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Introduction



Why Higgs Potential?
• 1) It determines the EWSB mechanisms, mass 

generation of Higgs bosons, Higgs self-couplings 

• 2) It relate to the EW phase transition in the early 
universe and might leave a finger print in the primordial 
gravitational wave 

• 3) It could relate to the EW baryogensis scenario, 
spontaneous CP breaking, spontaneous parity breaking 

• 4) It directly connects with new physics (new particles, 
dark matter, )



A big question: the shape of Higgs potential is crucial for  
the strong first order electroweak phase transition, which is 

needed in the EW Baryogenesis scenarios.

early Coleman-Weinberg proposal for symmetry breaking [17]:

V (h) ! 1

2
�(h†h)2log
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(h†h)
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�
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These possibilities are associated with totally di↵erent underlying dynam-
ics for electroweak symmetry breaking than the SM, requiring new physics
beyond the Higgs around the weak scale. They also have radically di↵er-
ent theoretical implications for naturalness, the hierarchy problem and the
structure of quantum field theory.

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.
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Figure 8: Question of the nature of the electroweak phase transition.

The leading di↵erence between these possibilities shows up in the cubic
Higgs self-coupling. In the SM, minimizing the potential gives v2 = 2|mh|2/�.
Expanding around this minimum h = (v + H)/

p
2 gives

V (H) =
1

2
m2

HH2 +
1

6
�hhhH

3 + · · · , with m2
H = �v2 and �SM

hhh = 3(m2
H/v).

(8)
Consider the example with the quartic balancing against a sextic and, for
the sake of simplicity to illustrate the point, let us take the limit where the
m2

h term in the potential can be neglected. The potential is now minimized
for v2 = 2|�|⇤2, and we find

m2
H = �v2, �hhh = 7m2

H/v = (7/3)�SM
hhh, (9)

giving an O(1) deviation in the cubic Higgs coupling relative to the SM. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is �hhh = (5/3)�SM

hhh.
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Can it make difference?
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The bubble wall needs the little  
bump in potential shape 
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2. Higgs Potentials of a few 
models
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A simple roadmap for this model: 
1) To discover extra neutral Higgs bosons 
2) To measure three mixing angles 
3) 2 must be extracted from T/Q coupling measurement



Higgs Basis







A simple roadmap for 2HDM: 
1) To discover 3 extra neutral HB, 2 charged HB 
2) To measure three mixing angles 
3) 3 must be extracted from T/Q couplings
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3. Higgs Potentials@Colliders
• The production and decay of new Higgs bosons 

• The determinations of mixing angles 

• The measurement of T/Q Couplings 

• Global fit to the Higgs potential



J. Baglio, A. Djouadi, J. Quevillon, 1511.07853
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Q. Li, Z. Li, QY, X.R. Zhao, PRD92(2015)1,014015, arXiv:1503.07611

To overcome the b mistag and photo mistag issues,

gg ! hh ! WW ⇤WW ⇤ ! 3`+ 2j +MET is proposed.

By using this mode, SPPC can determine

�3 to the window [0.9,1.2]

Triple Coupling



Quartic Coupling

C.Y. Chen,QY, X.R. Zhao, Z.J. Zhao, Y.M. Zhong, PRD93 (2016)1, 013007

A 100 TeV collider can set a loose bound to �4

via gg ! hhh ! 4b2� mode.

Better modes are under searching.
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Heavy Higgs in single+SM
! H

2

! H(H⇤
2

) ! H(HH) (FIG. 9(b)); triangle quark-loop ! H
2

! H(H⇤) ! H(HH)

(FIG. 9(c)); triangle quark-loop! H ! H(H⇤
2

) ! H(HH) (FIG. 9(d)); and the triangle

quark-loop! H
2

! HHH (FIG. 9(e)). The first four diagrams all involve the trillinear

coupling �
211

. The last diagram instead contain the quartic coupling �
2111

.

FIG. 9. Extra Feynman diagrams which contribute to the process gg ! HHH in the Higgs singlet

model are provided.

We chose benchmark points that introduce a resonance of H
2

! HHH where the triple-

Higgs production is enhanced and other decay channels of H
2

are suppressed. Besides we

require the benchmark points satisfy the Higgs vacuum stability requirement, i.e., the Higgs

potential at extrema (v, x) = (vEW , 0) is no larger than those at other eight potential local

extrema3.

In the parameter scan, we require

378 GeV  mH2 . 2 TeV, (12)

where the lower limit is set by requiring on-shell triple Higgs final states and the upper limit

is from the perturbative unitarity constraint. We adopt the restriction sin ✓2  0.12 on ✓

from fittings of the Higgs coupling strengths [53]. We also constrain

|a
2

|  4⇡, |b
3

|/vEW  4⇡, 0 < b
4

. 8⇡/3, 0 < �  4⇡/3, a2
2

< 4�b
4

. (13)

from requirements of perturbative unitarity, perturbativity and the positivity of the po-

tential. The perturbative unitarity bounds above are obtained as following: we compute

the normalized spherical amplitude matrix for quadratic scattering between W+

L W�
L , ZLZL,

HH, HH
2

and H
2

H
2

. Then we require the real parts of the eigenvalues of the matrix to be

smaller than 1/2 [48, 54–56]. Under a good approximation, we take the limit ✓ ! 0. This

3 The nine potential local extrema of the Higgs potential are (v, x) = (vEW , 0), (�vEW , 0), (v+, x+),

(�v+, x+), (v�, x�), (�v�, x�), (0, x0
1), (0, x

0
2) and (0, x0

3). Detailed expressions are given by Eq. 24 and

Eq. B1 in [52])
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Production rate  
is enhanced!

C.Y. Chen,QY, X.R. Zhao, Z.J. Zhao, Y.M. Zhong, PRD93 (2016)1, 013007



J.F. Gunion, B. Grzadkowski, X.G. He, PRL77(1996)5172 
Q. Li, Z. Li, QY, X.R. Zhao, in preparation

V. FEASIBILITY AT FUTURE COLLIDERS AND COMPARISON

Events from the tt̄h final state are the dominant background for the M4 case, which is

also true for the 3`+2j + /ET mode explored in at the HCs. It might be natural to ask how

the measurement of tt̄h couplings can a↵ect the determination of �3.

In Fig. (4), we demonstrate the correlation between the determination of tt̄h at the LHC

and a future 100 TeV collider. For the LHC, we assume that tt̄h couplings can be determined

up to 20% when the correlation between a and b is taken into account, which is denoted by

two solid lines in Fig. (5a) as upper and lower bounds from tt̄h measurements.
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FIG. 4. The sensitivity in the a� �3 plane between the LHC high-luminosity run and a 100 TeV

collider. We fix b = 0.0.

For a 100 TeV collider, we assume that a 5% precision can be achieved, which is denoted by

two solid lines in Fig. (6(b)) as upper and lower bounds from tt̄h measurements. According

to the study of , where by using the production ratio tt̄h/tt̄Z, it is argued that this coupling

can 1% or so when just statistics are considered. In reality, background processes must be

considered for each tt̄ decay final states, so we assume a precision up to 5% as a relatively

conservative and loose estimation.

Comparing Fig. (6(a)) and Fig. (6(b)), it is noticed that a 100 TeV collider can greatly

shrink the uncertainty in determining the �3 and a parameters. Due to a4 dependence of the

cross section �(pp ! hh), the 5% uncertainty in �a can induce an uncertainty in determining

�3 up to 20% or so. The two-fold ambiguity can be removed by using the method to check

the di↵erential distribution of leptons in the final state, as demonstrated in .

14

pair production

�L = Yt (a t̄t+ i b t̄�5t)h+ �3 �SM v h h h+ · · · , (1)

the term Yt = mt/v is the standard model Yukawa couplings of top quark, both a and b are

dimensionless parameters. Meanwhile, b is related with the CP violation. In the standard

model, a = 1 and b = 0. In the two Higgs doublet model (2HDM) with no CP violation,

a = ctg� and b = 0. When there is CP violation in the 2HDM, the CP even and CP odd

components could mix and lead to a non-vanishing b. Early e↵orts to probe this coupling

at hadron colliders could be found in [2]. Theoretical calculation [3] and to measure this

coupling at future linear colliders could be found [1].

The term �SM = m2
H/2v

2, while �3 is a free dimensionless parameter. In various new

physics models, this coupling can vary to quite a large range. For example, in the framework

of an e↵ective operator, the strong first order electroweak phase transition has been explored

in [], where �3 can be in the range from to . In the model with a singlet + SM, the coupling

could be []. A recent study on the CP properties of the 2HDM could be found in [4].

The study on the di-Higgs boson final states has been being a hot topic recently. In this

work, we will study the pure leptonic mode, i.e. pp ! hh ! 4` + /E in a 100 TeV collider.

To our best knowledge, this mode has not been carefully studied in literatures due to its tiny

production rate in the SM at the LHC. But for some new physics models, the production

rate of this mode can be enhanced by a factor like 10 to 100, which could be accessible even

at the LHC. Furthermore, for a 100 TeV, the production rate of this mode in the SM is

large enough and is accessible. Moreover, since it is pure leptonic final states, this mode can

easily be searched by experimentalists. Therefore, it is meaningful to carefully investigate

this mode either for the LHC runs or for a future 100 TeV collider project.

There are mainly three-fold aims for this work. 1) We explore the sensitivity of the pure

leptonic mode pp ! hh ! 4`+ /E at the LHC and at a 100 TeV collider. 2) We examine the

complementarity of the direct measurement of t̄th and the direct measurement of �3 in the

future colliders. 3) The last but not least, we test our phase space code which implements

the quasi-Monte Carlo method.

The work is organised as follows. In section II, we study the parton-level features of

process gg ! hh ! 4` + /E. In section III, we analyse the sensitivity of the mode

gg ! hh ! 4` + /E in a 100 TeV collider. In section IV, we examine the issue how tt̄h

3
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FIG. 4. The sensitivity in the a� �3 plane between the LHC high-luminosity run and a 100 TeV

collider. We fix b = 0.0.
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FIG. 5. The sensitivity in the b � �3 plane between the LHC high-luminosity run and a 100 TeV

collider. We fix a = 1.0.

dependence of cross section of tt̄h upon a and b. It is noticed that there are 3-fold ambiguity

when combining the measurement of tt̄h and hh. To separate these 3-fold ambiguity The

di↵erential distribution of tt̄h should be used to determine a and b. Higgs pair can help to

probe the structure of tt̄h at a 100 TeV collider.

The cross section of tt̄h at the LHC 14 TeV and at a 100 TeV collider can be parametrised

as

�(pp ! tt̄h) = t1a
2 + t2b

2 . (3)

15

LHC-HL run 100 TeV SPPC

Interplay between tth and hh



e+e� ! hi hj

Figure 1: Contour lines for min[σ(e+e− → h1h2)] in fb units, obtained by scanning
over the αi while requiring ≤ 50 Zh1 or Zh2 events for L = 500 fb−1, are plotted in
(mh1

, mh2
) parameter space for the indicated

√
s values and for tan β = 0.5. The

plots are virtually unchanged for larger values of tanβ. The contour lines overlap
in the inner corner of each plot as a result of excluding mass choices inconsistent
with experimental constraints from LEP2 data.

mh2
, mh3

>
√

s − mh1
). The question is whether the sum rules (8) imply that

Yukawa couplings are sufficiently large to allow detection of the h1 in tth1 and/or
bbh1 production (assuming both are kinematically allowed). In Fig. 2, we plot the
minimum and maximum values of σ(e+e− → f f̄h1) for f = t, b as a function of the
Higgs boson mass, where we scan over the mixing angles α1 and α2

♯6 at a given
tanβ while requiring fewer than 50 Zh1 events for L = 500 fb−1.♯7 We see that,
if mh1

is not large and tanβ is either very small or very large, we are guaranteed
that there will be sufficient events in either the bb̄h1 or the tt̄h1 channel to allow h1

discovery. However, if tanβ is of moderate size, the reach in mh1
is quite limited

if the αi’s are such that σ(tth1) is minimal. For example, at
√

s = 500 GeV let
us take 50 events (before cuts and efficiencies) as the observability criteria.♯8 For
L = 500 fb−1, ≥ 50 events then requires σ ≥ 0.1 fb. From Fig. 2, we see the

♯6If only the h1 is light, we only need to scan over α1 and α2 since all the couplings of the h1

depend only upon these two mixing angles.
♯7We note that, if C1 ∼ 0, then the minimal and maximal bbh1 cross sections are almost equal.
♯8For tanβ ≪ 1 and a light h1, requiring 50 tth1 events might not be sufficient since the h1 will

decay predominantly into cc, and the resulting ttcc final states will have a large background from
ordinary tt+multijet events. On the other hand, the tth1 cross section is substantially enhanced
when tan β ≪ 1 and, unless there is severe phase space suppression, we will have substantially
more than 50 events.

6
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The precision electroweak data obtained over the past
16 years consists of over 1000 individual measurements.
Many of these measurements may be combined to provide
a global test of consistency with the standard model. The
best constraint on MH is obtained by making a global fit
to these data, which yields MH ! 113"62

#42 GeV [5]. The
available electroweak data, therefore, strongly suggest
that the most likely mass for the SM Higgs boson is just
above the limit of 114.4 GeV set by direct searches at the
LEP e"e# collider [6]. In contrast to any anomalous
couplings of the gauge bosons, an anomalous self-
coupling of the Higgs particle would contribute to elec-
troweak observables only at two-loop and higher orders,
and is therefore practically unconstrained by these preci-
sion measurements [7].

Since photons couple directly to all fundamental fields
carrying the electromagnetic charge (leptons, quarks, W
bosons, supersymmetric particles), !! collisions provide
a comprehensive means of exploring virtually every as-
pect of the SM and its extensions. In !! collisions, the
Higgs boson is produced as a single resonance in a state of
definite CP. This is perhaps the most important advantage
over e"e# annihilations, where this s-channel process is
highly suppressed. For the Higgs-boson mass in the range
115–200 GeV, the effective cross section for !! ! H is
larger than that for Higgs production in e"e# annihila-
tions. In this mass range, the process e"e# ! ZH re-
quires considerably higher center-of-mass (CM)
energies than !! ! H. The reaction !! ! H proceeds
through a loop diagram and receives contributions from
all particles with mass and charge, and is therefore a
powerful probe of new physics beyond the SM.
Moreover, we find that the sensitivity of the cross section
"!!!HH to the trilinear Higgs self-coupling is maximal
near the 2MH threshold for MH between 115 and 150 GeV,
and is larger than the sensitivities of "e"e#!ZHH and
"e"e#!# !#HH to this coupling for 2Ee & 700 GeV. By
combining data from e"e# and !! collisions, the total
decay width of the Higgs boson can be determined in a
model-independent way with a precision of about 10%
(see [8] and references therein).

II. HIGGS-PAIR PRODUCTION
IN !! AND e"e# COLLISIONS

The production of a pair of SM Higgs bosons in photon-
photon collisions, !! ! HH, which is related to the
Higgs-boson decay into two photons, is due to W-boson
and top-quark box and triangle loop diagrams. The total
cross section for !! ! HH in polarized photon-photon
collisions, calculated at the leading one-loop order [9] as
a function of the !! center-of-mass energy and for MH
between 115 and 150 GeV, is shown in Fig. 1(a). The cross
section calculated for equal photon helicities,
"!!!HH$Jz ! 0%, rises sharply above the 2MH threshold
for different values of MH, and has a peak value of about

0.4 fb at a !! center-of-mass energy of 400 GeV. In
contrast, the cross section for opposite photon helicities,
"!!!HH$Jz ! 2%, rises more slowly with energy, because a
pair of Higgs bosons is produced in a state with orbital
angular momentum of at least 2 !h.

(a)

(b)

FIG. 1. (a) The total !! ! HH cross section as a function of
the !! center-of-mass energy. Contributions for equal (Jz ! 0)
and opposite (Jz ! 2) photon helicities are shown separately.
(b) The cross sections for HH production in !! collisions for
MH ! 120 GeV and anomalous trilinear Higgs self-couplings
$% ! 0;&1;&0:3.
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contributions to the hhh coupling constant has an advan-
tage to obtain better sensitivities.

At a high energy lepton collider, the hard photons can be
obtained from the Compton back scattering method [38].
By using hard photons, Higgs boson pairs can be produced
in !! ! hh process. Feynman diagrams for this process
are shown in Fig 5, and the helicity specified cross sections
are given by
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where '! is the mean helicity of the photon. The photon
luminosity spectrum is given by
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FIG. 5. The double Higgs boson production process !! ! hh at the photon collider.

FIG. 4 (color online). The cross sections of eþe& ! hhZ process at the ILC as a function of collision energy
ffiffiffi
s

p
for mh ¼ 120 GeV

(left) and mh ¼ 160 GeV (right).
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ŝ&m2
h

H#1#2

4 þH#1#2
h

!!!!!!!!
2
;

(6)

where H#1#2

4 and H#1#2
h are the loop functions [29] (see

Appendix B). The total cross section is calculated by
convoluting with the photon luminosity function f!ðy; xÞ,

where x ¼ 4Ee!0=m
2
e can be controlled by the frequency

!0 of the laser photon, as

"ee
!!!hh ¼

Z y2m

&hh

d&
Z ym

&

dy

y

"
1þ '!

1'
!
2

2
"̂þþ

þ 1& '!
1'

!
2

2
"̂þ&

#
f!ðy; xÞf!ð&=y; xÞ; (7)

where '! is the mean helicity of the photon. The photon
luminosity spectrum is given by

f!ðy; xÞ ¼
1

DðxÞ

"
1

1& y
þ 1& y& 4rð1& rÞ

& 2#e#!rxð2r& 1Þð2& yÞ
#
; (8)

FIG. 5. The double Higgs boson production process !! ! hh at the photon collider.

FIG. 4 (color online). The cross sections of eþe& ! hhZ process at the ILC as a function of collision energy
ffiffiffi
s

p
for mh ¼ 120 GeV

(left) and mh ¼ 160 GeV (right).

HIGGS BOSON PAIR PRODUCTION IN NEW PHYSICS . . . PHYSICAL REVIEW D 82, 115002 (2010)

115002-5

contributions to the hhh coupling constant has an advan-
tage to obtain better sensitivities.

At a high energy lepton collider, the hard photons can be
obtained from the Compton back scattering method [38].
By using hard photons, Higgs boson pairs can be produced
in !! ! hh process. Feynman diagrams for this process
are shown in Fig 5, and the helicity specified cross sections
are given by

"̂#1#2 ! "̂ð!#1
!#2

! hhÞ

¼
Z t̂þ

t̂&
dt̂

1

2!

1

16$ŝ2
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Fig. 4: The polarized and unpolarized crosssection as a function of the CM energy.
The mass of the higgs is 120 GeV.

In figure 4 we show the crosssections as a function of the CM energy for a 120
GeV higgs mass. We see a slowly declining crosssection when we are away from the
threshold. This must clearly be a loop effect, as the tree graphs would show a slow
(logarithmic) rise.
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Fig. 5: The differential crosssection w.r.t. theta in the CM frame. The mass of the
higgs is 120 GeV and the total CM energy is 500 GeV.

6

CM energy(GeV) Higgs Mass(GeV) Crosssection(fb)
500 120 0.0157
500 150 0.0116
1000 120 0.00964
1000 150 0.00924
1000 200 0.00791
1000 300 0.00439

Corrected crosssections for the reaction e−e+ → hh in the standard model.

In the table we show a number of crosssections for different energies and masses.
This can be used as a reference to test programs. For the coupling constants we used
the running values. This is not automatic in the FeynArts system.
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Fig. 3: The crosssection as a function of the mass of the higgs.

In figure 3 we present the crosssections as a function of the mass of the higgs. We
notice that for purely polarized beams we can get a four times larger crosssection.
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Prospects

• High Precision predictions for Higgs Physics 	



• Discovery new Higgs Bosons	



• Multi-Higgs boson Final States, Discovery and 
Precision measurement	



• CP phases determination of Higgs potentials	



• Higgs portal and dark matter


