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Introduction



Introduction

Unsolved questions of the SM: Shape of Higgs potential, 
the matter-antimatter asymmetry, EW baryogensis,  

CP violation in Higgs potential, …



Introduction
• 1) Understanding the nature of Higgs boson, 

composite of fundamental  

• 2) Detecting the EWSB mechanisms and model 
discriminating 

• 3) Probe EW baryogensis scenario, the EW phase 
transition, CP sources from Higgs Potential, … 

• 4) Probe new physics …
Higgs self-couplings encode the forces causing vev. 
Measuring them can address big scientific issues.

See Chris Quigg’s talk on Jan/18/2016



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

badly needed in the EW Baryogenesis scenarios.

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

V (h) ! 1

2
�(h†h)2log


(h†h)

m2

�
. (7)

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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Introduction

CEPC Pre-CDR report 
M. Trodden, Rev.Mod.Phys.71(1999)1463 

D.E. Morrissey, M.J. Musolf, NJP14(2012)125003 
N.Arkani-Hamed, T.Han, M.Mangano, L.T.Wang, 1511.06495 



Introduction

X.Zhang, PRD47(1993)3065  
F.P. Huang, P.H. Gu, P.F. Yin, Z.H. Yu, X. Zhang, 1511.03969 

P. Huang, A. Joglekar, B. Li, C.E.M. Wagner, 1512.00068

The mass of Higgs 
is measured by the  
LHC run 1, Higgs’  
couplings to VB  

and matters  
@CEPC/FCC/ILC

Higgs self-couplings measmt.  
is the prime target of future LHC  

runs and future colliders 

�3 = �4 = 1, for the SM case



Higgs self coupling and pair production
After EWSB:

V =
1

2
m2

hh
2 + �3�SMvh3 + �4

1

4
�SMh4

�SM =
m2

h

2v2

I �3: 14TeV LHC, future hadron collider, ILC/CEPC/other
lepton collider.

I �4: future hadron collider ?

�3

Analysis1: trilinear coupling

The dominant channel of Higgs pair production @LHC 
due to the large gluon fluxes.

 O.J.P. Eboli, G.C. Marques, S.F. Novaes and A.A. Natale, Phys.Lett.B197, 269 (1987)  
 D.A. Dicus, K.J. Kallianpur and S.S.D. Willenbrock, Phys. Lett. B 200, 187 (1988)  

C.S. Li, H.T. Li, D.Y. Shao, Chin. Sci. Bull.59, 2709(2014)

With K=1.8, ~ 40fb @ LHC14TeV



Analysis1: trilinear coupling

At a 100 TeV 
collider, the 

cross section be  
enhanced by a 
factor 40 or so

R.Frederix, S.Frixione, V.Hirschi, F.Maltoni, O.Mattelaer, P.Torrielli, E.Vryonidou and 
M.Zaro,Phys.Lett.B732,142 (2014)

K=1.6, ~ 1600fb @ 100TeV



Analysis1: trilinear coupling

Mode Authors Ref. sig. (Assumed L.)

bb̄W+W� Andreas, Li-Lin, Jose 1209.1489 2.4(600 fb�1)

bb̄�� Vernon, Lisa, Jakson, Gabe 1311.2931 ��
3

/�
3

= 0.40 (3 ab�1 )

bb̄⌧+⌧�&bb̄bb̄+ ISR Dolan, Englert, Spannowsky 1206.5001 1.5 (1 ab�1)

bb̄�� ATLAS ATL-PHYS-PUB-2014-019 1.2 (3 ab�1)

TABLE III. Previous works and results

• What is the minimal luminosity to observe

the signature of triple Higgs production

via 4b2� at a 100 TeV collider?

• What will be the bounds to �
3

and �
4

at

a 100 TeV collider with assumed integrated

luminosity 30 ab�1?

• What is the discovery potential to new

physics via pp ! hhh ! 4b2� ?

In the language of an e↵ective field theory, we can parameterize the Higgs self-interaction

Lagrangian as:

�L = �1

2
m2

HH
2 � �

3

�SMvH3 � 1

4
�
4

�SMH4 + · · · , (3)

where higher dimensional operators denoted by dots, like operators H@H ·@H studied in [5]

and H5, are neglected here. In Eq. (3), v = 246 GeV is the Higgs field vacuum expectation

value and mH = 126 GeV is the Higgs boson mass. In this Lagrangian, we define two free

parameters, �
3

and �
4

, to describe the triple- and quartic-Higgs vertices, respectively:

gHHH = 6�
3

�SMv, gHHHH = 6�
4

�SM . (4)

In the SM, these two free parameters are equal to one, i.e. �
3

= �
4

= 1 and all higher

dimensional operators vanish. The self-coupling parameter �SM is related to mH by �SM =

m2

H/2v
2. Due to the fact that �SM ⇡ 0.13, the range of �

4

can be taken as 20 (its sign is

undetermined) or so in order to guarantee either the validity of perturbation method or the

unitary bound.

3

Modes proposed in literatures from pheno. side 
More realistic issues from experimental side



ATL-PHYS-PUB-2014-019 
Guido Tonelli’s talk on Jan/18/2016 

Two Lessons: 
1. Faked b 
2. Faked photon
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3

We propose to look at the mode:

hh ! WW ⇤WW ⇤ ! 3`+ 2j + missing energy

To overcome the faked b and faked photon issues@LHC

To suppress the huge background from ZW , only

same flavour same charge lepton final states are considered.

U.Baur, T.Plehn and D.L.Rainwater, Phys.Rev.D68,033001(2003)
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n(`) = 3, Pt(`1) > 30 GeV,

Pt(`2) > 10 GeV, Pt(`3) > 5 GeV

⌘(`i) < 2.5
Veto tagged b events

MET > 20 GeV

Four patterns 
are considered

Analysis1: trilinear Coupling
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To suppress background, 
finding the correct  

combination is crucial!

Q. Li, Z. Li, QY, X.R. Zhao, PRD92(2015)1,014015, arXiv:1503.07611

Analysis1: trilinear Coupling• The preselection rule for three isolated leptons is found to be crucial. We demand that

there are exactly three isolated leptons being found, with the requirement that the first

leading lepton should have a momentum larger than 30 GeV, the next leading lepton

should larger than 10 GeV, the softest lepton should larger than 10 GeV. Since there

must be a lepton coming from the on-shell W boson decay, so we require the leading

lepton should be hard enough. At the meantime, there must be a softer lepton which

comes from o↵-shell W bosons decay. In order to increase the acceptance for signal,

we deliberately lower the momentum of the third lepton. In Figure (1a-c), we present

the distributions of 3 leptons. Considering that threshold of lepton reconstruction is

around 3 GeV and if lepton is larger than 5-8 GeV at the both CMS and ATLAS

detectors lepton reconstruction e�ciency can be 95% [74, 75], to find the soft leptons

with Pt > 10 GeV in the signal event should be plausible.

• In order to suppress the large background Z/�W+jj, we only consider the following

four modes with two leptons of same sign and same flavor plus an extra di↵erent

flavored lepton: e�e�µ+, e+e+µ�, µ+µ+e�, and µ�µ�e+. After this preselection cut,

we noticed that the background events from the processes Z/�W+jj can be safely

neglected.

• At least two jets in the events are required to be successfully reconstructed, i.e. nj � 2

and |⌘(j)| < 2.5. Among those reconstructed jets, there are two jets which could come

from a W boson either on-shell or o↵-shell. In order to increase the acceptance of

signal, we only consider those jets with transverse momentum larger than 15 GeV.

We show the distributions of these two leading jet in Figure (1d-e). We also show the

invariant mass of these two jets in Figure. (1f). It is noticed that the invariant mass

of in signal events can produce two peaks, one is near the value of MW and the other

is near that of MH �MW .

• The missing transverse momentum is required to be larger than /ET > 20 GeV due

to neutrinos in the signal processes. The requirement on large missing energy is also

useful in order to suppress the huge QCD processes and to save the computing time.

The LHC detectors can record signal events, which can be triggered by both energetic

charged lepton and large missing energy. From Table I, we observe that the number of
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processes �LO ⇥ branching fraction (fb) K factors No. Events after preselection cuts

Signal gg ! HH 3.0 ⇥10�2 1.8 [12] 16.3

HW± 1.2 1.2 [76] 119.4

WWW 1.4 1.8 [77] 363.9

tt̄W± 4.6 1.3 [78] 451.4

tt̄H 2.1 1.2 [79] 101.3

ZW, �W 233 1.8 [80] ⇠ 0

S/B 0.02

S/
p
B 0.53

TABLE I. The number of signal and background events are shown. Here we assume the total

integrated luminosity as 3 ab�1.

background events is around 200 times larger than that of signal events, and it is indeed a

challenge if we want to distinguish the signal and the background successfully .

In order to distinguish the signal and background event, we have to resort to the recon-

struction procedure so as to extract the most important information of signal. Since the

Higgs boson is a neutral particle, for the decay mode `±1 `
±
2 `

⌥
3 2j + E, without considering

the neutrinos, there are only two possible combinations for a pair of Higgs boson decay:

(H(`±1 `
⌥
3 ), H(`±2 jj)) or (H(`±2 `

⌥
3 ), H(`±1 jj)). For the convenience of later study, hereby we

label the first Higgs boson as leptonic one (H(``)) and the second one as semileptonic one

(H(`jj)).

As we can read out from the left panel Fig.2, each of Higgs bosons is moderately boosted

when produced and the peak value of � (here � is defined as E(H)/mH , which is a measure

to the boost) is around 2. The fraction of highly boosted Higgs boson � > 5 is around 13%

or so, while the fraction of moderately boosted Higgs boson � > 1.5 is around 87%. In the

right panel of Fig.2, we show the invariant mass of Higgs pair. It is observed that the peak

region of the invariant mass of Higgs pair is around 360 � 540 GeV, which explains why

most of the Higgs pairs are boosted.

10

Two Combinations are possible?

Methods The percentage of correctness (%)

|mH(ll) �mH(ljj)| 68.9

�R(l±, l⌥) 85.0

�R(l±,Wjj) 89.9

Pt[H(ll)] + Pt[H(ljj)] 90.3

�R(H(ll), H(ljj)) 92.0

mH(ll) +mH(ljj) 95.4

TABLE II. The principal observables to choose the right combination in six methods and the

percentage of correctness at the parton level are tabulated.

level. Below, we examine the e�ciency of these six methods one by one.

1 In the first method, we utilize the fact that the mass of the Higgs bosons in the pair

production must be the same. But due to the missing energy carrying away by the

neutrinos, if we use the condition that the mass di↵erence should be smaller we find

that we can only reach the right combination in 69%.

2 In the second method, we use the fact that most of Higgs bosons are moderately

boosted and two leptons from the leptonic Higgs are tended to be close in spatial

separation due to the spin correlation of W bosons from Higgs decay[81, 82], therefore

two leptons from it decay should have a smaller angle separation �R(`+, `�). We

notice that by using this observable, the right combination can be determined by 85%.

3 In the third method, we use the semileptonic Higgs as a guide by requiring the smaller

angle separation �R(`,Wjj) between a lepton and a hadronic W. Due to the smaller

energy loss from its decay, we observe a higher percentage in choosing the right com-

bination when compared with the second method, which can reach to 90%.

4 In the forth method, we resort to the scalar sum of the transverse momenta of Higgs

pair (without taking into account the missing transverse momentum), which should

be large due to the energy conservation in the transverse direction. When the wrong

combination is made, the scalar sum is found decrease. The method can have similar

performance as the third method.

12



Analysis1: trilinear Coupling
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Reconstructed visible Higgs masses + mT2 variable fully utilises the 
kinematics of pair production

C.G.Lester, D.J.Summers, Phys.Lett.B463, 99 (1999)
Q. Li, Z. Li, QY, X.R. Zhao, PRD92(2015)1,014015, arXiv:1503.07611

most sensitive observable to distinguish signal and background, as shown in both Fig. (3d)

and Table (III).
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FIG. 3. Four crucial reconstructed kinematic observables at hadron level are demonstrated.

In Figure (3), we show the line shapes of signal and background events in terms of mH(``),

�R(`, jj), mH(`jj), and mT2. From the line shapes, we introduce a one-dimensional cut for

each of these observables. In Table (III), we tabulate the e�ciency of each cut. It is noticed

the observable mT2 can have the best distinguishing power and the observable mH(``) is the

second powerful observable. From Table (III), it is remarkable that the backgrounds from

t̄tW and WWW can be heavily a↵ected by this quantity since they are not pair production

processes in nature. While for the process HW , extra jets from initial state radiation should

be used to balance the pair production hypothesis.

When we combine all of these cuts into a cut-based method, we arrive at the significance

given in Table (IV). After using the quantities extracted from our reconstruction procedure,
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processes in nature. While for the process HW , extra jets from initial state radiation should

be used to balance the pair production hypothesis.

When we combine all of these cuts into a cut-based method, we arrive at the significance

given in Table (IV). After using the quantities extracted from our reconstruction procedure,
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Analysis1:trilinear Coupling
Significance

14TeV, 3000fb�1

after preselection Cut MLP BDT
Signal 13.7 6.2 5.7 3.8

Background 913.5 36.8 21.7 6.2
S/B 1.5⇥ 10�2 0.17 0.26 0.62
S/

p
B 0.45 1.0 1.2 1.5

100TeV, 3000fb�1

after preselection Cut MLP BDT
Signal 416.8 160.0 80.4 104.0

Background 14801.8 523.6 107.3 67.1
S/B 2.8⇥ 10�2 0.31 0.75 1.5
S/

p
B 3.43 7.0 7.8 12.7

Q. Li, Z. Li, QY, X.R. Zhao, PRD92(2015)1,014015, arXiv:1503.07611

The Cut-based method:

Mh(``) < 55 GeV, Mh(`jj) < 110 GeV, MT2 < 100 GeV



Analysis1: trilinear Coupling

By using the invariant mass of three leptons in the final state, 
we can determine trilinear coupling to [0.9,1.2] at a 100 TeV 

collider with an integrated luminosity 30/ab. 

Q. Li, Z. Li, QY, X.R. Zhao, PRD92(2015)1,014015, arXiv:1503.07611

[-1.4,8.3]



ILC(1TeV,4/ab) can measure trilinear Higgs Coupling  
up to 10 percent

Analysis1: trilinear coupling

J. Tian, LC-REP-2013-003 
T. Barklow, J. Brau, K. Fujii, J. Gao, J. List, N. Walker, K. Yokoya, arXiv: 1506.07830



Analysis1: trilinear Coupling

J.F. Gunion, B. Grzadkowski, X.G. He, PRL77(1996)5172 
M.Mangano, T. Plehn, P. Reimitz, T. Schell, H.S. Shao, 1507.08169 

Q. Li, Z. Li, Y. Song, 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)
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Analysis2: Quartic Coupling
triple Higgs production at hardon colliders

ECM 14TeV 33TeV 100TeV
�(gg ! hhh) 4.1⇥ 10�2 fb 0.33 fb 3.2 fb

Table: Production rates of triple Higgs boson at pp colliders@LO

triple Higgs production at hardon colliders

ECM 14TeV 33TeV 100TeV
�(gg ! hhh) 4.1⇥ 10�2 fb 0.33 fb 3.2 fb

Table: Production rates of triple Higgs boson at pp colliders@LOOnly accessible at a 100 TeV collider!

�4

tiny cross section at e+e� colliders

ECM 500GeV 1TeV 3TeV
�(e+e� ! Zhhh) 3.3⇥ 10�3 ab 4.1⇥ 10�1 ab 1.5⇥ 10�1 ab

Table: Production rates of triple Higgs boson at e+e� colliders@LOCross section @LC is tiny.
C.Y. Chen,QY, X.R. Zhao, Z.J. Zhao, Y.M. Zhong, PRD93 (2016)1, 013007



Analysis2: Quartic Coupling

Selection Cuts:

1) Nb � 2, Pt(b) > 30 GeV

2) n� = 2,Pt(�) > 30 GeV

3) Pt(j1) � 30 GeV

4) nj = 2&3

h

h

g

g h

b
b

b
b

�

�

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



Analysis2: Quartic Coupling

After top veto and 
Higgs boson 

reconstruction, 
it is still  

difficult (30/ab)



Analysis2: Quartic Coupling
MVA can improve 

and optimise 
signal/background 

discrimination,  
but…

To discover the signal in the SM is challenging 
if only 20-30/ab for FCC/SPPC. Maybe other modes?

 I. Hinchliffe, A. Kotwal, M.L. Mangano, C. Quigg and L.T. Wang, Int. J. Mod. Phys.  
A30, no.23, 1544002 (2015) [arXiv:1504.06108 [hep-ph]]. 

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



Analysis2: Quartic Coupling

Directly detecting quartic couplings is difficult at least 
for 4b2gamma mode.

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



Analysis2: Quartic Coupling

Trilinear and quartic couplings are correlated.

[-20,30]

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



Benchmark study4NP

Experimental Constraints from all Higgs measurements,  
theoretical constraints: unitarity, vacuum stability, …



Benchmark study4NP
! 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!
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Conclusions
• Multi-Higgs final states are important to 

address big questions	



• HL-LHC can reveal trilinear coupling to some 
degree by using 3lepton+2j+MET mode	



• a 100 TeV future collider can be of great help 
to determine trilinear coupling	



• More works should be done in order to know 
which mode is best to probe quartic coupling
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J.M. Cline, hep-ph/0609145 
D.E. Morrissey, M.J. Musolf, NJP14(2012)125003

The bubble wall needs the little  
bump in potential shape 

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

V (h) ! 1

2
�(h†h)2log


(h†h)

m2

�
. (7)

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.

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.

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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