had a first order 
EWPT



EWBG in pictures…
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Electroweak baryogenesis 4

CP

!
R

!
L
     +  

!
L

Sphaleron

B

Bubble Wall

<"> = 0 <"> = 0

Sphaleron

Figure 2. Baryon production in front of the bubble walls.

2. The electroweak phase transition

Baryon creation in EWBG is closely tied to the dynamics of the electroweak phase

transition (EWPT). In this transition, the thermal plasma goes from a symmetric state

in which the full SU(2)L ⇥ U(1)Y gauge invariance is manifest to a broken one where

only the U(1)em electroweak subgroup remains [11, 13, 14]. As discussed above, the

transition must be first-order and proceed through the nucleation of bubbles of the

broken phase. In this section we will discuss the dynamics of this phase transition and

describe the role it plays in EWBG.

The transition from symmetric to broken phase in the SM can be characterized by

the vacuum expectation value (VEV) of the Higgs field H ⌘ (H+
, H

0)T that transforms

as (1,2, 1/2) under SU(3)c ⇥ SU(2)L ⇥U(1)Y . A field basis can always be chosen such

that only the real component of H0 develops a non-zero expectation value. Thus, we

will write

�/

p
2 ⌘ hH

0
i . (1)

The symmetric phase corresponds to � = 0 and the broken phase to � 6= 0. Note that

(in unitary gauge) the masses of the W
± and Z

0 weak vector bosons and the fermions

are proportional to �.

The features of this transition that are most relevant for EWBG are (a) its character

(first order, second order, cross over); (b) the critical temperature Tc and the bubble

nucleation temperature Tn that describe when it occurs; (c) the sphaleron transition rate

�sph that governs the rate of baryon number generation and washout; and (d) the bubble

nucleation rate. These features have been studied using a broad range of theoretic tools.

The most robust computations of many of these quantities are performed using

non-perturbative, Monte Carlo methods. However, given the level of e↵ort required

to perform such studies, they have only been applied to a few specific theories of

D. Morrissey, M. Ramsey-Musolf 
1206.2942

as I said earlier, lots of ingredients…
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Alas in the SM…

• The EWPT is not first order(crossover)


• There is not enough CP violation

51



Baryogenesis

52

EWBG Something else?



Baryogenesis

53

EWBG Something else?

The end… or not yet?



The parts that are lacking for EWBG in the SM all 
have to do with the Higgs

• The EWPT is not first order(crossover)


• There is not enough CP violation

54

The properties of the Higgs can be modified easily 
as you’ve seen in numerous lectures so far…



The parts that are lacking for EWBG in the SM all 
have to do with the Higgs

• The EWPT is not first order(crossover)


• There is not enough CP violation

55

The properties of the Higgs can be modified easily 
as you’ve seen in numerous lectures so far…

For EWBG you need both



EWPT
• New particles that couple to Higgs


• Low energy - modify Higgs potential


• Modify Higgs couplings


• New particles can’t be too heavy 

• Can search at LHC and future 
colliders, but also Gravitational 
Waves

56

CPV
• New sources of CPV


• In SM Higgs is only substantial 
source!


• Need new couplings to SM w/
phases that can’t be rotated away


• Can search at LHC and future 
colliders, but also EDMs, flavor 
etc



EWPT
• New particles that couple to Higgs


• Low energy - modify Higgs potential


• Modify Higgs couplings


• New particles can’t be too heavy 

• Can search at LHC and future 
colliders, but also Gravitational 
Waves
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CPV
• New sources of CPV


• In SM Higgs is only substantial 
source!


• Need new couplings to SM w/
phases that can’t be rotated away


• Can search at LHC and future 
colliders, but also EDMs, flavor 
etc

For example in the MSSM it added ingredients that would have fixed everything (but it doesn’t really work either)



The nice thing is that even if Baryogenesis has 
nothing to do with the Higgs

58

CPVEWPT
Studying this is crucial to understanding 
the history of our universe independently 
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W
e need particle physics to probe possibilities at hihger T



How can the EW phase transition be modified, 
and why does it need to be “around the corner”

60

For this we need Finite T - QFT



How can the EW phase transition be modified, 
and why does it need to be “around the corner”

61

For this we need Finite T - QFT



Calculating Thermal Potential for Higgs

62

Kind of like effective potential calculations…

If particles couple to Higgs then loops involving 
them generate T-dependent terms (including itself)
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2ND ORDER PHASE 
TRANSITION

section. The main point here is that at finite temperature, the equilibrium
value of the scalar field !, !!(T )", does not correspond to the minimum of
the e!ective potential V T=0

e! (!), but to the minimum of the finite temperature

e!ective potential V !
e!(!), as given by (159). Thus, even if the minimum of

V T=0
e! (!) occurs at !!" = " #= 0, very often, for su"ciently large temperatures,

the minimum of V !
e!(!) occurs at !!(T )" = 0: this phenomenon is known

as symmetry restoration at high temperature, and gives rise to the phase
transition from !(T ) = 0 to ! = ". It was discovered by Kirzhnits 27 in
the context of the electroweak theory (symmetry breaking between weak and
electromagnetic interactions occurs when the universe cools down to a critical
temperature Tc $ 102 GeV ) and subsequently confirmed and developed by
other authors 28,15,16,29.

The cosmological scenario can be drawn as follows: In the theory of the
hot big bang, the universe is initially at very high temperature and, depending
on the function V !

e!(!), it can be in the symmetric phase !!(T )" = 0, i.e.
! = 0 can be the stable absolute minimum. At some critical temperature
Tc the minimum at ! = 0 becomes metastable and the phase transition may
proceed. The phase transition may be first or second order. First-order phase
transitions have supercooled (out of equilibrium) symmetric states when the
temperature decreases and are of use for baryogenesis purposes. Second-order
phase transitions are used in the so-called new inflationary models 30. We will
illustrate these kinds of phase transitions with very simple examples.

4.1 First and second order phase transitions

We will illustrate the di!erence between first and second order phase transi-
tions by considering first the simple example of a potential f described by the
function,

V (!, T ) = D(T 2 % T 2
o )!2 +

#(T )

4
!4 (219)

where D and T 2
o are constant terms and # is a slowly varying function of T g.

A quick glance at (174) and (200) shows that the potential (219) can be part
of the one-loop finite temperature e!ective potential in field theories.

At zero temperature, the potential has a negative mass-squared term,
which indicates that the state ! = 0 is unstable, and the energetically favored

state corresponds to the minimum at !(0) = ±
!

2D
" To, where the symmetry

!& %! of the original theory is spontaneously broken.

f The ! independent terms in (219), i.e. V (0, T ), are not explicitly considered.
gThe T dependence of " will often be neglected in this section.

44
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1ST ORDER PHASE 
TRANSITION

The curvature of the finite temperature potential (219) is now T -dependent,

m2(!, T ) = 3"!2 + 2D(T 2 ! T 2
o ) (220)

and its stationary points, i.e. solutions to dV (!, T )/d! = 0, given by,

!(T ) = 0

and (221)

!(T ) =

!
2D(T 2

o ! T 2)

"(T )

Therefore the critical temperature is given by To. At T > To, m2(0, T ) > 0
and the origin ! = 0 is a minimum. At the same time only the solution ! = 0
in (221) does exist. At T = To, m2(0, To) = 0 and both solutions in (221)
collapse at ! = 0. The potential (219) becomes,

V (!, To) =
"(To)

4
!4 (222)

At T < To, m2(0, T ) < 0 and the origin becomes a maximum. Simultaneously,
the solution !(T ) "= 0 does appear in (221). This phase transition is called of
second order, because there is no barrier between the symmetric and broken
phases. Actually, when the broken phase is formed, the origin (symmetric
phase) becomes a maximum. The phase transition may be achieved by a
thermal fluctuation for a field located at the origin.

However, in many interesting theories there is a barrier between the sym-
metric and broken phases. This is characteristic of first order phase transi-
tions. A typical example is provided by the potential h,

V (!, T ) = D(T 2 ! T 2
o )!2 ! ET!3 +

"(T )

4
!4 (223)

where, as before, D, T0 and E are T independent coe!cients, and " is a slowly
varying T -dependent function. Notice that the di"erence between (223) and
(219) is the cubic term with coe!cient E. This term can be provided by the
contribution to the e"ective potential of bosonic fields (174). The behaviour
of (223) for the di"erent temperatures is reviewed in Refs.12,31. At T > T1 the
only minimum is at ! = 0. At T = T1

T 2
1 =

8"(T1)DT 2
o

8"(T1)D ! 9E2
(224)

hSee, e.g. the one-loop e!ective potential for the Standard Model, Eq. (90).

45

A second minimum separated by a barrier!
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IF THERE’S AN EWPT HOW DO 
WE QUALITATIVELY DISTINGUISH?

Second order

EWPT

First order

The qualitative difference is an effective cubic at finite temperature!

Why is this so useful? Thermal Decoupling! e�
m
T

<latexit sha1_base64="H1ZkNRbsIH9lRpcG/6rNp+RbWzE=">AAAB+HicbVBNS8NAEN34WetX1KOXxSJ4sSQiqLeiF48VGltoa9lsJ+3SzSbsbgplyT/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMac/7dlZW19Y3Nktb5e2d3b199+DwUSWZpBDQhCeyFRIFnAkINNMcWqkEEoccmuHobuo3xyAVS0RDT1LoxmQgWMQo0VbquS48mfNOJAk1cW4aed5zK17VmwEvE78gFVSg3nO/Ov2EZjEITTlRqu17qe4aIjWjHPJyJ1OQEjoiA2hbKkgMqmtml+f41Cp9HCXSltB4pv6eMCRWahKHtjMmeqgWvan4n9fOdHTdNUykmQZB54uijGOd4GkMuM8kUM0nlhAqmb0V0yGxMWgbVtmG4C++vEyCi+pN1X+4rNRuizRK6BidoDPkoytUQ/eojgJE0Rg9o1f05hjnxXl3PuatK04xc4T+wPn8AV2Yk7A=</latexit><latexit sha1_base64="H1ZkNRbsIH9lRpcG/6rNp+RbWzE=">AAAB+HicbVBNS8NAEN34WetX1KOXxSJ4sSQiqLeiF48VGltoa9lsJ+3SzSbsbgplyT/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMac/7dlZW19Y3Nktb5e2d3b199+DwUSWZpBDQhCeyFRIFnAkINNMcWqkEEoccmuHobuo3xyAVS0RDT1LoxmQgWMQo0VbquS48mfNOJAk1cW4aed5zK17VmwEvE78gFVSg3nO/Ov2EZjEITTlRqu17qe4aIjWjHPJyJ1OQEjoiA2hbKkgMqmtml+f41Cp9HCXSltB4pv6eMCRWahKHtjMmeqgWvan4n9fOdHTdNUykmQZB54uijGOd4GkMuM8kUM0nlhAqmb0V0yGxMWgbVtmG4C++vEyCi+pN1X+4rNRuizRK6BidoDPkoytUQ/eojgJE0Rg9o1f05hjnxXl3PuatK04xc4T+wPn8AV2Yk7A=</latexit><latexit sha1_base64="H1ZkNRbsIH9lRpcG/6rNp+RbWzE=">AAAB+HicbVBNS8NAEN34WetX1KOXxSJ4sSQiqLeiF48VGltoa9lsJ+3SzSbsbgplyT/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMac/7dlZW19Y3Nktb5e2d3b199+DwUSWZpBDQhCeyFRIFnAkINNMcWqkEEoccmuHobuo3xyAVS0RDT1LoxmQgWMQo0VbquS48mfNOJAk1cW4aed5zK17VmwEvE78gFVSg3nO/Ov2EZjEITTlRqu17qe4aIjWjHPJyJ1OQEjoiA2hbKkgMqmtml+f41Cp9HCXSltB4pv6eMCRWahKHtjMmeqgWvan4n9fOdHTdNUykmQZB54uijGOd4GkMuM8kUM0nlhAqmb0V0yGxMWgbVtmG4C++vEyCi+pN1X+4rNRuizRK6BidoDPkoytUQ/eojgJE0Rg9o1f05hjnxXl3PuatK04xc4T+wPn8AV2Yk7A=</latexit><latexit sha1_base64="H1ZkNRbsIH9lRpcG/6rNp+RbWzE=">AAAB+HicbVBNS8NAEN34WetX1KOXxSJ4sSQiqLeiF48VGltoa9lsJ+3SzSbsbgplyT/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8MOVMac/7dlZW19Y3Nktb5e2d3b199+DwUSWZpBDQhCeyFRIFnAkINNMcWqkEEoccmuHobuo3xyAVS0RDT1LoxmQgWMQo0VbquS48mfNOJAk1cW4aed5zK17VmwEvE78gFVSg3nO/Ov2EZjEITTlRqu17qe4aIjWjHPJyJ1OQEjoiA2hbKkgMqmtml+f41Cp9HCXSltB4pv6eMCRWahKHtjMmeqgWvan4n9fOdHTdNUykmQZB54uijGOd4GkMuM8kUM0nlhAqmb0V0yGxMWgbVtmG4C++vEyCi+pN1X+4rNRuizRK6BidoDPkoytUQ/eojgJE0Rg9o1f05hjnxXl3PuatK04xc4T+wPn8AV2Yk7A=</latexit>

Anything that modifies Higgs potential 
significantly at finite T - must be right 

around the corner!



An example you saw earlier in Prof. Shelton’s 
lectures
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for discovery and will find the singlet before a 100 TeV collider is constructed. Nevertheless, the
constraints from direct detection experiments rely on additional assumptions about the hidden sector
and thermal history of the universe.

[DC: no mention of multiple scalars yet. can put in later if we pursue.]
The Nightmare Scenario is a benchmark for “maximally stealthy” EWBG. Our analysis frames

a future 100 TeV collider as a powerful discovery machine for electroweak baryogenesis, potentially
capable of completely excluding this elusive model. The ability to decisively probe such an important
mechanism for creating the baryon asymmetry of our universe provides an important motivation for
its construction.

Our paper is organized as follows. In Section 2 we define the Z2 symmetric singlet scalar model,
and explain how to understand the different regions of the (mS ,�HS) parameter plane. Section 3
contains our analyses of the one-step and two-step phase transitions which enable EWBG in this
model. Sections 4 and 5 examine direct and indirect signatures of the singlet scalar at colliders, and
show how the discovery potential overlaps with the EWBG-favored regions of parameter space. We
consider cosmological constraints on the singlet in Section 6 and show that, under certain assumptions,
the entire parameter space can be excluded by future direct detection experiments. RG evolution and
the possibility of strong couplings are discussed in Section 7. We summarize our findings and discuss
implications in Section 8.

2 The “Nightmare Scenario” for excluding Electroweak Baryogenesis

In this section, we define the stealthy EWBG model we study in this paper, as well as the two-
dimensional parameter space that illustrates its entire phenomenology.

2.1 Model Definition

The Nightmare Scenario is defined by adding a single real singlet to the SM, with a mass larger than
mh/2 to avoid exotic higgs decays, and an unbroken Z2 symmetry under which S ! �S to avoid
singlet-higgs mixing. Following [56–58, 60–63], the most general renormalizable tree-level higgs
potential for this scenario is

V0 = �µ
2
|H|

2 + �|H|
4 +

1

2
µ
2
SS

2 + �HS |H|
2
S
2 +

1

4
�SS

4
. (2.1)

After substituting H = (G+
, (h + iG

0)/
p
2) and focusing on the physical SM higgs field h, this

becomes
V0 = �

1

2
µ
2
h
2 +

1

4
�h

4 +
1

2
µ
2
SS

2 +
1

2
�HSh

2
S
2 +

1

4
�SS

4
. (2.2)

The higgs acquires a VEV hhi = v = µ/
p
� ⇡ 246 GeV and a mass at tree-level mh =

p
2µ ⇡ 125 GeV. In Section 3 we adopt renormalization conditions to ensure that loop corrections

do not change these values from their tree-level expectation. Therefore we can define the Lagrangian
parameters � =

m
2
h

2v2 ⇡ 0.129 and µ = mhp
2
⇡ 88.4 GeV.
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Figure 10. Summary of the nightmare scenario’s parameter space. Gray shaded regions require non-
perturbative �S > 8 and are not under theoretical control, see Section 2.2. Red shaded region with red
boundary: a strong two-step PT from tree-effects is possible for some choice of �S , see Section 3.1. Orange
shaded region with orange boundary: a strong one-step PT from zero-temperature loop-effects is possible, see
Section 3.1.2. Gray-Blue shading in top-right corner indicates the one-loop analysis becomes unreliable for
�HS & 5(6) in the one-step (two-step) region, see Section 3.1.3 and 3.2.2. In the blue shaded region, higgs
triple coupling is modified by more than 10% compared to the SM, which could be excluded at the 2� level by
a 100 TeV collider, see Section 5.1. In the green shaded region, our simple collider analysis yields S/

p
B  2

for VBF production of h⇤
! SS at a 100 TeV collider, see Section 4. (In both cases assume 30 ab�1 of

data.) In the purple shaded region, ��Zh is shifted by more than 0.6%, which can be excluded by TLEP, see
Section 5.2. Note that both EWBG preferred regions are excludable by XENON1T if S is a thermal relic, see
Section 6.

searches through VBF production of h⇤ ! SS at a 100 TeV collider are sensitive. The purple region
shows where TLEP can probe the scenario by measuring ��Zh.

The entire one-step phase transition region, and much of the two-step region, can be probed with
the �3 and ��Zh measurements. Furthermore, our simple collider analysis for the sensitivity of VBF
direct singlet production yields S/

p
B > 2 in almost the entire two-step region. It may therefore

be possible to exclude the entire two-step region with a more complete analysis [74], or with more
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1409.0005  D. Curtin, PM, T.Yu



Connecting to Baryogenesis more difficult
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CPVEWPT
Typically not around 

the corner… 

Strong CPV bounds



However, there are always new ideas that can 
generalize old ones or challenge initial assumptions
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For example…



However, there are always new ideas that can 
generalize old ones or challenge initial assumptions
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For example…

Symmetries don’t 
have to be restored at 

high temperatures!



What if the EW Phase transition didn’t happen at 
the EW scale???

70

Known Current Universe

Currently Assumed
Early Universe

Alternative
Early Universe

Higgs
Field Value

Higgs Potential

1807.07578  PM, H. Ramani
see also

1807.08770  Baldes, Servant
1811.11740  Glioti, Rattazzi, Vecchi

Could delay EWPT to high scales where CPV is perfectly allowed - 
still need new particles at EW scale, and test through Higgs!

http://arxiv.org/abs/arXiv:1807.07578
http://arxiv.org/abs/arXiv:1807.07578


Many more possibilities but the 
Higgs is our next big particle physics 
key to unlocking the early universe!

71



Summary
• Baryogenesis is needed - don’t know what the mechanism is or when it 

happened (physics is hard!)


• Higgs can be intimately connected to it through EWBG


• Modifications to Higgs properties and CPV are the experimental targets


• Independent of Baryogenesis, the Electroweak Phase transition is an 
important target for particle physics - and modifications must be around 
corner in energy


• Come up with some new ideas, or find something new, and ask me if you 
have questions!
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Lecture note references (not exhaustive)

• Theories of Baryogenesis, Riotto hep-ph/9807454


• Electroweak Baryogenesis, Morrissey and Ramsey-Musolf 1206.2942


• On the origin of matter in the universe, Di Bari 2107.13750
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