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报告主要内容：

- CEPC 的主要物理目标。 

- 预期的主要成果以及其深远的科学意义。



基本粒子的世界，标准模型
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希格斯粒子的发现

strong 
interaction

weak 
interaction

QED

N
ob

el
 P

riz
e®

 is
 a

 re
gi

st
er

ed
 tr

ad
em

ar
k 

of
 th

e 
N

ob
el

 F
ou

nd
at

io
n.

 

Here, at last!
François Englert and Peter W. Higgs are jointly awarded the Nobel Prize in Physics 2013 for the 
theory of how particles acquire mass. In 1964, they proposed the theory independently of each other 
(Englert together with his now deceased colleague Robert Brout). In 2012, their ideas were confirmed 
by the discovery of a so called Higgs particle at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part of the Standard Model of particle physics that describes how the 
world is constructed. According to the Standard Model, everything, from flowers and people to stars and 
planets, consists of just a few building blocks: matter particles. These particles are governed by forces medi-

ated by force particles that make sure everything works as it should. 

The entire Standard Model also rests on the existence of a special kind 
of particle: the Higgs particle. It is connected to an invisible field that 

fills up all space. Even when our universe seems empty, this field is 
there. Had it not been there, electrons and quarks would be mass-
less just like photons, the light particles. And like photons they 

would, just as Einstein’s theory predicts, rush through space at the 
speed of light, without any possibility to get caught in atoms or molecules. 

Nothing of what we know, not even we, would exist. 

Both François Englert and Peter Higgs were young 
scientists when they, in 1964, independently of each 
other put forward a theory that rescued the Stand-
ard Model from collapse. Almost half a century 
later, on Wednesday 4 July 2012, they were both 
in the audience at the European Laboratory for 
Particle Physics, CERN, outside Geneva, when 
the discovery of a Higgs particle that finally con-
firmed the theory was announced to the world.

The model that created order
The idea that the world can be explained in terms 
of just a few building blocks is old. Already in 400 
BC, the philosopher Democritus postulated that 
everything consists of atoms — átomos is Greek for 
indivisible. Today we know that atoms are not indivisible. They consist of electrons that orbit an atomic 
nucleus made up of neutrons and protons. And neutrons and protons, in turn, consist of smaller particles 
called quarks. Actually, only electrons and quarks are indivisible according to the Standard Model. 

The atomic nucleus consists of two kinds of quarks, up quarks and down quarks. So in fact, three elemen-
tary particles are needed for all matter to exist: electrons, up quarks and down quarks. But during the 
1950s and 1960s, new particles were unexpectedly observed in both cosmic radiation and at newly con-
structed accelerators, so the Standard Model had to include these new siblings of electrons and quarks.

François Englert and Peter Higgs meet for the first time, 
at CERN when the discovery of a Higgs particle was 
announced to the world on 4 July 2012.  
Photo: CERN, http://cds.cern.ch/record/1459503 

The Higgs particle, H, completes the Standard Model of particle 
physics that describes building blocks of the  universe. 

THE NOBEL PRIZE IN PHYSICS 2013
POPULAR SCIENCE BACKGROUND

 2012 年年
LHC, CERN

2013年年诺⻉贝尔奖
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希格斯粒子的发现
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新的时代的开端

未知的世界
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CEPC运行的计划

106  希格斯粒子

1012 Z 玻色子

107 W玻色子
产生大量的粒子是为了更仔细地研究 
它们的性质

数量越多，精度越高



CEPC 的主要物理目标： 
精确测量希格斯粒子的性质 

LHC 300/3000 fb-1

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC
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Precision of Higgs coupling measurement (7-parameter Fit)

这也是欧洲核子中心(CERN)大型强子对撞机(LHC) 
今后15-20年首要物理目标之一

CEPC 精度超过大型强子对撞机10到几十倍



CEPC 的主要物理目标： 
精确的测量W和Z玻色子的性质

Current accuracy

CEPC: baseline and improvements
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Precision Electroweak Measurements at the CEPC

精度提高10倍以上



为什么要对这些粒子作深入研究？

可以解决基本粒子以及宇宙学
中一系列最重大的前沿问题



标准模型

12种基本粒子 
3种基本相互作用

可以解释绝大多数
自然现象

然而，这背后蕴含着更深刻的问题



物理学基础的悬而未决的重大问题

- 基本粒子的质量起源。 

- 宇宙中物质多于反物质的原因。 

- 暗物质是什么。 

- 中微子的质量。 

- 基本粒子的多样性，“味”问题。 

- 大统一理论。 

- 暗能量是什么。 

- 量子引力。



基础物理的重大课题
论文数 （从2000年至今）

希格斯 
质量起源 暗物质 物质 

>  
反物质

中微子 味物理 暗能量 量子引力大统一 
理论

10,000

20,000

50,000

统计来自 http://inspirehep.net/



物理学基础的悬而未决的重大问题

- 基本粒子的质量起源。 

- 宇宙中物质多于反物质的原因。 

- 暗物质是什么？ 

- 中微子的质量 

- 基本粒子的多样性，“味”问题。 

- 大统一理论。 

- 暗能量是什么？ 

- 量子引力。

CEPC可以直接深入地
研究，并取得突破



基本粒子质量起源

h弱相互作用

基本物质粒子
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基本粒子质量起源
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基本粒子质量起源

h

希格斯

但是，标准模型不能预言质量的大小。 
没有解释希格斯粒子的质量的起源。 
需要更深层的基本理论！

标准模型确立了 
共同的质量起源 
是希格斯粒子
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希格斯粒子的质量起源

基本理论在什么微观尺度？ 

希格斯粒子 100 GeV，10-17 m.



希格斯粒子的质量起源

基本理论在什么微观尺度？ 

希格斯粒子 100 GeV，10-17 m.

是否在量子引力的尺度 
MPlanck = 1019 GeV， 10-33m？ 

为什么会和希格斯的能量尺度如此不同？



希格斯粒子的质量起源

希格斯粒子 100 GeV，10-17 m.

为了解决这个问题 有很多的新理论。 
精确了解希格斯粒子的性质是有力工具。 
这是CEPC大展身手的地方。

基本理论在什么微观尺度？ 



希格斯质量起源的理论
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新理论：复合希格斯粒子

LHC的主要搜索目标之一 
今后15年可以搜索的范围



希格斯质量起源的理论
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早期宇宙演化的重要里程碑

已知
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已知电弱相变 
我们知之甚少



早期宇宙演化的重要里程碑

已知电弱相变 
我们知之甚少

希格斯粒子是电弱相变的主角 
是研究它的主要工具。



电弱相变的性质

更接近哪一种？

HIGGS AND ELECTROWEAK SYMMETRY BREAKING 13
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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).

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



电弱相变的性质和意义

现在宇宙中物质多于反物质。 
然而宇宙早期处于热平衡状态，正反物质是一样多的。 

要打破这个对称性，一个必要条件是偏离热平衡
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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

如果电弱相变是这样的，将为产生正反物质的不对
称提供重要的舞台。



由希格斯探索电弱相变的性质
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探索的范围

由希格斯探索电弱相变的性质



暗物质

宇宙中绝大部分的物质的组成是未知的，称为暗物质

了解暗物质是探索宇宙的最紧迫的一步



暗物质探测： 
粒子物理学的中心课题之一

DM

DM

SM

CDMS

CoGeNT

COUPP

CRESST

DAMA

XENON

PandaX

CDEX

LZ


.....

Collider searches:

LEP

LHC


Tevatron

AMS2, PAMELA, Fermi-LAT，DAMPE 
…..

多种探测手段，各国参与



希格斯粒子：通向暗物质的窗口

希格斯是标准模型中粒子质量的起源 

同时也可能是暗物质质量的起源。

这样，希格斯是通向暗物质世界的窗口。

CEPC可以以空前的精度探索这个窗口
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Figure 25. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-
LHC and CEPC, based on Ref [98]. The benchmark parameter choices are the same as in Table 15.
The red and yellow bars correspond to the results using leptonic and in addition with hadronic
spectator Z-boson (that is produced in association with the Higgs boson), respectively. The yellow
bars further includes extrapolation with the inclusion of the hadronic Z-bosons. We put several
vertical lines in this figure to divide different types of Higgs exotic decays.

results in yellow bars. The improvements on the limits of the Higgs exotic decay branching1127

fractions vary from one to four orders of magnitude for these channels. The lepton colliders1128

can improve the limits on the Higgs invisible decays beyond the HL-LHC projection by1129

one order of magnitude, reaching the SM invisible decay branching fraction of 0.12% from1130

H ! ZZ⇤
! ⌫⌫̄⌫⌫̄ [24]. After subtraction of the SM contribution to the Higgs to invisible1131

decays, a 95% C.L. upper limit can be placed on BSM Higgs For the Higgs exotic decays1132

into hadronic particle plus missing energy, bb̄ + /ET, jj + /ET and ⌧+⌧� + /ET, the future1133

lepton colliders improve on the HL-LHC sensitivity for these channels by roughly three to1134

four orders of magnitude. This great advantage benefits a lot from low QCD background1135

and the Higgs tagging from recoil mass technique at future lepton colliders. As for the1136

Higgs exotic decays without missing energy, the improvement varies between two to three1137

orders of magnitude, except for the one order of magnitude improvement for the (��)(��)1138

channel. Being able to reconstruct the Higgs mass from the final state particles at the LHC1139

does provide additional signal-background discrimination power and hence the improvement1140

from CEPC on Higgs exotic decays without missing energy is less impressive than for those1141

with missing energy. Furthermore, as discussed earlier, leptons and photons are relatively1142

clean objects at the LHC and the sensitivity at the LHC on these channels will be very1143

good. CEPC complements the HL-LHC for hadronic channels and channels with missing1144

energy.1145

7 Constraining anomalous HV V interactions at the CEPC collider1146

7.1 Introduction to HV V anomalous couplings1147

In this section, we study the extent to which CP parity of a Higgs boson, and more generally1148

its anomalous couplings to gauge bosons, can be measured at the CEPC collider based on1149

– 49 –
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1012 Z玻色子，探测暗物质

2

Searching for dark sector particles, including dark matter (DM) itself and other associated
states, is a central goal of many experimental programs around the world. In the mass range
between MeV and TeV, collider search remains a crucial method to look for these hidden particles.
Since the dark sector particles typically only have weak couplings with the Standard Model, colliders
with higher luminosity are natural places to lead this quest. Therefore, the Z-factory with high
statistics, Giga-Z (109) and Tera-Z (1012) options, is well-motivated to search a set of Z rare decay
channels inspired by the dark sector models.

A coupling between Z and dark sector states, dubbed as a “portal”, is quite generic in dark
sector models. We can classify the portals based on the type of operators through which they are
implemented, as following (For recent reviews, see [1–3])

• Marginal operators: Higgs portal [4–11] and vector portal DM models [12–17], in which the
dark sector interacts with Z boson via SM Higgs mixing or gauge boson mixing. We give
an example of Higgs portal DM model in the left-panel of Fig. 1. There is also possible
Wess-Zumino type interaction between Z and dark sector gauge boson if anomalous under
Standard Model particle content [18–27].

• Dim-5 operators: Axion-like particle (ALP) [28–40], with anomalous coupling to Z boson
and photon. The limits on ALP mass and coupling are given in the right-panel of Fig. 1.

• Higher dimensional operators: Magnetic inelastic DM and Rayleigh DM models [41–45], in
which the dark sector interacts with Z via magnetic dipole or Rayleigh operator.
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Figure 1. Left-panel: the sensitivity for Higgs portal dark matter model, constraining dark Higgs mixing
angle sin↵ as a function of dark Higgs mass ms̃. Right-panel: the sensitivity for Axion-like particle (ALP)
model, constraining coupling ⇤aBB to hypercharge field as a function of ALP mass ma.

Our case study in [46] shows that the Z-factory measurement could provide the leading sensitivi-
ties comparing with other dark matter detection experiments, current limits from collider searches,
and estimated sensitivities of high luminosity run of the LHC (HL-LHC). We also explored exotic
Z decay channels which can motivated by the dark sector models. The result shows that future
Z factory again, can have superior sensitivity, which could be a powerful tool for searching new
physics.
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探索中微子质量的起源

See-Saw 模型
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Figure 2.31: The grey area is ruled out by the DELPHI experiment [337, 338] (top) and current
neutrino oscillation data (bottom). The blue “BAU” line shows the largest possible

P
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2 for
which the baryon asymmetry of the universe can be generated in the minimal type I seesaw model
with ns = 2 with given M̄ = (M1 + M2)/2 and |M2 � M1|/(M2 + M1) < 0.1. This upper limit
is expected to be much higher [336] and practically identical to the DELPHI constraint with ns = 3
heavy neutrinos, so that the CEPC at 240 GeV can enter the cosmologically interesting parameter
region for both hierarchies. Above the colored contour lines the CEPC is expected to observe at least
four displaced vertex events from Ni compatible with neutrino masses and BAU. The orange lines
show the regions accessible with

p
s = 240 GeV for the most optimistic and most pessimistic flavour

mixing patters consistent with light neutrino oscillation data. The purple lines indicate the regions
accessible with

p
s at the Z pole, which do not depend on the flavour mixing pattern. The figure is

based on the results found in ref. [224].

这里的模型可以 
给出中微子质量的 
满意解释
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is expected to be much higher [336] and practically identical to the DELPHI constraint with ns = 3
heavy neutrinos, so that the CEPC at 240 GeV can enter the cosmologically interesting parameter
region for both hierarchies. Above the colored contour lines the CEPC is expected to observe at least
four displaced vertex events from Ni compatible with neutrino masses and BAU. The orange lines
show the regions accessible with

p
s = 240 GeV for the most optimistic and most pessimistic flavour

mixing patters consistent with light neutrino oscillation data. The purple lines indicate the regions
accessible with

p
s at the Z pole, which do not depend on the flavour mixing pattern. The figure is

based on the results found in ref. [224].

对宇宙物质和反物质 
的非对称性可以给出解释

See-Saw 模型
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accessible with
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CEPC 可以对这些模型 
进行全面探索

See-Saw 模型



其它正负电子对撞机的提议

International Linear Collider (ILC), 国际直线对撞机。日本

ILC 15 年（2030年开始）： 
0.6×106   希格斯粒子， 没有专门 Z和W玻色子 的运行方案 

如果再加10 年，升级到更高能量 500 GeV： 
再产生1.2×106   希格斯粒子，   
产生106 顶夸克对

CEPC 10年（2030年开始）： 
106  希格斯粒子，1012 Z玻色子，107  W玻色子



其它正负电子对撞机的提议

Future Circular Collider （FCC-ee）  
未来环形对撞机 （正负电子），欧洲核子中心

CEPC 10年（2030年开始）： 
106  希格斯粒子，1012 Z玻色子，107  W玻色子

FCC-ee 14 年 (2039 年开始)： 
1.3×106   希格斯粒子， 1013 Z玻色子，3×107 W玻色子 
106 顶夸克对 

FCC-ee 开始的时候，CEPC已完成其基本物理目标。 
可以进行进一步升级：提高到顶夸克对的能量，质子对撞机



总结

- 希格斯粒子的发现是基本粒子物理学一个新时代的
开端，超越标准模型是主题 

一系列重大问题有待解决。 

- CEPC将是这个探索征程的重要一步。 
在大型强子对撞机的基础上将精度提高10到100倍。 

- CEPC可以在一系列粒子物理的中心问题上取得重大
进展：质量问题，宇宙早期电弱相变，暗物质，中
微子，等等。 

- 和其它正负电子对撞机的提议相比，在时间以及物
理能力上有优势。



extra



Probing NP with precision measurements

- Lepton colliders: ILC, FCC-ee, CEPC, CLIC


 clean environment, good for precision. 


- We are going after deviations of the form


- Take for example the Higgs coupling. 

LHC precision: 5-10% ⇒ sensitive to MNP < TeV


However, MNP < TeV largely excluded by direct NP 
searches at the LHC. 


To go beyond the LHC, need 1% or less precision.

� ' c
v2

M2
NP

MNP :  mass of new physics
c: O(1) coefficient



Nature of EW phase transition

h

Wednesday, August 13, 14

?

What we know from LHC
LHC upgrades won’t go much further

“wiggles” in Higgs potential

Big difference in triple Higgs coupling
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Figure 2.19: The sensitivity reach for branching ratio for various exotic Z decay topologies at CEPC
(1010

Z), a possible extension to Tera Z (1012
Z), and the high luminosity LHC at 13 TeV with

L = 3 ab�1. Adapted from ref. [83].

Z decay channel in this case is Z ! s̃Z⇤
! (�̄�) + `+`�, where s̃ is the light scalar

mass eigenstate (mostly the dark Higgs S) and � is the fermionic dark matter. The second
model is an axion-like particle a coupling to the Standard Model U(1)Y gauge field Bµ.
Then the exotic Z decay is Z ! a� ! (��)�. The final state is 3� and in the case
that ma is too small to separate the two photons, the final state is 2�. The sensitivity of
exotic Z decays (as well as other possible probes) to key parameters in these two models
is summarized in Fig. 2.20.

Figure 2.20: Z rare decays at CEPC, adapted from Adapted from ref. [83]. Left: the sensitivity to the
dark Higgs mixing angle sin ↵ at CEPC (1010

Z) and at a Tera Z option (1012 Z) in a Higgs portal dark
matter model, using the process Z ! `

+
`
�

s̃ ! `
+
`
�(�̄�). Right: the sensitivity to the coupling ⇤aBB

for an axion-like particle (ALP) model as a function of the ALP mass ma, where B is the hypercharge
gauge field. The signal process is Z ! �a, where a can decay to a pair of photons (3�), be detected as
one photon due to high boost (2�), or be detected as missing energy due to its long lifetime (� /E).
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