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WHERE ARE WE GOING IN HEP?



MANY REASONS FOR BSM 
PHYSICS

• Hierarchy Problem

• Dark Matter

• Matter anti-Matter asymmetry

• Neutrino Mass origin

• Strong CP problem

• Flavor

• Number of generations

• Apparent Unification of Coupling Constants

• Inflation

• Reheating

• Unification with Gravity

• Cosmological Constant Problem
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• Neutrino Mass origin

• Strong CP problem

• Flavor

• Number of generations

• Apparent Unification of Coupling Constants

• Inflation

• Reheating

• Unification with Gravity

• Cosmological Constant Problem

No big deal, experimental 
science is for discovery not 

just validation!
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ARE THERE QUESTIONS WHICH ARE 
BOTH THEORETICALLY MEANINGFUL 
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Yes! The nature of EWSB
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• Cosmological history of EWSB
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SOME WAYS TO 
UNDERSTAND EWSB

• Higgs couplings to other particles

• Higgs potential itself

• Cosmological history of EWSB
HL-LHC and future colliders

and focus of this talk



SOME WAYS TO 
UNDERSTAND EWSB

• Higgs couplings to other particles

• Higgs potential itself

• Cosmological history of EWSB

What we’re really interested in is when can 
quantitative measurements distinguish 

qualitative pictures



WHAT IS OUR QUALITATIVE 
PICTURE OF THE COSMOLOGICAL 

HISTORY OF EWSB??



Cosmology 
stuck here

Need particle
physics to
go further!



WHERE DOES THIS QUALITATIVE 
PICTURE COME FROM?
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SPONTANEOUSLY BROKEN SYMMETRY DOES THE 

SYMMETRY GET RESTORED?

WHAT’S THE CURIE TEMPERATURE OF THE UNIVERSE?





IF YOU HEAT UP A GAUGE THEORY WITH A 
SPONTANEOUSLY BROKEN SYMMETRY DOES THE 

SYMMETRY GET RESTORED?

WHAT’S THE CURIE TEMPERATURE OF THE UNIVERSE?

ANSWERS: YES, HMM…



There’s no place 
like home,

There’s no place like home,
There’s no place like 

home…



Weinberg,
Weinberg,

Weinberg…



“A recent paper by Kirzhnits and Linde suggests that this is indeed the 
case.  However, although their title refers to a gauge theory, their 

analysis deals only with ordinary theories with broken global 
symmetries.  Also, they estimate but do not actually calculate the critical 

temperature at which a broken symmetry is restored.”



THERMAL PHASE 
TRANSITIONS A LONG ROAD

’74 Weinberg, Dolan, Jackiw
’72 Kirzhnits, Linde



MANY INGREDIENTS AND 
APPLICATIONS

• Many different types of physics that enter in to 
calculating any of this… ridiculously complicated if 
you have to go into all of it simultaneously

• Thermal inflation, Gravitational Waves, 
Baryogenesis, Leptogenesis, Dark Matter, etc etc



THERMAL PHASE 
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“Unfortunately, despite the fact that one is dealing with a weakly 
coupled theory, many aspects of the phase transition are surprisingly 

complicated.  Indeed, the literature contains contradictory claims 
and statements on almost every important question.”

’92 Dine, Leigh, Huet, Linde ,Linde



THERMAL PHASE 
TRANSITIONS A LONG ROAD

“Unfortunately, despite the fact that one is dealing with a weakly 
coupled theory, many aspects of the phase transition are surprisingly 

complicated.  Indeed, the literature contains contradictory claims 
and statements on almost every important question.”

’92 Dine, Leigh, Huet, Linde ,Linde

Recently with Curtin and Ramani we think we have established the 
correct way to calculate for BSM theories



HOW DOES THIS STORY RELATE TO 
FUTURE COLLIDERS AND ANSWER OUR 

COSMOLOGICAL QUESTIONS…

A lot of details of thermal QFT go into this but I’ll try to offer a 
heuristic set of pictures for what happens when

V (h) ! V (h, T )



MANTRA - ALL HIGGSED 
THEORIES HAVE SYMMETRIES 

RESTORED AT HIGH-T
Interesting fact… but what’s it useful for?

The universe supposedly went through at least an EW phase transition,
it’s interesting to study it and understand its nature e.g. 1st order vs 2nd 

order 



2ND ORDER PHASE 
TRANSITION

section. The main point here is that at finite temperature, the equilibrium
value of the scalar field φ, ⟨φ(T )⟩, does not correspond to the minimum of
the effective potential V T=0

eff (φ), but to the minimum of the finite temperature

effective potential V β
eff(φ), as given by (159). Thus, even if the minimum of

V T=0
eff (φ) occurs at ⟨φ⟩ = σ ̸= 0, very often, for sufficiently large temperatures,

the minimum of V β
eff(φ) occurs at ⟨φ(T )⟩ = 0: this phenomenon is known

as symmetry restoration at high temperature, and gives rise to the phase
transition from φ(T ) = 0 to φ = σ. 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 β

eff(φ), it can be in the symmetric phase ⟨φ(T )⟩ = 0, i.e.
φ = 0 can be the stable absolute minimum. At some critical temperature
Tc the minimum at φ = 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 difference between first and second order phase transi-
tions by considering first the simple example of a potential f described by the
function,

V (φ, T ) = D(T 2 − T 2
o )φ2 +

λ(T )

4
φ4 (219)

where D and T 2
o are constant terms and λ 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 effective potential in field theories.

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

state corresponds to the minimum at φ(0) = ±
√

2D
λ To, where the symmetry

φ↔ −φ of the original theory is spontaneously broken.

f The φ independent terms in (219), i.e. V (0, T ), are not explicitly considered.
gThe T dependence of λ will often be neglected in this section.
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1ST ORDER PHASE 
TRANSITION

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

m2(φ, T ) = 3λφ2 + 2D(T 2 − T 2
o ) (220)

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

φ(T ) = 0

and (221)

φ(T ) =

√
2D(T 2

o − T 2)

λ(T )

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

V (φ, To) =
λ(To)

4
φ4 (222)

At T < To, m2(0, T ) < 0 and the origin becomes a maximum. Simultaneously,
the solution φ(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 (φ, T ) = D(T 2 − T 2
o )φ2 − ETφ3 +

λ(T )

4
φ4 (223)

where, as before, D, T0 and E are T independent coefficients, and λ is a slowly
varying T -dependent function. Notice that the difference between (223) and
(219) is the cubic term with coefficient E. This term can be provided by the
contribution to the effective potential of bosonic fields (174). The behaviour
of (223) for the different temperatures is reviewed in Refs.12,31. At T > T1 the
only minimum is at φ = 0. At T = T1

T 2
1 =

8λ(T1)DT 2
o

8λ(T1)D − 9E2
(224)

hSee, e.g. the one-loop effective potential for the Standard Model, Eq. (90).
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A second minimum separated by a barrier!



EW PHASE TRANSITION
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Figure 1: Schematic thermal Higgs potential during a first-order phase transition. (a) At
high temperatures the thermal potential stabilizes the Higgs at the origin. (b) A local
minimum forms away from the origin at some temperature around the weak scale. (c) At
T = Tc, this minimum at � = vc is degenerate with the symmetric vacuum. (d) At some
nucleation temperature Tn somewhat below Tc, the tunneling probability within the volume
of the universe approaches one and the Higgs transitions to the symmetry-breaking vacuum
(indicated schematically with red arrow).

are mostly separate from the factors that enter the next stage of the calculation.
Calculating the amount of created baryon density ⇢B involves solving a di↵usion equation

(see, for example, [23]):

@t⇢B(x)�Dr2⇢B(x) = ��wsFws(x)[nL(x) +R⇢B(x)]. (2.1)

D is the di↵usion coe�cient for baryon number. The factor �wsFws(x) multiplying both the
source and relaxation terms is essentially the space-time varying sphelaron rate of converting
chiral asymmetry to baryon asymmetry. �ws is the sphelaron rate at zero Higgs VEV (at
the critical temperature) and is determined from lattice calculations [40]. The sphelaron
transition profile Fws(x) reflects the attenuation of that rate with nonzero Higgs VEV, and
approaches one and zero asymptotically far in front of and behind the bubble wall, respec-
tively. nL(x) is the number density of left-handed doublet fields created by CP -violating
processes in the bubble wall, and acts as a seed of baryon number. It must therefore be
nonzero around the phase boundary. R is a relaxation coe�cient representing washout.

The parameters D, �ws and R depend mostly on SM-physics. The transition profile
Fws is derived from the spatially- and time-varying profile of the Higgs VEV at the phase
transition (i.e. the moving bubble wall), which in turn is computed from the above explained
tunneling calculation. (In fact, Fws(x) ! 0 in the broken phase is due to vc/Tc >⇠ 1.) This
leaves nL(x) as the final input to be computed.

nL(x) essentially arises due to di↵erent reflection/transmission of LH and RH fermions o↵
the bubble wall. This results in a di↵usion of chiral charge ahead of the advancing bubble wall
into the symmetric phase which drives the production of baryon number [41]. Fermions with
CP -violating interactions beyond the Standard Model are required, and their parameters
are most important in calculating nL(x) and hence the produced baryon asymmetry once we
assume a strong enough electroweak phase transition.
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transition (i.e. the moving bubble wall), which in turn is computed from the above explained
tunneling calculation. (In fact, Fws(x) ! 0 in the broken phase is due to vc/Tc >⇠ 1.) This
leaves nL(x) as the final input to be computed.

nL(x) essentially arises due to di↵erent reflection/transmission of LH and RH fermions o↵
the bubble wall. This results in a di↵usion of chiral charge ahead of the advancing bubble wall
into the symmetric phase which drives the production of baryon number [41]. Fermions with
CP -violating interactions beyond the Standard Model are required, and their parameters
are most important in calculating nL(x) and hence the produced baryon asymmetry once we
assume a strong enough electroweak phase transition.
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To have a strong 1st order
phase transition

h�i
Tc

⇠ 1

This translates in
the Higgs potential to

h�i
Tc

⇠ cubic

quartic

This is the basis for why it connects to future colliders



IF WE TAKE THE SM ALONE

• Not a 1st order phase transition because the 
Higgs is too heavy

• Could be 1st order and it depends on couplings 
we haven’t measured yet!



RECENT PROGRESS

• Can future colliders test the entire range of 
models that can generate a 1st order EW phase 
transition?

• Are we theoretically under control for BSM 
models?

• Did we have to have an EW phase transition?



RECENT PROGRESS

• Can future colliders test the entire range of 
models that can generate a 1st order EW phase 
transition?

• Are we theoretically under control for BSM 
models?

• Did we have to have an EW phase transition?

YES? David Curtin, PM, Tien-Tien Yu 1409.0005

YES David Curtin, PM, H. Ramani 1612.00466

NO!!! PM, H. Ramani WORK IN PROGRESS



HOW TO TEST POTENTIAL OF FUTURE 
COLLIDERS TO TEST EW PHASE 

TRANSITION?

FIND A SCENARIO THAT GIVES A 1ST ORDER PHASE 
TRANSITION, BUT IS A “NIGHTMARE” TO SEE WITH 

COLLIDERS

Not a no-lose theorem, but a big step along 
the road and illustrates important theoretical 

difficulties we have improved on 



SM + SINGLET
This scenario has been studied 

numerous times for a variety of reason….

If the Singlet mixes with the Higgs you can see it easily via Higgs 
properties and has been studied quite a bit

If the Singlet DOESN’T mix but its mass is less than half the 
Higgs mass you can see it in decays easily… 

What if the singlet doesn’t mix with the 
Higgs and is heavier than half the Higgs 

mass?



SM + SINGLET NIGHTMARE 
SCENARIO

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 Z
2

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 Z

2

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

V
0

= �µ2|H|2 + �|H|4 + 1

2

µ2

SS
2

+ �HS |H|2S2

+

1

4

�SS
4. (2.1)

After substituting H = (G+, (h + iG0

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

becomes
V
0

= �1

2

µ2h2 +
1

4

�h4 +
1

2

µ2

SS
2

+

1

2

�HSh
2S2

+

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 � =

m2

h
2v2

⇡ 0.129 and µ =

mhp
2

⇡ 88.4 GeV.
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Phenomenological parameter
 space depends only on 
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Figure 1. The parameter space of the Z2 symmetric SM+S extension with mS > mh/2 (the Nightmare
Scenario). Left: The red shaded region indicates when µ2 is negative. The dotted red contours indicate
Sign(µ2

S)|µS |. The blue contours show the minimum S4 quartic coupling �S required for the electroweak
symmetry breaking (EWSB) vacuum to be the ground state of the universe, while the green contours show the
minimum �S to avoid negative runaways. Right: Gray regions indicate where theoretical control is lost due to
non-perturbative �S . Perturbative analysis of the phase transition breaks down in the blue shaded regions, see
Section 3. The red and white regions are the possible parameter space of the Nightmare Scenario.

2.2 Singlet Scalar Mass-Coupling Plane

The singlet mass for h = v is given by

m2

S = µ2

S + �HSv
2 > 0 (2.3)

By definition of our scenario with hSi = 0 for h = v, we assume this to be positive. Another
important parameter is the hSS coupling, which determines singlet production and annihilation cross
sections. It is determined by �HS .1 Therefore, we will show the entire model’s phenomenology in the
(mS ,�HS) plane.

The sign of µ2

S divides the plane into two regimes with distinctly different physics. For �HS >

m2

S/v
2, µ2

S is negative. This region is shaded red in Fig. 1 (left). If all the quartics are positive, then
for positive µ2

S the only minimum is the EWSB vacuum at (h, S) = (v, 0). For negative µ2

S , there are
two local minima: the EWSB vacuum and a “singlet-VEV vacuum” at (h, S) = (0, w). A surviving
Z
2

symmetry prevents higgs-singlet mixing in both vacua.
1When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter

�HS corresponds to the physical hSS coupling L
e↵

� �v�HShSS.
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S , there are
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m2

S/v
2, µ2

S is negative. This region is shaded red in Fig. 1 (left). If all the quartics are positive, then
for positive µ2

S the only minimum is the EWSB vacuum at (h, S) = (v, 0). For negative µ2

S , there are
two local minima: the EWSB vacuum and a “singlet-VEV vacuum” at (h, S) = (0, w). A surviving
Z
2

symmetry prevents higgs-singlet mixing in both vacua.
1When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter

�HS corresponds to the physical hSS coupling L
e↵

� �v�HShSS.
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Figure 1. The parameter space of the Z2 symmetric SM+S extension with mS > mh/2 (our “nightmare”
scenario). Left: The red shaded region indicates when µ2 is negative. The dotted red contours indicate
Sign(µ2

S)|µS |. The blue contours show the minimum S4 quartic coupling �S required for the electroweak
symmetry breaking (EWSB) vacuum to be the ground state of the universe, while the green contours show the
minimum �S to avoid negative runaways. Right: Gray regions indicate where theoretical control is lost due to
non-perturbative �S . Perturbative analysis of the phase transition breaks down in the blue shaded regions, see
Section 3. The red and white regions are the possible parameter space of this “nightmare” scenario.

physics can be recast into the simple two-dimensional plane of the physical singlet mass and its
coupling to the Higgs. We operate under the basic assumption that we live in a vacuum in which
the higgs has a VEV but the singlet does not1, in which case the mass of the singlet, required to be
positive in our vacuum, is given by

m2

S = µ2

S + �HSv
2 > 0. (2.3)

Besides the physical mass, the other parameter which dictates the phenomenology of the singlet is
its coupling to our sector through the higgs, the hSS coupling. This coupling determines singlet
production and annihilation cross sections and is given by �HS

2. The singlet self interaction, �S , is
important when discussing regions of potential phase transitions, but does not play a direct role in the
phenomenology of this model. Thus, the relevant features of our “nightmare” scenario can be shown
in the (mS ,�HS) plane.

1This of course does not preclude a two-step phase transition where the singlet first acquires a VEV followed by a
transition to our vacuum.

2When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter
�HS corresponds to the physical hSS coupling L

e↵

� �v�HShSS.
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WHERE IN THE PARAMETER SPACE IS 
THERE A GOOD PHASE TRANSITION?
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Figure 3. Regions in the (mS ,�HS) plane with viable EWBG. Red shaded region: for µ2
S < 0 it is possible to

choose �S such that EWBG proceeds via a tree-induced strong two-step electroweak phase transition. Orange
contours: value of vc/Tc for µ2

S > 0. The orange shaded region indicates vc/Tc > 0.6, where EWBG occurs
via a loop-induced strong one-step phase transition. Above the green dashed line, singlet loop corrections
generate a barrier between h = 0 and h = v even at T = 0, but results in the dark shaded region might not be
reliable, see Section 3.1.3.

gives a very similar result, with the �HS necessary for a strong PT underestimated by about 10%.
This implies that sizable zero-temperature one-loop higgs potential contributions from the singlet lift
the EWSB vacuum compared to the origin[PM: Don’t we really just mean the �V get’s smaller?],
which then makes it easier for SM thermal contributions to generate an energy barrier between the
two degenerate local minima at some T = Tc. This lifting of the EWSB minimum from singlet con-
tributions at zero temperature is illustrated in Fig. 4[PM: similar comment as compared to figure].

For very strong coupling, the one-loop effects create an energy barrier even at zero temperature.
This is the case above the dashed green line in Fig. 3. However, as we discuss in the next subsection,
our one-loop analysis may not be valid for such high coupling.

[PM: Mapping of loop level parameters to higher dim operators and correlation to Wells et
al results]

3.1.3 Reliability of Perturbative Analysis

We have found that a strong one-step electroweak phase transition requires rather large quartic singlet-
higgs couplings �HS & 2. It is prudent to examine the validity of the perturbative expansion to
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DIRECT PRODUCTION OF 
SINGLETS

4 Direct Signatures of the Phase Transition

Colliders can directly produce the singlet via higgs production, where the higgs decays to two singlets,
which are invisible in the minimal model. If mS < mh/2, then the intermediate higgs is on-shell and
invisible higgs decay searches [80][81][82] as well as future lepton collider measurements [73, 74]
can be used to detect the presence of the singlet. However, we are interested in the case where
mS > mh/2, which forces the higgs to be off-shell.

Off-shell higgs production via gluon fusion is not a viable discovery channel, since the invisible
signal is overwhelmed by QCD background. The two most promising modes for detecting the singlet
at a hadron collider is via off-shell higgs associated production, qq̄ ! V ⇤ ! V SS, and vector boson
fusion (VBF) qq ! V ⇤V ⇤qq ! SSqq, Fig. 6. The monojet channel may also be a promising search
avenue [83].

h

V

S

S

(a) Associated Production

h

S

S

(b) Vector Boson Fusion

Figure 6. Two production modes for producing a higgs-coupled singlet scalar at colliders. [DC: not sure if we
need this plot, since higgs production modes are very common knowledge]

Cross-sections for the different signal processes, shown in Fig. 7, are very small, making direct
searches challenging. Of all the production modes for the singlet scalar, VBF has the best discovery
potential. The dominant background for VBF singlet production (with a moderate missing energy
requirement) is Z ! ⌫⌫ + jets. The VBF production cross section of Z ! ⌫⌫ is around 1000 pb for
a 100 TeV pp collider, compared to < 10

�2 pb for VBF production of h ! SS. Despite these dis-
couraging numbers, the sensitivity one can achieve at a 100 TeV collider is very relevant for EWBG.

To see this, we consider a simple VBF analysis with the following criteria:

• pT (j1), pT (j2) > 40 GeV,

• E/T > 150 GeV,

• �⌘jj = |⌘j
1

� ⌘j
2

| > 3.5 and |⌘j
1,2 | > 1.8,

• Mjj > 800 GeV.

The only background we consider is SM VBF production of Z ! ⌫⌫. We use MadGraph5

v1.5.12 [84] evaluated with the CTEQ6l [85, 86] parton distribution functions and Pythia8 [87,
88] showering & hadronization to generate our signal events. For detector simulation, we use Delphes
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Figure 7. Production cross-sections at hadron colliders for various modes of singlet production with �HS = 2.
These calculations were computed at LO with MadGraph5 [84]
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Figure 8. Dark green contours show S/
p
B for VBF production of the SSqq signal vs the main background,

VBF production of Z ! ⌫⌫̄, for a 100 TeV pp collider with 3000 fb

�1 of data. We use VBF selection criteria
with a requirement that E/T > 150 GeV to cut down on QCD background. Shading identical to Figs. 3 and 5.
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POTENTIAL REACH…
Toy VBF study, using Snowmass backgrounds and detectors
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Figure 6. Green contours show S/
p
B for VBF production of the SSqq signal vs main background, (Z !

⌫⌫̄) + jj, for a 100 TeV pp collider with 3 ab

�1 (left) and 30 ab

�1 (right) of data. VBF selection criteria and
a E/T > 150 GeV requirement were used to cut down on QCD background. Shading identical to Figs. 2 and 4.

is kinematically identical to the (Z ! ``)jj background under the replacement of pT`` ! E/T . This
suggests a very statistically precise background template could be derived from data, greatly reducing
systematics compared to a naive estimate.

Most of the parameter space for the strong one-step phase transition seems entirely out of reach
by direct detection. However, as we see below, indirect measurements can be sensitive to the rest of
the relevant parameter space.

5 Indirect Signatures of the Phase Transition

As we saw in Sec. 4, direct searches at a 100 TeV collider can probe the two-step but not the one-
step phase transition region. However, indirect searches have very complementary reach and are a
promising avenue for detection. Past works using EFT formulations [71, 85, 86] and complex singlets
[73] have shown a strong connection between a strong first-order phase transition and shifts in the
triple higgs coupling or the Zh cross-section. However, these results are not directly applicable to our
model. The EFT formulation describes a different type of phase transition than what we consider and
maps poorly onto our theory. On the other hand, [73] studied only thermally driven transitions, and
only in models with more than one real scalar degree of freedom with large couplings.

This lends credence to our label of a “nightmare scenario” for the model we study, since a strong
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ZH TRIPLE HIGGS PROBES
e.g. similar to N. Craig, C. Englert, M. McCullough 1305.5251

Recent studies
suggest a measurement
to O(.6)% so it doesn’t
compete with di-Higgs

measurement of 
triple Higgs shifts
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

It is useful to keep in mind that the precision of TLEP has a hard statistics limit [97]. Without
systematics, the 2� precision of the �Zh measurement with the data from 4 combined detectors is
limited to 0.15%, which could cover almost all of the EWBG-viable parameter space.

It is clear that both indirect measurements, �
3

at a 100 TeV collider and ��Zh at TLEP, have great
potential to detect the singlet-induced electroweak phase transition. These two measurements are in
fact complementary, since they scale differently with �HS . This would allow the number of scalars
running in the loops to be determined, a crucial detail of the theory.

6 Singlet Scalar Dark Matter

We now consider the consequences of the singlet scalar S acting as a stable thermal relic10. This is
not quite as unambiguous a consequence of EWBG as the bounds considered in Sections 4 and 5. The
hidden sector could be more complicated than just a singlet scalar, without the additional components
affecting the phase transition. Indeed, we assume the presence of additional physics to generate the
CP -violation necessary for EWBG. All of this could change the singlet scalar’s cosmological history.
Nevertheless, the minimal model could well be realized, and dark matter direct detection experiments
represent a particularly exciting avenue for discovery in the relatively short term.

10A very similar computation was performed most recently in [54], showing results in the same (mS ,�HS) plane as is
relevant for our model. However, we repeat the calculation here for completeness, and to show how the resulting bounds
overlap with the various regions in the nightmare scenario’s parameter space.

– 19 –

Statistics limit is .15 %



TRIPLE HIGGS COUPLING 
PROBES

Triple Higgs
probes are
extremely 
important!!!!

We must get 
these estimates 

correct and double 
checked for any 
future collider0.1

0.3
0.5 0.7 0.9

1

1.1

1.2

1.4

1.6
1.822.22.53

4

200 400 600 800 1000
!4

!2

0

2

4

6

8

mS !GeV"

Λ
H
S

Figure 7. Blue contours show �3/�
SM
3 . Measuring �3 with a precision of 30%, 20%, and 8% can be achieved

at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

phase transition can occur with much weaker indirect collider signatures than in the above two exam-
ples. However, it will still be testable with certain future colliders.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�
3

⌘ 1

6

d3
�
V
0

(h) + V CW
0

(h)
�

dh3

�����
h=v

=

m2

h

2v
+

�3

HSv
3

24⇡2m2

S

+ . . . (5.1)

The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �

3

/�SM

3

in the (mS ,�HS) plane. For
illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.

As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is
correlated with a large correction to �

3

. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�
3

/�SM

3

> 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase
transition.

One can measure �
3

through double higgs production. The cross-section for producing a pair
of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,
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SUMMARY OF REGIONS
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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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WHAT IF ALL THIS IS WRONG?



WHAT IF ALL THIS IS WRONG?

What if the EW symmetry
was never unbroken????



SIMPLE SINGLET MODEL 
AGAIN…

Flip the sign of �HS



THEORY WITH ALWAYS 
BROKEN EW SYMMETRY?

• Contradicts our whole cosmological picture, but 
nevertheless is technically allowed and under 
control… new picture of our universe

• EW Baryogengesis and Leptogenesis don’t work 
but GUT baryogengesis can!

• avoids difficulties with strings/domain walls



CONCLUSIONS
• With future colliders we may finally have a chance to unravel the 

cosmological history of our universe to the earliest times

• Triple Higgs coupling is an important window

• can get theories which give huge deviations - in principle LHC

• can also be confronted with things that need 100 TeV (no lose?)

• Complementary probes with gravitational waves

• New theoretical techniques need to be used to update predictions

• There may be a fundamentally new picture of the universe out there so 
we have to be careful not to go down the rabbit hole over over-hyping


