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Higgs is the focus of particle physics 

- The Higgs (discovered at the LHC) is a unique particle 
that raises profound questions about the fundamental 
laws of nature.


- Higgs properties study in itself a powerful experimental 
tool to look for answers.


Electron-positron collider as Higgs factory


- Higgs boson pair production is key to understanding the 
fabric of the universe.

European strategy for particle physics: 



Why is Higgs important?

- It gives mass to all the elementary particles.


- True. But more importantly:


- It is at the center of intriguing mysteries/puzzles


- Holds the key to new discoveries!
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My talk

- Overview.


- A lot of work in the area. 

Highlight several interesting directions. 
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Why is Higgs puzzling?

particle spin

quark: u, d,... 1/2

lepton: e... 1/2

photon 1

W,Z 1

gluon 1

Higgs 0 h:  a new kind of 
elementary particle

The “simplest” particle? Far from it! 
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 =

√
  (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 −
𝜆
6
  (𝜑  𝜑) , 

where 𝜑 is the complex conjugate of 𝜑,  and the coupling constant 𝜆  is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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We know very little about the Higgs. Electroweak phase transition

What we know now

v2 = 2|�|⇤2, and we find m2
H

= �v2, µ = 7m2
H

/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry

17
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universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry

17

v2 = 2|�|⇤2, and we find m2
H

= �v2, µ = 7m2
H

/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!
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What do we really know about the Higgs?

• We have discovered the Higgs boson and measured its 
properties with precisions. 
• However, we know very little about the Higgs potential.
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Figure 25: Expected significance of observing Higgs-boson-pair production for (left) the fits with only statistical
uncertainties and (right) the fits with all systematic uncertainties as nuisance parameters. The two horizontal dashed
lines show the 3� and 5� thresholds.
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Self coupling, Limited sensitivity at HL-LHC



Simplicity      greater unknown. 

- Which one is the right picture?
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Figure 2.12 Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fundamental questions we can552

ask about any symmetry breaking phenomenon—what is the order of the associated phase transition?553

How can we experimentally decide whether the electroweak phase transition in the early universe was554
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program to probe how electroweak symmetry is restored at high energies.557
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In the Standard Model with mh = 125 GeV, the electroweak phase transition is not strong enough573
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How do we find out?
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“wiggles” in Higgs potential

Big difference in triple Higgs coupling
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And more, later in this talk



What are the physics consequences?

which one?
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Figure 2.10: An illustration of a continuous crossover (left) and a first order phase transition (right).

of the electroweak phase transition, we require precision measurements of Higgs physics
at a dedicated Higgs factory experiment like the CEPC.

First Order Phase Transition or Continuous Crossover?

Despite years of careful study at the LHC, we still have such a poor understanding of the
Higgs that it is impossible to determine even the order of the electroweak phase transition.
In general, these two scenarios are used to classify symmetry-breaking phase transitions:

A first order phase transition proceeds through the nucleation of bubbles that grow,
coalesce, and eventually fill the system.

By contrast, a continuous crossover occurs smoothly throughout the system.

See also Fig. 2.10. If the phase transition is determined to be first order, there would be
profound implications for early-universe cosmology and the origin of the matter-antimatter
asymmetry. Moreover, determining the order of the EWPT is simply the first step in a
much richer research program that deals with other aspects of the phase transition includ-
ing its latent heat, bubble wall velocity, plasma viscosity, and so on.

The Higgs Potential

The order of the EWPT is intimately connected to the shape of the Higgs potential energy
function. For each value of the Higgs field, h, there is an associated potential energy
density, V (h). During the electroweak phase transition, the Higgs field passes from h = 0
where the electroweak symmetry is unbroken to h = v ' 246 GeV where the electroweak
symmetry is broken and the weak gauge bosons are massive. Thus the order of the phase
transition is largely determined by the shape of V (h) in the region 0 < h < v.

For instance, if the Higgs potential has a barrier separating h = 0 from h = v, then
electroweak symmetry breaking is accomplished through a first order phase transition with
the associated bubble nucleation that we discussed above. If there is no barrier in V (h),
the transition may be either first order or a crossover depending on the structure of the
thermal effective potential, Ve↵(h, T ).

Currently we know almost nothing about the shape of the Higgs potential. This situation
is illustrated in Fig. 2.11 and the following discussion. When we make measurements
of the Higgs boson in the laboratory, we only probe small fluctuations of the potential
around h = v. By measuring the strength of the weak interactions, GF = (

p
2v2)�1

'

1 ⇥ 10�5 GeV�2, we learn that the Higgs potential has a local minimum at v ' 246 GeV.
By measuring the Higgs boson’s mass, we learn that the local curvature of the potential
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Figure 2.10: An illustration of a continuous crossover (left) and a first order phase transition (right).
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Nature of electroweak phase transition



Very different answers possible.

 17

7	

Electroweak Phase Transition. How does the background Higgs field move 
from zero in the early universe to its nonzero value today?
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( T ~ 100 GeV,   t ~ 10 ps ) 

Wide open, likely place for new physics



When did it happen?

knowT≈MeVT≈102 GeV



When did it happen?

knowEW  
phase transition
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When did it happen?

knowEW  
phase transition

A major step into the unknown.

A big opportunity.

T≈MeVT≈102 GeV



The corner stone of modern cosmology
T ≈ eV

atoms, CMB..
T ≈ 102 MeV - MeV

proton, … nuclei

time



The corner stone of modern cosmology
T ≈ eV

atoms, CMB..
T ≈ 102 MeV - MeV

proton, … nuclei

time

Well understood,  comso/astrophysical observation 
+ laboratory measurements.

Lead to the establishment of modern cosmology 



EW phase transition, a new milestone
T ≈ eV

atoms, CMB..
T ≈ 102 MeV - MeV

proton, … nuclei

time

T ≈ 102 GeV
EWSB

An important early universe event.

→ Cosmological observations

+
Lab measurement of Higgs properties

Another big step

in cosmology!



Cosmological observations
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Primordial 
Black Holes

1st Order EWPT has profound implications for cosmology

Primordial 
Gravitational 

Waves

hHiggsi = v(T ) hHiggsi = 0

Matter   Excess

M   A M   A
8	

See also Tao Liu’s talk for CMB signal
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Probes from gravitational waves.

 23

 

Correlate particle collider and GW signals: Double test 
on Higgs nature and baryogenesis from particle  to wave 

FPH, et.al, Phys.Rev.D94(2016)no.4,041702  
Phys.Rev.D93 (2016) no.10,103515

See Fa Peng Huang’s talk. 

F. P. Huang and X. M. Zhang
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Why is matter > anti-matter?

1st order EW phase transition is

a natural stage for generating the baryonic asymmetry

Michael Ramsey-Musolf, Ke-pan Xie’s talk

Electroweak baryogenesis.  The creation of the matter-antimatter 
asymmetry of the universe at the electroweak phase transition.  

hHiggsi = v(T )hHiggsi = 0

Matter        Antimatter
(�*�$��(� �%��"

�"��*(%-��! )&��"�(%$)

Matter        Antimatter
(�*�$��(� �%��"

�"��*(%-��! )&��"�(%$)

-�"" ���)�) #�**�( �(��*�%$
(��-,�%"�*�$� )��**�(�$�)

)�+* %�� �� ,(�)/� >1

strongly	first	order	

20	

Kuzmin,	Rubakov,	&	Shaposhnikov	(1985);		Cohen,	Kaplan,	&	Nelson	(1990)	



Higgs physics as a window

See also Jiang-Hao Yu’s talk



Nature of the Higgs field
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What we know from LHC
LHC upgrades won’t go much further

“wiggles” in Higgs potential

Big difference in triple Higgs coupling



1st order phase transition 

⇒ large modification of trilinear coupling

9

FIG. 1: Triple Higgs coupling correction � as a function of the cuto↵ ⇤. The upper dashed

black line shows the maximum value of � for the infinite sum with all |c2n|= 1. The dashed dark

blue shows the values consistent with a FOEPT for the
�
�
†
�
�3

potential extension, for c6 = 1,

while for the same conditions solid light blue line is forbidden due to the absence of electroweak

symmetry breakdown. Fig. 1(a) and 1(b) show the results for the
�
�
†
�
�4

potential. The di↵erent

colors correspond to the di↵erent hierarchies of the e↵ective potential coe�cients as explained

in the text. Fig.1(a) shows the general case while the Fig. 1(b) shows the result if a first order

electroweak phase transition (FOEPT) is demanded. Fig. 1(c) and 1(d) show similar results but for

the
�
�
†
�
�5

potential, with di↵erent colors again corresponding to di↵erent coe�cient hierarchies

defined in the text. The lower solid black line shows the maximal negative values of � possible for

the order
�
�
†
�
�4

potential.

V (h) =
m2

2
h2 + �h4 +

1

⇤2
h6 + . . .

Huang, Joglekar, Li, Wagner, 1512.00068  

1st order phase transition → larger triple Higgs coupling



Triple Higgs coupling at 100 TeV collider

Talk by  Michele Selvaggi at 2nd FCC physics workshop

At FCC-hh or SppC



But, there should be more

- 1st order EW phase transition means there is 
new physics close to the weak scale. 


- Can be difficult to discover at the LHC. 

Maybe only couple weakly to the Higgs.


- Will leave more signature in Higgs coupling.

V (h) =
m2

2
h2 + �h4 +

1

⇤2
h6 + . . .



For example

operators, there is no symmetry distinction between the (h†h)3 operator and the operator
[@µ(h†h)]2, so they are expected to be generated as well, and a↵ect the Z � h couplings.

We begin by considering the simplest example of a theory where these couplings are
generated at tree-level by integrating out a massive singlet S coupled to the Higgs. As
we will see, this example represents the “easiest” case, where it is straightforward to get
a first-order phase transition, with large associated signals for both the CEPC and SPPC.
Since this is an “easy” case, we will use it largely to illustrate the important physics points
parametrically. We will then move to the “hard” case, where the order of the transition is
only a↵ected at 1-loop.

The important interactions for this toy model are given by

m2h†h+ �̃(h†h)2 +m2
S
S2 + ãSh†h+ b̃S3 + ̃S2h†h+ h̃S4 (8)

The couplings ã, b̃ can be set to zero by a Z2 symmetry under which S ! �S, but absent
such a symmetry they should be present. They give rise to both the modified Higgs potential
as well the oblique Higgs operator upon integrating out S at tree-level

FIG : TREEEXCHANGEDIAGRAMS (9)

and we find

m2h†h+ �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h
†h))2 (10)

Here we have introduced a = ã/mS, b = b̃/mS as the dimensionless strength of the cubic
interactions at the scale mS, and � = �̃� a2, = (̃+ ab).

Let us once again simplify our analysis by assuming that the quadratic term (h†h) is
negligible; the the first-order transition is driven as above with � < 0,  > 0, and we can
determine the electroweak scale and Higgs masses as

v2 = m2
S

�

a2
, m2

H
= �v2 (11)

We can also find the shift in the Z � h coupling from the oblique Higgs operator

�Zh =
a2v2

m2
S

=
�


(12)

In order not to avoid an unwanted O(1) shift to the Z � h coupling, we must have  � �.
This is perfectly consistent since � is highly perturbative. It is interesting that despite the
presence of a relatively strong coupling of the Higgs to a new massive state, there are no
di�culties whatsoever with large precision electroweak corrections; this is closely related to
the fact that the O(1) deviation in the Higgs cubic couplings associated with the (h†h)3 term
does not radiatively induce precision electroweak operators at one-loop.

Now, the perturbative consistency of our analysis demands that we must have b, a < 4⇡
and ̃ < 16⇡2. Actually the bounds on , a are more stringent, since these couplings induce
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Here we have introduced a = ã/mS, b = b̃/mS as the dimensionless strength of the cubic
interactions at the scale mS, and � = �̃� a2, = (̃+ ab).

Let us once again simplify our analysis by assuming that the quadratic term (h†h) is
negligible; the the first-order transition is driven as above with � < 0,  > 0, and we can
determine the electroweak scale and Higgs masses as

v2 = m2
S

�

a2
, m2

H
= �v2 (11)

We can also find the shift in the Z � h coupling from the oblique Higgs operator

�Zh =
a2v2

m2
S

=
�


(12)

In order not to avoid an unwanted O(1) shift to the Z � h coupling, we must have  � �.
This is perfectly consistent since � is highly perturbative. It is interesting that despite the
presence of a relatively strong coupling of the Higgs to a new massive state, there are no
di�culties whatsoever with large precision electroweak corrections; this is closely related to
the fact that the O(1) deviation in the Higgs cubic couplings associated with the (h†h)3 term
does not radiatively induce precision electroweak operators at one-loop.

Now, the perturbative consistency of our analysis demands that we must have b, a < 4⇡
and ̃ < 16⇡2. Actually the bounds on , a are more stringent, since these couplings induce
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g111 can, thus, provide a probe of TC and the SFOEWPT-viable regions of singlet extensions.

As discussed in Section Higgs chapter, one expects a � 25% determination of this parameter

at the HL-LHC. A factor of four improvement may be feasible with di-Higgs production at the

high-luminosity ILC and a factor of six with the pp100 option for the SPPC. discuss indirect

probes of self-coupling.

0 10 20 30 40 50 60
0

50

100

150

200
g111
SM

g111

T c

8% -
13%-
30%-
50%-

Figure 3. Correlation between the critical temperature and SM-like Higgs scalar self-coupling in the
singlet-extended SM.

Pseudo-Goldstone Higgs goes here

3.2 Modified Higgs couplings to SM particles

The aforementioned scenarios may lead to changes in the Higgs boson couplings to other

particles through the e�ect of Higgs mixing and/or new loop contributions. In the case of

doublet-singlet mixing, for example, the SM-like state h1 and singlet-like state h2 may be

written as

h1 = cos �h + sin �S

h2 = sin �h � cos �S . (3.1)

Assuming m2 > m1/2, the SM-like Higgs has no new decays and its branching ratios are

unchanged from the SM. However, the production cross section, and thus, signal strength,

will be reduced by cos2 �. Present LHC data imply cos2 � >� 0.66, a bound expected to increase

to � 0.95 with the HL LHC. Fig. 4 shows the distribution of parameter space points for a

SFOEWPT transition in the cos �-m2 plane for 2mh > m2 > m1/2. One observes that there

exist considerable possibilities for observation of deviations from SM Higgs signal strength

in EWPT-viable regions or parameter space with high precision studies. The TLEP350
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Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

Singlet benchmark model. Also shown are the fractional deviations of the e
+
e
� � hZ

cross section (left panel) and Higgs cubic self-coupling (right panel) from their SM val-

ues. Solid/black lines: contours of constant EWPT strength parameter � (see Eq. (2.9)).

Dashed/orange lines: contours of constant �hZ/�3 corrections. In the shaded region, phase

transition into a wrong vacuum (with ��� �= 0) occurs before the EWPT.

space at > 3 sigma level in all such models. However, scenarios where the first-order

EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be

able to probe these scenarios: in fact, even when � is electrically charged, the shift it

induces in h � �� in the region compatible with a first-order EWPT is too small to be

probed even at the HL-LHC. On the other hand, e+e� Higgs factories will be able to

comprehensively explore such scenarios, primarily due to a very precise measurement

of the Higgsstrahlung cross section, �(e+e� � Zh). The impressive sensitivity of this

measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust

and powerful tool for addressing the issue of EWPT dynamics.

An important limitation of our analysis is that all our benchmark models have a

single scalar field. The most important new e�ect in the presence of multiple fields

with masses around the weak scale is the possibility of accidental cancellations in the

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector
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Figure 22: Higgs self coupling deviation and first order electroweak phase transition. Left panel: A
generic singlet model. Black dots are points where the phase transition is of first order. g111 is the triple
Higgs coupling [67]. Right panel: A singlet model with a Z2 symmetry [68]. Orange dashed lines are
contours of fractional deviation. The region within the thick black curves has first order electroweak
phase transition. n the shaded region, phase transition into a wrong vacuum.

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of1

Fig. 22, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete2

Z2 symmetry is imposed on the singlet, has also been considered [68, 72]. A first order electroweak3

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs4

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced5

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel6

of Fig. 22. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 21,7

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed8

to make a more decisive determination based on the self coupling measurement and direct production of9

the additional singlet.10

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling11

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.12

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,13

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy of14

measuring this coupling at the CEPC is about 0.25%. Therefore, generically, Z measurement at CEPC15

will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase transition, the16

singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the possible parameter17

space just by measuring Z in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,18

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel19

of Fig. 23. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.20

In more general classes of models, the new physics which modifies the Higgs coupling can carry other21

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant22

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 23,23

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 20, we see that the24

CEPC can have sensitivity to such new physics.25

Another important question associated with the electroweak symmetry breaking is naturalness. The26
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Figure 11.8: The 7 parameter fit result, and comparison with the HL-LHC [33]. The projections for
the CEPC at 240 GeV with 5.6 ab�1 integrated luminosity are shown. The CEPC results without com-
bination with the HL-LHC input are shown with dashed edges. The LHC projections for an integrated
luminosity of 300 fb�1 are shown in dashed edges.

ment of Z is more than a factor of 10 better. The CEPC can also improve significantly on5

a set of channels which suffers from large background at the LHC, such as b, c, and g.6

Note that this is in comparison with the HL-LHC projection with aggressive assumptions7

about systematics. Such uncertainties are typically under much better control at lepton8

colliders. Within this 7-parameter set, the only coupling which the HL-LHC can give9

a competitive measurement is � , for which the CEPC’s accuracy is limited by statistics.10

This is also the most valuable input that the HL-LHC can give to the Higgs boson coupling11

measurement at the CEPC, which underlines the importance of combining the results of12

these two facilities.13

The direct search for Higgs boson decaying into invisible particles from BSM physics14

is well motivated, in close connection to dark sectors. The CEPC with 5.6 ab�1 can mea-15

sure this to a high accuracy as 95% upper limit 0.30%, as shown in Table 11.4. At the16

same time, the HL-LHC can only manage a much lower accuracy 6–17% [20] and some17

improved analysis may reach 2–3.5% [37].18

As discussed above, one of the greatest advantages of lepton collider Higgs boson19

factory is the capability of determining the Higgs boson coupling model independently.20

The projection of such a determination at the CEPC is shown in Figure 11.9. The ad-1

vantage of the higher integrated luminosity at a circular lepton collider is apparent. The2

CEPC has a clear advantage in the measure of Z . It is also much stronger in µ and3

BRBSM
inv measurements.4
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General case more complicated. Simplifies in the small-mixing limit scalar potential is
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where H is the SU(2)L Higgs doublet of the Standard model. Without making any field
redefinitions the singlet will generically obtain a non-zero vacuum expectation value (VEV)
at zero temperature. We can then expand

H =
1
p
2

 p
2�+

v + h+ i�
0

!
, S =

1
p
2
(vs + s) (1.2)

The two gauge eigenstates will generally mix. The mass eigenstates can be ordered in mass
and parametrized as

h1 = h cos ✓ + s sin ✓

h2 = �h sin ✓ + s cos ✓
(1.3)

In the rest of our study, we will use the parametrization of Ref. [1] in which the T = 0

singlet VEV is taken to be zero by appropriately shifting the singlet field (see also Ref. []).
We will also assume that h2 is the mostly singlet-like state, with h1 the Standard Model-like
Higgs with m1 = 125 GeV < m2. We anticipate revisiting the case of a lighter singlet-like
state in future work.

1.1 Current and Projected Constraints

A summary of the current constraints on this model can be found in various places in the
literature (see e.g. [2, 3]). For our purposes, the most important conclusions from these
studies are that currently all values of |sin ✓| . 0.2 are allowed for m2 < 2m1, while for
m2 & 2m1 resonant di-Higgs production places an additional constraint on the parameter
space. We will take this into account in our analysis.

Future experiments such as the ILC may be able to probe values of sin ✓ & 0.05 from
precision Higgs measurements, but below this value the model will remain largely un-
explored, even by resonant di-Higgs production [4]. This is because as sin ✓ decreases,
BR(h2 ! h1h1) falls rapidly as sin ✓2. As we will see, non-resonant scalar pair production
(pp ! h

⇤
1,2 ! h2h2) can fill this gap in coverage for low enough m2 and provide a conclusive

probe of the electroweak phase transition in these models complementary to that afforded
by resonant production.

2 The Electroweak Phase Transition in Singlet Models

First-order cosmological phase transitions can occur in a given theory if two or more dis-
tinct vacua coexist for some range of temperatures. A scalar background field trapped in a
metastable phase can then thermally fluctuate or quantum mechanical tunnel to an ener-
getically favorable “truer” vacuum. In perturbation theory, such transitions can be studied
using the finite-temperature effective potential.
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Correlation is easy to see in the Z2 limit: a2 is the only coupling between S
and h, so it cannot be arbitrarily small scalar potential is
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where H is the SU(2)L Higgs doublet of the Standard model. Without making any field
redefinitions the singlet will generically obtain a non-zero vacuum expectation value (VEV)
at zero temperature. We can then expand

H =
1
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The two gauge eigenstates will generally mix. The mass eigenstates can be ordered in mass
and parametrized as

h1 = h cos ✓ + s sin ✓

h2 = �h sin ✓ + s cos ✓
(1.3)

In the rest of our study, we will use the parametrization of Ref. [1] in which the T = 0

singlet VEV is taken to be zero by appropriately shifting the singlet field (see also Ref. []).
We will also assume that h2 is the mostly singlet-like state, with h1 the Standard Model-like
Higgs with m1 = 125 GeV < m2. We anticipate revisiting the case of a lighter singlet-like
state in future work.

1.1 Current and Projected Constraints

A summary of the current constraints on this model can be found in various places in the
literature (see e.g. [2, 3]). For our purposes, the most important conclusions from these
studies are that currently all values of |sin ✓| . 0.2 are allowed for m2 < 2m1, while for
m2 & 2m1 resonant di-Higgs production places an additional constraint on the parameter
space. We will take this into account in our analysis.

Future experiments such as the ILC may be able to probe values of sin ✓ & 0.05 from
precision Higgs measurements, but below this value the model will remain largely un-
explored, even by resonant di-Higgs production [4]. This is because as sin ✓ decreases,
BR(h2 ! h1h1) falls rapidly as sin ✓2. As we will see, non-resonant scalar pair production
(pp ! h

⇤
1,2 ! h2h2) can fill this gap in coverage for low enough m2 and provide a conclusive

probe of the electroweak phase transition in these models complementary to that afforded
by resonant production.

2 The Electroweak Phase Transition in Singlet Models

First-order cosmological phase transitions can occur in a given theory if two or more dis-
tinct vacua coexist for some range of temperatures. A scalar background field trapped in a
metastable phase can then thermally fluctuate or quantum mechanical tunnel to an ener-
getically favorable “truer” vacuum. In perturbation theory, such transitions can be studied
using the finite-temperature effective potential.
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See also Curtin, Meade Yu, 2014; Craig et al, 2014
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where H is the SU(2)L Higgs doublet of the Standard model. Without making any field
redefinitions the singlet will generically obtain a non-zero vacuum expectation value (VEV)
at zero temperature. We can then expand
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The two gauge eigenstates will generally mix. The mass eigenstates can be ordered in mass
and parametrized as

h1 = h cos ✓ + s sin ✓

h2 = �h sin ✓ + s cos ✓
(1.3)

In the rest of our study, we will use the parametrization of Ref. [1] in which the T = 0

singlet VEV is taken to be zero by appropriately shifting the singlet field (see also Ref. []).
We will also assume that h2 is the mostly singlet-like state, with h1 the Standard Model-like
Higgs with m1 = 125 GeV < m2. We anticipate revisiting the case of a lighter singlet-like
state in future work.

1.1 Current and Projected Constraints

A summary of the current constraints on this model can be found in various places in the
literature (see e.g. [2, 3]). For our purposes, the most important conclusions from these
studies are that currently all values of |sin ✓| . 0.2 are allowed for m2 < 2m1, while for
m2 & 2m1 resonant di-Higgs production places an additional constraint on the parameter
space. We will take this into account in our analysis.

Future experiments such as the ILC may be able to probe values of sin ✓ & 0.05 from
precision Higgs measurements, but below this value the model will remain largely un-
explored, even by resonant di-Higgs production [4]. This is because as sin ✓ decreases,
BR(h2 ! h1h1) falls rapidly as sin ✓2. As we will see, non-resonant scalar pair production
(pp ! h

⇤
1,2 ! h2h2) can fill this gap in coverage for low enough m2 and provide a conclusive

probe of the electroweak phase transition in these models complementary to that afforded
by resonant production.

2 The Electroweak Phase Transition in Singlet Models

First-order cosmological phase transitions can occur in a given theory if two or more dis-
tinct vacua coexist for some range of temperatures. A scalar background field trapped in a
metastable phase can then thermally fluctuate or quantum mechanical tunnel to an ener-
getically favorable “truer” vacuum. In perturbation theory, such transitions can be studied
using the finite-temperature effective potential.

– 3 –

Now b3 can potentially compensate for small a2. However, imposing requirements from 
vacuum stability, completion of the PT, etc still place a lower bound on BR(h2àh1 h1):

Larger mixing angles 
require numerical scans; 
expect similar 
conclusions

CEPC should be able to 
probe light visibly-
decaying scalars 
consistent with a strong
EWPT and other pheno
requirements down to
~30 GeV.

Work in progress with M. J. Ramsey-Musolf and J. Shelton

Projected CEPC sensitivity 
taken from Liu, Wang, 
Zhang 2016

10 20 30 40 50 60

m1 [GeV]

10�4

10�3

10�2

a 2

M
in

a 2
for

EW
PT CEPC BR(h2 ! h1h1 ! 4b)

Small � mixing limit, vs < 500 GeV

Complementarity w/Lisa?

J. Kozaczuk, M. Ramsey-Musolf, J. Shelton

Z2 limit

Kozaczuk 13

Correlation is easy to see in the Z2 limit: a2 is the only coupling between S
and h, so it cannot be arbitrarily small scalar potential is

V0(H,S) =� µ
2
|H|

2 + � |H|
4 +

1

2
a1 |H|

2
S +

1

2
a2 |H|

2
S
2

+ b1S +
1

2
b2S

2 +
1

3
b3S

3 +
1

4
b4S

4
(1.1)

where H is the SU(2)L Higgs doublet of the Standard model. Without making any field
redefinitions the singlet will generically obtain a non-zero vacuum expectation value (VEV)
at zero temperature. We can then expand
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The two gauge eigenstates will generally mix. The mass eigenstates can be ordered in mass
and parametrized as
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In the rest of our study, we will use the parametrization of Ref. [1] in which the T = 0

singlet VEV is taken to be zero by appropriately shifting the singlet field (see also Ref. []).
We will also assume that h2 is the mostly singlet-like state, with h1 the Standard Model-like
Higgs with m1 = 125 GeV < m2. We anticipate revisiting the case of a lighter singlet-like
state in future work.

1.1 Current and Projected Constraints

A summary of the current constraints on this model can be found in various places in the
literature (see e.g. [2, 3]). For our purposes, the most important conclusions from these
studies are that currently all values of |sin ✓| . 0.2 are allowed for m2 < 2m1, while for
m2 & 2m1 resonant di-Higgs production places an additional constraint on the parameter
space. We will take this into account in our analysis.

Future experiments such as the ILC may be able to probe values of sin ✓ & 0.05 from
precision Higgs measurements, but below this value the model will remain largely un-
explored, even by resonant di-Higgs production [4]. This is because as sin ✓ decreases,
BR(h2 ! h1h1) falls rapidly as sin ✓2. As we will see, non-resonant scalar pair production
(pp ! h

⇤
1,2 ! h2h2) can fill this gap in coverage for low enough m2 and provide a conclusive

probe of the electroweak phase transition in these models complementary to that afforded
by resonant production.

2 The Electroweak Phase Transition in Singlet Models

First-order cosmological phase transitions can occur in a given theory if two or more dis-
tinct vacua coexist for some range of temperatures. A scalar background field trapped in a
metastable phase can then thermally fluctuate or quantum mechanical tunnel to an ener-
getically favorable “truer” vacuum. In perturbation theory, such transitions can be studied
using the finite-temperature effective potential.
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at zero temperature. We can then expand
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The two gauge eigenstates will generally mix. The mass eigenstates can be ordered in mass
and parametrized as

h1 = h cos ✓ + s sin ✓

h2 = �h sin ✓ + s cos ✓
(1.3)

In the rest of our study, we will use the parametrization of Ref. [1] in which the T = 0

singlet VEV is taken to be zero by appropriately shifting the singlet field (see also Ref. []).
We will also assume that h2 is the mostly singlet-like state, with h1 the Standard Model-like
Higgs with m1 = 125 GeV < m2. We anticipate revisiting the case of a lighter singlet-like
state in future work.

1.1 Current and Projected Constraints

A summary of the current constraints on this model can be found in various places in the
literature (see e.g. [2, 3]). For our purposes, the most important conclusions from these
studies are that currently all values of |sin ✓| . 0.2 are allowed for m2 < 2m1, while for
m2 & 2m1 resonant di-Higgs production places an additional constraint on the parameter
space. We will take this into account in our analysis.

Future experiments such as the ILC may be able to probe values of sin ✓ & 0.05 from
precision Higgs measurements, but below this value the model will remain largely un-
explored, even by resonant di-Higgs production [4]. This is because as sin ✓ decreases,
BR(h2 ! h1h1) falls rapidly as sin ✓2. As we will see, non-resonant scalar pair production
(pp ! h

⇤
1,2 ! h2h2) can fill this gap in coverage for low enough m2 and provide a conclusive

probe of the electroweak phase transition in these models complementary to that afforded
by resonant production.

2 The Electroweak Phase Transition in Singlet Models

First-order cosmological phase transitions can occur in a given theory if two or more dis-
tinct vacua coexist for some range of temperatures. A scalar background field trapped in a
metastable phase can then thermally fluctuate or quantum mechanical tunnel to an ener-
getically favorable “truer” vacuum. In perturbation theory, such transitions can be studied
using the finite-temperature effective potential.
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studies are that currently all values of |sin ✓| . 0.2 are allowed for m2 < 2m1, while for
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Future experiments such as the ILC may be able to probe values of sin ✓ & 0.05 from
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m2 & 2m1 resonant di-Higgs production places an additional constraint on the parameter
space. We will take this into account in our analysis.

Future experiments such as the ILC may be able to probe values of sin ✓ & 0.05 from
precision Higgs measurements, but below this value the model will remain largely un-
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More elaborated model

⇒ more signal in Higgs physics

A. Long  /  July 28, 2016  /  KITPC Workshop 

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 
 
Statement #2:  Problems with Higgs diphoton rate.  (b/c of charged 
particles) 
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Figure 5: Results for the heavy chiral fermion model of Sec. 2.3. The Higgs-to-diphoton decay rate

is shown as a function of the chargino mass. We fix the Higgs-bino-Higgsino Yukawa coupling h0 = 0

and we show various values of the Higgs-wino-Higgsino Yukawa coupling h. Thick lines indicates

parameters with a strongly first order phase transition (3.4), dashed lines indicate a weakly first

order transition, and thin lines indicate a cross-over or second order transition.

parameter v/T in terms of the universal Yukawa parameter y1. For cases (A) and (B) above, the

electroweak phase transition is strongly first order for y1 & 0.4 for varying quark Yukawas and

y1 & 0.7 for varying lepton Yukawas. For the same value of y1 the phase transition is stronger in

case (A), because more degrees of freedom have the anomalous field dependence. For case (C),

the phase transition only becomes strongly first order for y1 & 1.3. In this model, all the lepton

Yukawa couplings are enhanced by the same factor, and consequently the electron and muon remain

negligible compared to the tau. E↵ectively, only the one degree of freedom (⌧) is playing any role in

making the phase transition first order. We focus on y1 . 2.0 to avoid issues associated with loss of

perturbatively. In this parameter regime, the predicted stochastic gravitational wave background

is not within the reach of eLISA’s most optimistic design sensitivity.

5 Conclusion

In this paper we have explored a few minimal extensions of the Standard Model in which new

particles below the TeV scale cause the electroweak phase transition to become first order. Although

the new particle content is motivated from a bottom-up and minimalist perspective, this new physics

can easily be embedded in a broader UV theory such as supersymmetry. Despite their simplicity,

our models exhibit various di↵erent mechanisms giving rise to a first order phase transition [5].

For instance, the value of the scalar singlet field can change along with the Higgs field thereby

inducing a first order phase transition through tree-level interactions, or the presence of stop-like

scalar particles in the electroweak plasma can lead to a first order transition via thermal e↵ects.

Despite this diversity of particle content, phenomenology, and phase transition dynamics, we find a
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Figure 2. Left: The projections for the parameter points on the M⌘ � f plane. All the points can
reproduce SM mass spectrum and give degenerate vacuums at critical temperature Tc, while only
the red points give SFOEWPT. Right: the Tn�Tc values for the points with successful SFOEWPT.

⌘ is around 100 GeV and the decay constant f & 1 TeV. The right panel of Fig. 2 shows

the critical temperatures Tc and the nucleation temperatures Tn for the parameter points

with successful nucleation. One can find Tn ⇠ 120 GeV and Tn 6 Tc as expected.

SFOEWPT can produce gravitational waves (GWs) in the early universe. After the

cosmological redshift, the peak of GW frequencies are typically mille-Hz [76], in the sensitive

region of a broad class of GW detectors, such as LISA [20], Tianqin [21], Taiji [22], BBO [23]

or DECIGO (Ultimate DECIGO) [24, 25]. As is pointed out in Ref. [76], the GWs from

SFOEWPT can be reduced into a two-parameter problem. The first crucial parameter is

↵, defined by the ratio of the phase transition latent heat to the radiative energy density

of the universe in the SFOEWPT period,

↵ =
✏

⇢rad
, ✏ = ��VT + Tn�

@VT

@T

���
Tn

, ⇢rad =
⇡2

30
g⇤T

4

n , (4.17)

where vn and g⇤ are respectively the Higgs VEV and the relativistic degrees of freedom at

Tn, and “�” denotes the di↵erence between the EW broken and symmetric phases. The

second key parameter is �/Hn, with ��1 being the time duration of SFOEWPT, and Hn

the Hubble constant when SFOEWPT completed,

� =
d
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◆ ���
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,
�

Hn
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d

dT
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S3
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, (4.18)

where tn is the cosmic time at Tn. The smaller �/Hn is, the stronger the phase transition

is. The signal strength of GWs is described by

⌦GW(f) =
1

⇢c

d⇢GW

d ln f
, (4.19)
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Figure 3. Left: the ↵ and �/Hn distribution for the parameter points with SFOEWPT. Right:
the GW signals, where the thin black lines are typical GW curves from the data points of the left
panel, while the thick black line represents the envelope of all data points.

where ⇢c stands for the critical energy density of the universe today. There are three

sources of the phase transition GWs: bubble collision, sound waves in the fluid, and the

turbulence in plasma. They are all expressed as numerical formulae in terms of ↵ and

�/Hn in Ref. [77]. In our scenario, the velocity of the expanding bubble wall is given by

the detonation wave formula [78]

vw =
1

1 + ↵

 
1p
3
+

r
↵2 +

2

3
↵

!
, (4.20)

and the dominant source of GWs comes from sound waves, while the turbulence is sub-

dominant and the bubble collision contribution is negligible [77] 12.

For our study, the relativistic degrees of freedom during SFOEWPT is g⇤ = 106.75+1,

i.e the number of SM plus one real singlet. For the data points with successful nucleation

in 6 + 6 NMCHM, we calculate ↵ and �/Hn with CosmoTransitions and a homemade

codes plugin. The obtained values of ↵ and �/Hn are projected in the left panel of Fig. 3.

Using the formulae in [77] we are able to calculate the GW signal strengths. The results

are presented in the right panel of Fig. 3, where some typical signal curves are plotted in

thin black lines while the envelope of all allowed data points are plotted in a thick black

line. One can clearly see that GW signals are testable for most future detectors.

12This conclusion might be modified because the sound wave period has to be appropriately cut when the

plasma flow becomes nonlinear. The turbulence may get a lot of remaining kinetic energy and contributes

a much stronger signal [79].
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Ligong Bian and Ke-pan Xie’s talks

Should be able to probe at both the Higgs factories

and hadron colliders. 



Conclusions

- Electroweak phase transition is a key aspect of 
the electroweak symmetry breaking.


- Will be our next goal post for understanding early 
universe. 


Can set the stage for baryogenesis


Rich signals: gravitational wave, PBH, etc. 


- Study the Higgs boson will give an indispensable 
window into EW phase transition. 


- Huge potential for the synergy of future colliders 
and cosmological observations!


