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우리는 무엇으로 만들어
졌을까?
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왜 우리는 지금 여기 
존재할까?





FCC



LHC run (so far): 힉스 보존의 
발견  “God (-Damn) Particle”



In 1964, Peter Higgs postulated a physics
  mechanism which gives all particles their mass.

This mechanism is a field which permeates the
   universe.

If this postulate is correct, then one of the signatures
  is a particle (called the Higgs Particle).

LHC run (so far): 힉스 보존의 
발견  “God (-Damn) Particle”
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그래서, 다음
은 뭐지?



그래서 이젠 뭘 해야하나?



그래서 이젠 뭘 해야하나?
• 우리가 알던 것들과는 완전히 다른 새로운 입자인 힉스 보존을 발견했다.   
• 그리고 이 새로운 입자가 증명하는 <힉스장>의 이론은 우주가 존재할 수 
있도록 만들어 주는 근본 원리를 내포하고 있다.
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• 우리가 알던 것들과는 완전히 다른 새로운 입자인 힉스 보존을 발견했다.   
• 그리고 이 새로운 입자가 증명하는 <힉스장>의 이론은 우주가 존재할 수 
있도록 만들어 주는 근본 원리를 내포하고 있다.

• FCC의 최대 미션: 우리에게 주어진 과제는 힉스장 이론을 제대로 파악하는 
것이다 - LHC 는 첫번째 스텝이었을 뿐이다. 



발견한 사실: photon과 gluon만 질량이 0이다


gauge symmetry: 다른 모든 입자들도 질량이 0이어야 함

왜 표준모형의 기본 입자들은 질량
을 갖을까?
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=> 약전자기 대칭성은 일관성있게 깨져야 한다.

왜 표준모형의 기본 입자들은 질량
을 갖을까?



약전자기 대칭성은 자발적으로 붕괴해야 한다:


action의 대칭성이지만, vacuum의 대칭성은 아니다

힉스는 펴표준모형의 약전자기 대
칭성을 깨뜨린다
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약전자기 대칭성은 자발적으로 붕괴해야 한다:


action의 대칭성이지만, vacuum의 대칭성은 아니다

질량은 입자들이 매개체에서 전파하며 속도가 낮춰진다
는 것은 입자들이 질량이 생겼다는 말이다 (질량의 기원)


하지만 매개체(medium)는 상대론적으로 불변해야 한다
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솔루션: 

H

=>  scalar field (힉스)!



힉스(scalar filed)는 Lorentz 
transformation에 대해 불변


하지만,  “internal”한 약전자
기 space에서 선호하는 방향
을 얻는다

힉스 = 질량의 기원

(Lagrangian의 대칭성)
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질량 항을 만들어낸다:


photon 은 여전히 질량이 0

V (H) = �µ2H+H + �(H+H)2

(symmetry of the Vacuum)

힉스는 게이지 대칭
성을 깨뜨린다




온 우주가 힉스의 응축(condensate)들로 가득차있다 (Quantum Liquid)

이 응축들과의 상호작용으로 입자의 속도가 느려진다

입자가 질량이 있는 것과 같은 효과가 생기는 것이다


힉스 = 질량의 기원



에테르 이론과 비슷하지만, 상대론적으로 불변 (scalar filed!) 

힉스 = 질량의 기원

F=ma
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입자가 질량이있는 것과 같은 효과가 생기는 것이다
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물리적인 scalar입자가 한개 존재한다 (힉스 포텐셜의radial 
excitation에 해당): 힉스 보존이라 불림 => 지금까지 LHC의 핵심
적인 발견.

온 우주가 힉스의 응축(condensate)들로 가득차있다 (Quantum Liquid)

이 응축들과의 상호작용으로 입자의 속도가 느려진다

입자가 질량이있는 것과 같은 효과가 생기는 것이다

 



유체에 공을 던진 것과 같다

유효 질량

힉스 메케니즘의 비유

Fvisc = �b

Fdrag = �bv2

Fhiggs = �ba

Ftot =
P

i Fi � ba = 0

P
i Fi = ba

viscous damping
turbulent damping
힉스 damping



만일 힉스 메케니즘이 없
었다면 우리 우주는? 

전자와 쿼크들은 질량이 0이다


강한동력학인 QCD를 통한 구속현상
으로 양성자는 질량을 여전히 갖을 
것이다 => 핵입자의 질량은 그대로


전자(electron)의 질량은 0 => 원자가 
존재할 수 없다


원자가 존재할 수 없다면 => 화학도 
존재할 수 없다 => 액체, 고체도 존재
할 수 없다 => 생명은 존재할 수 없다

a0 = ~2

mee2
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우리가 존재하는 이유



LHC를 통해 힉스에 대해 알고있는 것 
가장 시급한 질문: 힉스의 coupling은 표준모형과 일치하나?

대략적으로 표준모형과 ~ 20% 정밀도로 일치해 보임. 하
지만 같지 않을 수 도 있다. 특히 가벼운 쿼크, 전자와 힉
스의 coupling은 측정이 LHC에서는 불가능하다.



FCC와 힉스 정밀측정 
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Higgs = new forces of different nature than the interactions known so far
• No underlying local symmetry. 
• No quantised charges. 
• Deeply connected to the space-time vacuum structure.

6

The scalar discovery in 2012 has been an important milestone for HEP. 
Many of us are still excited about it. Others should be too.

The knowledge of the values of the Higgs couplings is essential  
to understand the deep structure of matter/Universe: 

   mW, mZ  ↔ Higgs couplings 

lifetime of stars 
(why tSun~ tlife evolution?)

✓
nuclei stabilitysize of atoms

?
   me, mu, md  ↔ Higgs couplings 

?
       matter/anti-matter ↔ CPV in Higgs sector

?
EWSB @ t~10-10s ↔ Higgs self-coupling(s) 

Higgs(es) potential

The Higgs requires more precision.
 “The Higgs isn’t everything; it’s the only thing!”* 

* M.E. Peskin paraphrasing UCLA football coach H.R. Sanders

힉스는 정밀 측정을 요구한다

힉스 = 다른 종류의 새로운 힘 
-국소적인 대칭성이 없다 

-양자화된 전하를 갖지 않는다

물질과 우주의 구조를 이해하기 위해서는 힉스의 coupling값을 알아야한다 
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The Higgs requires more precision.
 “The Higgs isn’t everything; it’s the only thing!”* 

* M.E. Peskin paraphrasing UCLA football coach H.R. Sanders

(HL)-LHC will make remarkable progress. 
But it won’t be enough. 

A new collider is needed!

힉스는 정밀 측정을 요구한다

LHC, HL-LHC로는 충분하지 않다: FCC가 필요한 이유

물질과 우주의 구조를 이해하기 위해서는 힉스의 coupling값을 알아야한다 



FCC-ee의 핵심 목표: 힉스의 width와 coupling들을 %레벨 보다 낮게 측정하기 
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Resonant Higgs production 

1.64 fb

0.6 fb 
with ISR

Electron Yukawa coupling

10

0.3 fb with 4.2 MeV 
c.m.e. spread

Reduce energy spread by mono-
chromatisation (https://cds.cern.ch/record/2159683)  

2(7) ab-1 per year with c.m.e spread of  
6 (10) MeV  

 

10 decay 
channels 
analysed

arXiv:1509.02406

15% precision on SM coupling 
with 4 IP, 3yr

Jadach+, arXiv: 1509.02406

The high luminosity, the precise control of the beam √s, the clean reconstruction of final states 
make it possible to observe:

30

The stuff we are made of: Ye.

2/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)
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■ LHC can only measure 3rd (plus a few 2nd)-generation Yukawas. 
■ Can we prove mass generation for stable (u,d,e,n) matter in the Universe?

FCC-ee is in the unique position to establish that the Higgs is responsible for  
the mass of the stable elementary particles ordinary matter is made of.

5/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

√s
spread 

= G
H 

= 4.2 MeV

~45% x-section reduction

■  s(e+e-H) = 1.64 fb for Breit-Wigner with natural G
H 

= 4.2 MeV width.
    But Higgs production greatly suppressed off resonant peak.

■ Convolution of Gaussian energy spread of each e± beam with Higgs
    Breit-Wigner leads to a (Voigtian) effective cross-section decrease:

              √              √ss
eeee

 spread (MeV) spread (MeV)

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Reachable with beams 
monochromatization?
What luminosity loss price?

[F.Zimmermann, A.Valdivia:
 JACoW-IPAC2017-WEPIK015
 JACoW-IPAC2019-MOPMP035
 See F. Zimmemann’s slides]

6/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

■ Extra ~40% reduction 
    due to QED radiation:

s
spread+ISR

(e+e-H)=0.17´s(e+e-H)=290 ab 

√s
spread 

~ G
H 

= 4.2 MeV
■ Full convolution of both effects:

Reduction: ~45%

              √              √ss
eeee

 spread (MeV) spread (MeV)

e± energy loss due to 
QED (ISR+FSR)

Reduction: ~40%

[S.Jadach, R. Kycia, PLB755 (2016) 58]

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Note: Higgs pole known to within ±5MeV
         Monochrom. goal: √s

spread
»G

H 
= 4.2 MeV

높은 luminosity와 beam의 정밀 컨드롤 들을 통해서 final state들을 깨끝하게 reconstruct하는 것이 핵심

FCC-ee의 가장 중요한 물리학적인 임무는: 
 일반적인 물질을 구성하는 전자와 같은 기본 입자들의 질량이 힉스메케니즘 때문인지 확인
하는 것이다
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Comparisons with other scenarios
q Low-energy Higgs factories

u One million Higgs in three years at FCC-ee
u gHZZ and GH: typically twice better at FCC-ee

u Higgs self-coupling sensitivity only at FCC-ee

14 Novembre 2019
FCC France, LPNHE, Paris 8

q Unique to FCC-ee: Hee coupling
u 20 ab-1 / year at √s = 125 GeV   (not in baseline FCC-ee)

u Monochromatization s√s ~ 1-2 × GH ~ 6 to 10 MeV

l Resonant ee→ H production

l 2s excess in one year with 2 IP

l ±15% precion on ke in 3 years with 4 IP
è Not feasible at ILC or CLIC

# Higgs bosons:        500k        175k       1.1M           1.3M

First number: kappa fit / Second number: EFT fit
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The high luminosity, the precise control of the beam √s, the clean reconstruction of final states 
make it possible to observe:

30

The stuff we are made of: Ye.

L/5 
0.6σ

2IPs 
1.3σ

4IPs 
1.7σ

L×5 
3σ

Still working on optimizing luminosity vs monochromatization

= 5 yrs @ √s = 125 GeV

1IP/1yr 
0.4σ
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D. d’Enterria et al.: Electron Yukawa coupling via s-channel Higgs production at FCC-ee 3
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Fig. 1. Typical diagrams for the direct Higgs channel production (left) decaying into electroweak bosons (top) and fermions or
gluons (bottom), and associated backgrounds (center), considered in this work. Right: Resonant Higgs production cross section,
including ISR e↵ects, for several values of the e+e� c.m. energy spread �ps = 0, 4.1, 7, 15, 30, and 100MeV [17].

code at NLO accuracy [31]. The pythia 8 signal cross sections are absolutely normalized to match our benchmark
�ee!H = 0.28 fb value for ISR plus �ps = 4.1-MeV energy spread discussed above (second curve of Fig. 1 right). Higgs
decay modes not listed in Table 1 are either completely swamped by background (e.g. H ! ZZ⇤

! 4j) or have too low
B’s (e.g. H ! ZZ⇤

! 4`) and thereby have zero expected counts for any realistic integrated luminosity. The generator-
level background cross sections in Table 1 are indicatively quoted without ISR to avoid artificial enhancements of
their values due to radiative-returns to the Z pole, which can be easily removed experimentally (e.g. tagging the ISR
photon and/or imposing requirements on the total energy of the event). The last column lists the indicative signal-
over-background (S/B) expected for the dominant (irreducible) background of each channel, at the generator level
without any analysis cuts. Three broad categories can be identified:

i) Final states with pairs of jets or tau leptons, with very large backgrounds leading to S/B ⇡ 10�7–10�5, except
for the H ! gg case for which no actual physical background exists (Z⇤, �⇤ do not couple to gluons), but for an
experimental misidentification probability of light-quarks for gluons that we take as 1% (Table 2);
ii) Final states from intermediate WW⇤ decays, with S/B ⇡ 10�3;
iii) Final states from intermediate ZZ⇤ decays with S/B ⇡ 10�2, but very small signal cross sections.

In addition, the last row of the table lists the Higgs diphoton decay mode (discovery channel at the LHC) that
su↵ers from both, a tiny signal cross section and 8 orders-of-magnitude larger backgrounds. A swift analysis of this
table allows one to identify two channels with some potentiality in terms of statistical significances, H ! gg and
H ! WW⇤

! `⌫ 2j, which both feature ⇠25-ab cross sections and S/B ⇡ 10�3.

Table 1. Cross sections (including ISR and �ps = 4.1MeV) times branching fractions (B) for 11 final states in e+e� ! H(XX)

signal processes and associated dominant e+e� ! XX backgrounds (without ISR), and ratio of signal-over-background for each
channel before any analysis cuts (the digluon S/B quoted assumes a light-q ! g mistagging rate of 1%).

Higgs decay channel B � ⇥ B Irreducible background � S/B

e+e� ! H ! bb 58.2% 164 ab e+e� ! bb 19 pb O(10�5)
e+e� ! H ! gg 8.2% 23 ab e+e� ! qq 61 pb O(10�3)
e+e� ! H ! ⌧⌧ 6.3% 18 ab e+e� ! ⌧⌧ 10 pb O(10�6)
e+e� ! H ! cc 2.9% 8.2 ab e+e� ! cc 22 pb O(10�7)

e+e� ! H ! WW⇤
! `⌫ 2j 21.4%⇥67.6%⇥32.4%⇥2 26.5 ab e+e� ! WW⇤

! `⌫ 2j 23 fb O(10�3)
e+e� ! H ! WW⇤

! 2` 2⌫ 21.4%⇥32.4%⇥32.4% 6.4 ab e+e� ! WW⇤
! 2` 2⌫ 5.6 fb O(10�3)

e+e� ! H ! WW⇤
! 4j 21.4%⇥67.6%⇥67.6% 27.6 ab e+e� ! WW⇤

! 4j 24 fb O(10�3)

e+e� ! H ! ZZ⇤
! 2j 2⌫ 2.6%⇥70%⇥20%⇥2 2 ab e+e� ! ZZ⇤

! 2j 2⌫ 273 ab O(10�2)
e+e� ! H ! ZZ⇤

! 2` 2j 2.6%⇥70%⇥10%⇥2 1 ab e+e� ! ZZ⇤
! 2` 2j 136 ab O(10�2)

e+e� ! H ! ZZ⇤
! 2` 2⌫ 2.6%⇥20%⇥10%⇥2 0.3 ab e+e� ! ZZ⇤

! 2` 2⌫ 39 ab O(10�2)

e+e� ! H ! � � 0.23% 0.65 ab e+e� ! � � 79 pb O(10�8)

It is worth noting that the background cross sections computed with pythia 8 for two-particle final states (e+e� !

qq, cc, bb, ⌧⌧, � �) are found consistent with those obtained running alternative calculators, such as MadGraph 5 [32,
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Table 6. Individual significances (in std. deviations �) expected per decay channel for s-channel Higgs boson production in
e+e� collisions at FCC-ee for Lint = 10 ab�1 and �ps = 4.1MeV. The last column quotes the combined significance.

H ! gg H ! WW⇤
! `⌫ 2j; 2` 2⌫; 4j H ! ZZ⇤

! 2j 2⌫; 2` 2j; 2` 2⌫ H ! bb H ! ⌧had⌧had; cc; � � Combined
1.1� (0.53⌦ 0.34⌦ 0.13)� (0.32⌦ 0.18⌦ 0.05)� 0.13� < 0.02� 1.3�

for any other combination of (�ps,Lint) values achievable through beam monochromatization. Figure 3 shows the
bidimensional maps for the significance of s-channel Higgs production (left) and the corresponding 95% CL upper
limits on the electron Yukawa (right), as a function of both parameters. The signal significance, and associated upper
limits, improve with the square-root of the integrated luminosity (along the x axes of both plots), and diminish for
larger values �ps (along the y axes of the maps) following the relativistic Voigtian dependence of the signal yield on
the energy spread shown in Fig. 1 (right).

Fig. 3. Left: Significance contours (in std. dev. units �) in the c.m. energy spread vs. integrated luminosity plane for the
resonant �

e
+
e
�!H

cross section at
p
s = mH. Right: Associated upper limits contours (95% CL) on the electron Yukawa ye.

The red curves show the range of parameters presently reached in FCC-ee monochromatization studies [20,21]. The red star
indicates the best signal strength monochromatization point in the plane (the pink star over the �ps = �H = 4.1MeV dashed
line, indicates the ideal baseline point assumed in our default analysis). All results are given per IP and per year.

The red curves in Fig. 3 show the current expectations for the range of (�ps,Lint) values achievable at FCC-ee with
the investigated monochromatization schemes [20,21]. Without monochromatization, the FCC-ee natural collision-
energy spread at

p
s = 125GeV is about �ps = 46MeV due to synchrotron radiation. Its reduction to the few-MeV

level desired for the s-channel Higgs run can be accomplished by means of monochromatization, e.g. by introducing
nonzero horizontal dispersions at the IP (D⇤

x) of opposite sign for the two beams in collisions without a crossing

angle. The beam energy spread reduction factor is given by � =
q

(D⇤
x
2�2

�)/("x�
⇤
x) + 1, where �⇤

x(y) denotes the

horizontal (vertical) beta function at the IP and "x(y) the corresponding emittance. The need to generate a significant
IP dispersion implies a change of beamline geometry in the interaction region and the use of crab cavities to compensate
for the existing, or remaining, crossing angle. A nonzero IP dispersion leads to an increase of the transverse horizontal
emittance from beamstrahlung, thereby impacting the beam luminosity. Optimization of the IP optics parameters (D⇤

x,
�⇤
x,y,...) yields the corresponding red curves of Fig. 3. For the lowest collision-energy spread achieved of �ps = 6MeV,

the anticipated monochromatized luminosity per IP exceeds 1035 cm�2s�1 [21]. This translates into an integrated
luminosity4 of at least 1.2 ab�1 per IP per year. One can reach larger integrated luminosities at the expense of a worse
beam energy spread. The point (red star) over the red curves that has the highest signal strength today corresponds to
(�ps,Lint) ⇡ (7MeV, 2 ab�1), to be compared to our original baseline point (pink star) over the �ps = �H = 4.1MeV
dashed line. For such a 7-MeV c.m. energy spread, the peak of the relativistic Voigtian distribution describing the
s-channel cross section is located at about 1MeV above the mass of the Higgs boson (Fig. 1, right). Therefore, the
optimal c.m. energy of the dedicated e+e� run needs also to be carefully chosen to maximize the resonant cross section
for any given monochromatization point.

4 Conversion from luminosity (L = 1035 cm�2s�1) to integrated luminosity (Lint = 1.2 ab�1/year/IP) assumes 185 physics
days per run with a 75% physics e�ciency [27].

d'Enterria+, arXiv: 2107.02686

w. 10/ab

w/ 10/ab: S~55, B~2400 → 1.1σ

The stuff we are made of: Ye.

FCC-ee is in the unique position to establish that the Higgs is responsible for  
the mass of the stable elementary particles ordinary matter is made of.

FCC-ee는: 
 일반적인 물질을 구성하는 전자와 같은 기본 입자들의 질량이 힉스메케니즘 때문인지 확인
할 수 있는 매우 중요한 실험이 될 것이다.



약전자기 대칭성의 붕괴와 힉스 포텐셜
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(symmetry of the 

힉스 포텐셜은 왜 어디서 어떻게 존재하는 것일까?
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힉스 포텐셜의 전체적의 그림은 아직까지 전혀 알려지지 않았다!
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힉스 포텐셜의 전체적의 그림은 아직까지 전혀 알려지지 않았다!
힉스의 self-couplings은 여러가지 이유로 매우 중요하고 흥미롭다. 
(vacuum의 안정성, 자연스러움의 문제, baryogenesis,…).



• 4𝜋 v / g의 고에너지 까
지 가야하는 이유   => 
FCC가 필요한 이유

SU(2)LxU(1) 대칭성의 회복에 대
해 연구해야 하는 이유



• 4𝜋 v / g의 고에너지 까
지 가야하는 이유   => 
FCC가 필요한 이유

1차 상전이 현상?

T >> Tc

T > Tc

T = Tc

T = Tn  <  Tc

SU(2)LxU(1) 대칭성의 회복에 대
해 연구해야 하는 이유



nq�nq̄

nq+nq̄
⇠ 10�9

우리 우주의 물질과 반물질의 비대칭

✦물질에 비해 반물질이 천문학적으로 
적다: 우주선(cosmic ray)에는 양성
자는 있지만 반양성자는 거의 없다

_

✦핵합성 이후 Baryon-to-photon 비율이 변하지 않았다:

✦하지만, @ 초기 우주에서 (T > 100 MeV): quark-antiquark pair들의 생성과 붕괴
들은 nq, nq̄ ⇡ n�
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✦하지만, @ 초기 우주에서 (T > 100 MeV): quark-antiquark pair들의 생성과 붕괴
들은 nq, nq̄ ⇡ n�

우주론적인 진화 과정에서 어떻게 이렇게 작은 숫자
가 만들어졌을까?



우리 우주의 물질과 반물질의 비대칭



우리 우주의 물질과 반물질의 비대칭

1) B- Violation

2) C- and CP-  Violation

3) Thermal In-equilibrium



1st order

우주의 역사: 1차 상전이 vs 2차 상전이

2nd order

T >> Tc

T > Tc

T = Tc

T = Tn  <  Tc



1st order

우주의 역사: 1차 상전이 vs 2차 상전이

2nd order

T >> Tc

T > Tc

T = Tc

T = Tn  <  Tc

� 6= 0

� = 0

Boiling Universe, strongly out of equilibrium



History of the Universe



History of the Universe

10-11 초: 약전자기 상전이현상이 일어남  => 
Baryogenesis?



History of the Universe

10-11 초: 약전자기 상전이현상이 일어남  => 
Baryogenesis?

FCC



힉스 퍼텐셜과 새로운 물리학

[Contino et al. (CERN yellow report on Physics at 100 TeV)]

힉스 포텐셜에 대한 새로운 물리의 효과를 일반적으로 아래와 같이 쓸 수 있다 p
s = 100 TeV

p
s = 14 TeV

⇠ 0.1 fb

⇠ 5 fb

F. Maltoni, E. 

FCC에서는 얼마나 정교하게 측정 가능할까 (100 TeV)?
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Higgs self-coupling.
Higgs self-couplings is very interesting for a multitude of reasons  

(vacuum stability, hierarchy, baryogenesis, GW, EFT probe…).  

How much can it deviate from SM given the tight constraints on other Higgs couplings? 
Do you need to reach HH production threshold to constrain h3 coupling?• Comparison of capabilities to measure the H3 coupling 

Jorge de Blas 
INFN - University of Padova

KAIST-KAIX Workshop for Future Particle Accelerators 
Daejeon, July 8, 2019

The Higgs self-coupling
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How to measure deviations of λ
3

di-Higgs single-H

exclusive

global

1. di-H, excl.
• Use of σ+HH,             

 • only deformation of κλ

3. single-H, excl.
• single Higgs processes at higher order
• only deformation of κλ                          

2. di-H, glob.
• Use of σ+HH,                                                  
• deformation of κλ + of the single-H couplings
+a, do not consider the effects at higher order 

of κλ to single H production and decays
+b,  these higher order effects are included    

4. single-H, glob.
• single Higgs processes at higher order
• deformation of κλ + of the single Higgs 

couplings

 The Higgs self-coupling can be assessed using di-Higgs production and 
single-Higgs production

 The sensitivity of the various future colliders can be obtained using four 
different methods:

*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin

FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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Single-Higgs couplings (1)

 Higgs self-interaction via one-loop corrections of the single-Higgs production
– κ

λ
-dependent corrections to the tree-level cross-sections

 pp colliders:
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– σ(ee → ZH) modified by 1%

ggF

Lepton 
Colliders

Hadron 
Colliders
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표준모형의 예측을 확인하거나, 혹은 다르게 나온 값을 측정할 수 있는가?
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ECFA Higgs study group ‘19

50% sensitivity: establish that h3≠0 at 95%CL 
20% sensitivity: 5σ discovery of the SM h3 coupling 

5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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di-Higgs single-Higgs

All future colliders combined with HL-LHC

50%
HL-LHC

50% (47%)
HL-LHC

[10-20]%
HE-LHC

50% (40%)
HE-LHC

5%
FCC-ee/eh/hh

25% (18%)
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15%
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LE-FCC

-17+24%
    3500FCC-eh

n.a.
    3500FCC-eh

 24% (14%)
     4IP

365FCC-ee

 33% (19%)
     365FCC-ee

 49% (19%)
     240FCC-ee

10%
1000ILC

36% (25%)
1000ILC

27%
 500ILC

38% (27%)
 500ILC

 49% (29%)
 250ILC

 49% (17%)
CEPC

-7%+11%
3000CLIC

49% (35%)
3000CLIC

36%
1500CLIC

49% (41%)
1500CLIC

 50% (46%)
 380CLIC

Higgs@FC WG November 2019 Don’t need to reach HH threshold  
to have access to h3.  

Z-pole run is very important  
if the HH threshold cannot be reached

1

The determination of h3 at FCC-hh  
relies on HH channel,  

for which FCC-ee is of little direct help. 
But the extraction of h3  

requires precise knowledge of yt. 
1% yt ↔ 5% h3 

Precision measurement of yt needs ee

2

Higgs self-coupling.



Higgs Potential 
Quartic Higgs coupling: a direct test of EW phase transition

Fuks, Kim, SJL 
Higgs Chapter of the report on Physics at 100 TeV



Summary
전자기-약대칭성의 깨짐을 이해하는 것은 현대입자물리학
의 중요한 과제중 하나이며, 이를 위해 LHC와 같은 인류
역사상 가장 큰 규모의 실험이 진행 중에 있다. 힉스 입자
의 발견은 이를 향한 첫번째 발걸음이지만, 아직까지 힉스 
메케니즘의 근원은 규명되지 않았다. FCC는 힉스 메케니
즘이 정말 우주의 기본 입자(예를 들면 전자)에 해당하는
지, 그리고 약전자기-대칭성의 깨짐의 특성(힉스장의 포텐
셜과 상전이현상)과 근원을 밝혀낸다는 중요한 미션을 갖
고있다. 



게이지 계층성 문제: way before 
it was even discovered



게이지 계층성 문제: way before 
it was even discovered



Vacuum(진공)은 텅 비어있지 않다
불확정성의 원리 때문에 진공은 양자의 요동으로 가득
차 있다 �E�t & h/2�,E=mc2

Resolve the old classical problem: Landau and Lifshitz concluded that the 
classical electromagnetism cannot be applied to distance scales shorter than e2/(4πε0mec2) = 2.8 × 10−13 cm.

classically: infinite energy 
of point electron

can see e+e- pair

if �E ⇠ ~/�t and �E > 2mec2
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차 있다 �E�t & h/2�,E=mc2

Resolve the old classical problem: Landau and Lifshitz concluded that the 
classical electromagnetism cannot be applied to distance scales shorter than e2/(4πε0mec2) = 2.8 × 10−13 cm.

classically: infinite energy 
of point electron

can see e+e- pair

if �E ⇠ ~/�t and �E > 2mec2

due to e+e-, e- effective charge 
decreases with distances smaller than

h/mec

resolve old classical mystery



힉스 질량과 자연스러움의 문제
표준모형에서 힉스 질량은 보호받지 않는다 (스케일라 입자는 
다른 입자들과 다르다)


힉스입자 질량은 이론적인 UV 스케일에 비례한다:

�mH / k2:

+ +

R. Rattazzi
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hierarchy problem: 1 part in (1016)2

⇐ LHC: EW scale

1026m:   size of 

Ge

Me

Te

h=c=

electro

1016

Higgs

QM fluctuation1019 GeV

~100000000000000000000000000000001 - 
10000000000000000000000000000000 = 1
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Figure 5. Regions in the stop physical mass plane that are/will be excluded at 2� by EWPT with oblique

corrections (left column), Rb at FCC-ee (mid column) and Higgs couplings (right column) for di↵erent choices

of Xt/
q

m2
t̃1

+m2
t̃2
: 0 (first row), 0.6 (2nd row), 1.0 (3rd row) and 1.4 (last row). We chose the mass eigenstate

with mt̃1
to be mostly left-handed while the mass eigenstate with mt̃2

to be mostly right-handed. For non-zero

choices of Xt, there are regions along the diagonal line which cannot be attained by diagonalizing a Hermitian

mass matrix [32]. Also notice that the vacuum instability bound constrains Xt/
q

m2
t̃1

+m2
t̃2

.
p
3 [76].
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,
where the singlet supports the Higgs in delivering a strong first-order phase transition [463].
Strongly first-order phase transitions are particularly interesting as they could also lead to size-
able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-
based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,
with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting
particles 8.6.
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Fig. 8.12: Direct and indirect sensitivity at 95% CL to heavy neutral scalars in minimal SUSY.

Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
CP-even scalars h and H, one CP-odd scalar A and a charged scalar H±. The direct mass reach
of lepton colliders for these scalars is generally close to

p
s/2 independent of tanb , mainly

Examples of improved sensitivity wrt direct reach @ HL-LHC: SUSY
stops

Heavy neutral Higgses

Fan, Reece, Wang ‘14 ESU Physics BB ‘19

Precisely measured EW and Higgs observables are sensitive to heavy New Physics 

Discovery Potential Beyond LHC.
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
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CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

118 CHAPTER 8. BEYOND THE STANDARD MODEL

��
�-
��/
��/
��(
�ϕ)

���-��(������)

��
�-
��
/�
�(
�
�
)

���-��(�
�� )

��
�-
��
(�

�
)

��
�-
��(
�ϕ
)

��������

��
���

���

��-���

� �� �� �� ��

�

�

�

�

��

�* [���]

�*

��������� ������ �σ

���
���
�

��
��

���
���

���
��
�

��
��
��
�

��
-�
��

��-���

� �� �� �� ��

�

�

�

�

��

�* [���]

�*

��������� ������ �σ

Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.

��-��� ��-��� ������ ������ ������� ������� �������� �������� ���� ���-�����-��/��/��
�

�

��

��

��

��

��

���

���

���

�/
� �

[�
��

]
�
ϵ

Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
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scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Exclusion reach

ESU Physics BB ‘19

Examples of improved sensitivity wrt direct reach @ HL-LHC: Composite Higgs
Precisely measured EW and Higgs observables are sensitive to heavy New Physics 

Discovery Potential Beyond LHC.
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The Higgs could be a good portal to Dark Sector 
— rich exotic signatures —

Z. Liu @ CEPC 2020

10/26/2020Zhen Liu                  Higgs Exotic Decays                 CEPC 2020 22

Exotic Decay summary

We visualize the sensitivity on Higgs exotic decay branching factions with some reasonable choice of model 
parameters. 

The HL-LHC are from various studies and projections available in the literature;
The lepton collider sensitivities (except for the first channel, ℎ → EFG) are from our study with different ;; →
<6 integrated luminosities and beam polarizations for different colliders.

How to improve? 
> Dedicated detectors, see e.g. talk by R. Gonzalez Suarez @ FCC week 2021

Exotics/Long Lived Particles.



FCC의 기본 목표
한번도 가보지 않은 고에너지 (초기우주 상태)의 영역에 간다는 감격을 제외하더라도,

일반적인 물질을 구성하는 전자와 같은 기본 입자들의 질량이 힉스메케니즘 때문인지 확인

약전자기  vacuum의 안정성 (우리 우주의 운명)은 어떻게 될까에 대한 답변

물질-반물질 비대칭성 (1st order phase transition required)?  

약전자기 대칭성 붕괴의 비밀

약전자기 대칭성 붕괴와 자연스러움 (왜 힉스 질량은 플랑크 스케일 보다 천문학적으로 작을까)

우주암흑물질? (본 강연에서는 다루지 않음)

초기우주의 inflation에서 힉스의 역할?

…



The big question - 얼마면 되나?

•  가격: FCC 는 대략 1단계에서 $10 billion 
FCCe+e- ($5 billion quoted + 땅굴파기)  

•대략 10년 정도의 공사 기간 

• 2045, 은 되야 정상가동하는 것을 보게될 예정이
다. 두번째 단계인 100 TeV 는 죽기전에 가능할r
까? 



매우 값비싼 실험이다
• 항공모함 USS Ford: $12 billion 

• 미국 대통령이 탑승하는 항공기Air Force One: $4 billion 

• 전투기 B2 Stealth bomber $1.2 billion, program cost $30 billion 

• 전투기 Global Hawk program: $10 billion 

• F-35 program: $1.5 trillion (estimated through 2070)  

• LA Rams complex: $5 billion (private) 

• James Webb Space Telescope: $10 billion 

• Mars 2020 Rover: $2 billion 

• NASA annual budget: $21 billion



매우 값비싼 실험이다
• 항공모함 USS Ford: $12 billion 

• 미국 대통령이 탑승하는 항공기Air Force One: $4 billion 

• 전투기 B2 Stealth bomber $1.2 billion, program cost $30 billion 

• 전투기 Global Hawk program: $10 billion 

• F-35 program: $1.5 trillion (estimated through 2070)  

• LA Rams complex: $5 billion (private) 
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하지만, LA의 미식축구 구장 2개 값으로 
FCC 실험을 할 수 있다 

이를 통해 발견하게될 우주의 비밀은 항공모함 한척 보다 훨씬 
값진게 아닐까?


