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As data accumulates at the LHC
2 TeV. e.g. pair of 1 TeV gluino.
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Reaching the “slow” phase after Moriond 2017

Next steps at the LHC
Filling gaps, more exotic signals, precision measurements…



Current status

- Higgs discovered. 

Found the last piece of the Standard Model


- SM explained all observations (almost).


- Contrary to some expectation, no new physics at 
LHC yet. 


- LHC still has a lot to do, > 95% data still to come.


- Why beyond LHC?



This talk



This talk

- Assuming no discovery of new particle at the LHC.

If there is a discovery at the LHC, what to do next 
would be obvious. 



This talk

- Assuming no discovery of new particle at the LHC.

If there is a discovery at the LHC, what to do next 
would be obvious. 

- Physics case for future colliders

Cover significant ground beyond the LHC.


Answering important questions beyond the reach of 
the LHC



Beyond the LHC, future facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)





CEPC-SPPC Timeline (preliminary and ideal) 

6

R&D
Engineering Design

(2016-2022)

Construction
(2022-2028)

Data taking
(2028-2038)

Pre-studies
(2013-2015)

1st Milestone: Pre-CDR (by the end of 2014) ;2nd Milestone: R&D funding from MOST (in Mid 2016); 
3rd Milestone: CEPC CDR Status Report (by the end of 2016); 4th Milestone: CEPC CDR Report (by the end 
of 2017);5th Milestone: CEPC TDR Report and Proto R&D  (by the end of 2020);6th Milestone: CEPC 
construction start (2022); 

CEPC

R&D and CDR
(2014-2030)

Engineering Design
(2030-2035)

Construction
(2038-2045)

Data taking
(2045-2060)

SPPC

6



ILC Time Line: Progress and Prospect

Assuming (~2+) 4 year 

(Pre-Preparation) and 

Preparation Phase  

We are here, 

2018

(9 year) 

IAS2018 (Jan.22,2018@Hong Kong) 10

Shin Michizono, HK IAS conference 2018



M. Koratzinos, IAS2018, HKUST, Hong Kong, 22 January 2018.  

FCC-ee machine parameters – Dec 2017 

28 

Z W H (ZH) ttbar 
beam energy [GeV] 45.6 80 120 182.5 
arc cell optics 60/60 90/90 90/90 90/90 
emittance hor/vert [nm]/[pm] 0.27/1.0 0.28/1.0 0.63/1.3 1.46/2.9 
beta* horiz/vertical [m]/[mm] 0.15/.8 0.2/1 0.3/1 1/2 
total RF voltage [GV] 0.10 0.4 2.0 10 
energy acceptance [%] ±1.3 ±1.3 ±1.5 -2.8+2.4 
energy spread (SR / BS) [%] 0.038 / 0.132 0.066 / 0.153 0.099 / 0.151 0.147 / 0.192 
bunch length (SR / BS)  [mm] 3.5 / 12.1 3.3 / 7.65  3.15 / 4.9 2.45 / 3.25 
bunch intensity  [1011] 1.7 2.3 1.8 3.3 
no. of  bunches / beam 16640 1300 328 33 
beam current  [mA] 1390 147 29 5.4 
luminosity [1034 cm-2s-1] >200 >30 >7 >1.5 
luminosity lifetime [min] 70 30 20 20 
allowable asymmetry [%] r5 r3 r3 r3 
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Lepton colliders as Higgs factories

- Physics case relatively independent of the 
outcome of the LHC.


Reach further than the LHC.


Address questions that LHC can’t answer.



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



Lepton colliders and precision measurements

Grojean et al. 1704.02333 

Sub percent precision, reach to new physics at multi-TeV scale.
Far beyond the reach of LHC. 



100-ish TeV pp collider
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Figure 7: Evolution with time of the mass reach at
p

s = 100 TeV, relative to HL-LHC,
under di↵erent luminosity scenarios (1 year counts for 6 ⇥ 106 sec). The left (right) plot
shows the mass increase for a (qq̄) resonance with couplings enabling HL-LHC discovery
at 6 TeV (1 TeV).

tive on extending the discovery reach for new phenomena at high mass scales,
high-statistics studies of possible new physics to be discovered at (HL)-LHC,
and incisive studies of the Higgs boson’s properties. Specific measurements
may set more aggressive luminosity goals, but we have not found generic
arguments to justify them. The needs of precision physics arising from new
physics scenarios to be discovered at the HL-LHC, to be suggested by anoma-
lies observed in e+e� collisions at a future linear or circular collider, or to
be discovered at 100 TeV, may well drive the need for even higher statistics.
Such requirements will need to be established on a case-by-case basis, and
no general scaling law gives a robust extrapolation from 14 TeV. Further
work on ad hoc scenarios, particularly for low-mass phenomena and elusive
signatures, is therefore desirable.

For a large class of new-physics scenarios that may arise from the LHC,
less aggressive luminosity goals are acceptable as a compromise between
physics return and technical or experimental challenges. In particular, even
luminosities in the range of 1032 cm�2s�1 are enough to greatly extend the
discovery reach of the 100 TeV collider over that of the HL-LHC, or to en-
hance the precision in the measurement of discoveries made at the HL-LHC.

We have given an overview of the impressive raw capabilities of the 100
TeV pp collider. Of course, given that we can extrapolate the SM alone

16

Hinchliffe, Kotwal, Mangano, Quigg, LTW 

A factor of at least 5 increase in reach 
beyond the LHC, with modest luminosity



New physics reach: 10s TeV

35

C. Helsens & M. Selvaggi + Summer students
Rachel Smith UIUC and Ine Arts UA

Resonances: SSM Z’

dileptons t tbar

WW



What are we looking for?




SM can not be the final theory

- Electroweak symmetry breaking. 


- Dark matter. 


- Flavor


- CP


- …



SM can not be the final theory

- Electroweak symmetry breaking. 


- Dark matter. 


- Flavor


- CP


- …

My focus here



Electroweak symmetry 
breaking




Fundamental interactions in the SM
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Fundamental interactions in the SM
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Electromagnetism:  Coulomb

QCD: confinement

Weak interaction:  Higgs

Well understood with many 
decades of exp study.

Lead to numerous breakthroughs, 
 including the establishing QM and QFT

A very different type of interaction.
With a spin-0 Higgs boson, different from all other particles. 

We have just barely started to study it, much to learn.



Mysteries of the electroweak scale.

- How to predict/calculate Higgs mass?


- How does electroweak phase transition happen?


- Is it connected to the matter anti-matter 
asymmetry?

Electroweak phase transition

What we know now

v2 = 2|�|⇤2, and we find m2
H = �v2, µ = 7m2

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

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

Nature of EW phase transition

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

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

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

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

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

Electroweak scale, 100 GeV.  
mh , mW …

How to predict Higgs mass?



The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

What is this energy scale? 
MPlanck = 1019 GeV, …? 

If so, why is so different from 100 GeV?
The so called naturalness problem

How to predict Higgs mass?



The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

Naturalness of electroweak symmetry breaking

TeV new physics.
Naturalness motivated

Many models, ideas.



Naturalness in SUSY

- LHC searches model dependent, many blind spots.


- Higgs coupling and precision at CEPC provides a 
powerful and complementary probe.
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Figure 8. Regions in the physical stop mass plane that precision measurements are sensitive to, with contours

of tunings, at future e+e� colliders (left: ILC; middle: CEPC; right: FCC-ee). Top row: bounds on stops with

no mixing, Xt = 0. Dashed vertical lines: 2� bounds on stop masses from S and T (mostly T ); solid lines: 2�

bounds on stop masses from Higgs coupling constraints. Blue dashed contours are the stop contributions to

the Higgs mass tuning. Lower row: bounds on stops in the blind spot X2
t = m2

t̃1
+m2

t̃2
. There are no Higgs

measurement constraints. For CEPC with possible improvements (purple dash-dotted line in the middle) or

FCC-ee (orange solid line), EWPT is only sensitive to a small region. The green dashed lines are the exclusion

contours from b ! s� for the choice µ = 200 GeV and a few di↵erent values of tan�. Each of these contours

is also labeled with corresponding tunings �µ and �A. There is also a region along the diagonal line which

cannot be attained by diagonalizing a Hermitian mass matrix [32].

7.2 Implications for Folded Stops

EWPT could be the most sensitive experimental probe in some hidden natural SUSY scenarios such as
“folded SUSY” [28]. In folded SUSY, the folded stops only carry electroweak charges and some beyond
SM color charge but no QCD charge. The most promising direct collider signal is W+ photons which
dominates for the “squirkonium” (the bound state of the folded squarks) near the ground state [84, 85].
It is a very challenging experimental signature. Among the Higgs coupling measurements, folded stops
could only modify the Higgs–photon coupling, the Higgs–photon–Z coupling, and (at a subleading
level) the Higgs–Z–Z coupling. Yet the Higgs–photon coupling measurements, even at future e+e�

colliders, have very limited sensitivities. Even FCC-ee Higgs measurements could only probe folded
stops up to 400 GeV, as illustrated in Fig. 9 (which updates the result in [32] to include CEPC). Notice

– 19 –

J. Fan, M. Reece, LT Wang, 1412.3107 

-  Testing fine-tuning down to percent level.



Composite Higgs at lepton collider

Higgs is not (quite) elementary, will have deviations in Higgs 
couplings.

�Wh ⇠ �Zh ⇠ v2

f2

Composite resonances couples to W and Z. Will give rise to 
deviation in EW precision observables.

S ' N

4⇡

v2

f2
8 PHYSICS CASES FOR CEPC-SPPC

Experiment Z (68%) f (GeV) g (68%) mt̃L
(GeV)

HL-LHC 3% 1.0 TeV 4% 430 GeV
ILC500 0.3% 3.1 TeV 1.6% 690 GeV

ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV
CEPC 0.2% 3.9 TeV 0.9% 910 GeV
TLEP 0.1% 5.5 TeV 0.6% 1.1 GeV

Experiment S (68%) f (GeV) T (68%) mt̃L
(GeV)

ILC 0.012 1.1 TeV 0.015 890 GeV
CEPC (opt.) 0.02 880 GeV 0.016 870 GeV
CEPC (imp.) 0.014 1.0 TeV 0.011 1.1 GeV

TLEP-Z 0.013 1.1 TeV 0.012 1.0 TeV
TLEP-t 0.009 1.3 TeV 0.006 1.5 TeV

Table 1.1 Interpreting the Higgs coupling and the bounds on the oblique S and T parameters in terms of new
physics reach [6]. CEPC (imp.) is assuming the improvement in both sin2 ✓`

e↵ and �Z .

higgs operator [@(h†h)]

2, which leads to a shift in the Z-higgs coupling after electroweak symmetry184

breaking:185

1

2

cH

M2
[@µ(h†h)]

2 ! (1 + 2

cH

M2

v2

M2
) ⇥ 1

2

(@µH)

2 ! �Zh =

2v2cH

M2
(1.9)

Under RG evolution from the scale M down to the Z, this coupling also induces the S and T parameters;186

keeping the logarithmically enhanced term gives us187

S =

1

6⇡
log

M

mW
⇥ 2v2cH

M2
= .06 ⇥ ⇥�Zh (1.10)

and similarly188

T =

3

8⇡cos

2✓W
log

M

mW
⇥ 2v2cH

M2
= .2 ⇥ ⇥�Zh (1.11)

where we have chosen M ⇠ 300 GeV as a reference. The projected CEPC sensitivity to S, T on the Z189

poles is �S, �T ⇠ .01, but we see that this is significantly weaker than the direct reach in �Zh.190

The CEPC also has some sensitivity to higgs self-interactions arising from the (h†h)

3 operator.191

Amusingly, this operator does not induce any of the other dimension 6 operators involving the Higgs un-192

der 1-loop RG evolution. But there is infrared calculable correction to the Z-Higgs coupling at 1-loop,193

shown in Fig. 1.7, which probes deviations in the triple Higgs coupling at the 50% level [9].
3
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h h
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Z

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling �h.

recourse to the details of renormalization of the irrelevant

operator in Eq. (3), however proceeding to NNLO in this

case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-

ated production. At NLO the Higgs self-coupling en-

ters the associated production amplitude in two ways. It

enters quadratically via a modified Higgs wavefunction

counter-term, feeding into associated production at NLO

as a modification of the hZZ coupling. The self-coupling

also enters into the amplitude linearly through diagrams

such as Fig. 1. Depending on gauge choice there are also

diagrams with internal Goldstone lines.

The full NLO corrections to e+e� ! hZ are deter-

mined using the FeynArts, FormCalc, and Loop-
Tools suite of packages [18, 19] by calculating the full

one-loop electroweak corrections to associated produc-

tion (see Refs. [20–23]) and extracting the dependence

on the self-coupling parameter. The counter-terms for all

SM-Higgs couplings are calculated automatically follow-

ing the electroweak renormalization prescription of [24].

The analytic form of the correction at a CM energy

�
S

can be extracted from the FeynArts and FormCalc
[18, 19] output in terms of the various one-loop integrals

B(p2, M2
1 , M2

2 ) =

�
KdDq

[q2 � M2
1 ][(q + p)

2 � M2
2 ]

, (4)

and

Cµ1,..,µN (k2
1, (k1 � k2)

2, k2
2, M

2
1 , M2

2 , M2
3 ) =

�
Kqµ1 · · · qµN dDq

[q2 � M2
1 ][(q + k1)

2 � M2
2 ][(q + k2)

2 � M2
3 ]

, (5)

where

K =

µ4�D

i⇡D/2r�
, r� =

�

2
(1 � �)�(1 + �)

�(1 � 2�)
. (6)

The two-point scalar function encountered here is defined

as

B0 = B(M2
H , M2

H , M2
H), (7)

and the first derivative of this function as

B0
0 = @B(p2, M2

H , M2
H)/@p2|p2=M2

H
. (8)
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FIG. 2: Corrections to �(e+e� ! hZ), for a given variation
in the self-coupling, �h, as a function of the CM energy from
220 to 500 GeV.

The three-point scalar functions are

C0 = C(M2
H , S, M2

Z , M2
H , M2

H , M2
Z), (9)

and C1, which is the scalar coe�cient of k1 in Cµ1 with

the same arguments. C00, C11, C12 are the scalar coef-

ficients of gµ,⌫ , k1k1, and k1k2 in Cµ1,µ2 . All of these

functions can be easily evaluated using the LoopTools
package [18, 19]. With these definitions the full form of

the self-coupling correction is

��(S) =

��h �=0

��h=0
� 1 (10)

=

3↵M2
H�h

16⇡ sin(✓W )

2M2
W �

⇥

Re

�
2

�
S + M2

Z � M2
H

�
(12M2

ZS � �) � ��

�
,

where

� = (M2
H � M2

Z)

2
+ 10M2

ZS + S2 � 2M2
HS, (11)

� = B0 � 4C00 + 4C0M
2
Z + 3B0

0M
2
H (12)

and

 = C1 + C11 + C12. (13)

Eq. (10) was calculated in the R� gauges, and the absence

of the � parameter demonstrates the full gauge invariance

of the result. Furthermore, although a number of UV-

divergences appear individually, the final result is UV-

finite as these divergences cancel in B0 � 4C00 and also

in .

At various CM energies the fractional corrections to

the associated production cross section, ��h(e+e� !
hZ), relative to the SM rate are found to be

�240,350,500
� = 1.4, 0.3, �0.2 ⇥ �h% , (14)

where only the lowest-order term in �h has been retained

as other higher-dimension operators may contribute at

O(�2
h), and the coe�cient of this term is unknown. The

full energy dependence is shown in Fig. 2.

Figure 1.7 1-loop corrections to the Zh coupling which are sensitive to the triple Higgs coupling.

194

Lesson: when both type of corrections generated at the same order, 
Higgs coupling measurement is typically stronger.



More exotic ideas: Folded SUSY

- Top partner has SM electroweak couplings only.


- Deviations in h→γγ.
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Folded SUSY at FCC-ee & HL-LHC

Figure 9. Projected constraints in the folded stop mass plane from a one-parameter fit to the Higgs–photon–

photon couplings from future experiments. Directly analogous to Fig. 7. Results from the ILC 250/500/1000

would be similar to CEPC; lower-energy ILC measurements provide even weaker constraints. These constraints

are subdominant to the constraints on left-handed folded stops arising from T -parameter measurements, which

are the same as those for ordinary stops in the left-hand column of Fig. 5.

that we have also taken into account of a precise determination of �(h ! ��)/�(h ! ZZ) at HL-LHC.
It has been demonstrated that combing this with Higgs measurements at future e+e� colliders could
result in a significant improvement of sensitivity to Higgs–photon–photon coupling [86, 87].

On the other hand, the reach of the electroweak precision we derived in this article (the left
column of Fig. 5) applies to folded stops as well as the usual stops. Except for the blind spot in the
parameter space, future EWPT could probe left-handed folded stops, via their correction to the T

parameter, up to 600 GeV (e.g. at the ILC) or even 1 TeV (e.g. at FCC-ee). CEPC’s preliminary
plans fall close to the ILC reach, but conceivable upgrades could achieve similar reach to FCC-ee.
These EWPT constraints would surpass the Higgsstrahlung constraints on folded SUSY estimated in
ref. [65]. Improved measurements of the W mass, then, may be one of the most promising routes
to obtaining stronger experimental constraints on folded SUSY. Therefore, with the help of future
electroweak precision measurements, we can test the fine tuning of folded SUSY at the few percent
level.
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Testing naturalness at 100 TeV pp collider

Fine tuning:  (MNP)-2



Stealthy top partner. “twin”

- Top partner not colored. Higgs decay through hidden 
world and back. 


- Lead to Higgs rare decays.

Craig, Katz, Strassler, Sundrum 

Chacko, Goh, Harnik



More alternatives

Low scale landscape “fat” Higgs

More relevant without discovery at the LHC

Talk by Arkani-Hamed CEPC workshop Sept. 2016

Can’t hide from the Higgs.

Higgs rare decay. Higgs coupling



Why is Higgs measurement crucial?

- Naturalness is the most pressing question of EWSB.

How should we predict the Higgs mass?


- We may not have the right idea. No confirmation of 
any of the proposed models. 


- Need experiment! 


- Fortunately, with Higgs, we know where to look.


- And, the clue to any possible way to address 
naturalness problem must show up in Higgs coupling 
measurement. 
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underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = √   (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

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

where 𝜑 is the complex conjugate of 𝜑,  and the coupling constant 𝜆  is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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Mysteries of the electroweak scale.

- How to predict/calculate Higgs mass?


- What does the rest of the Higgs potential look 
like?   Nature of electroweak phase transition. 


- Is it connected to the matter anti-matter 
asymmetry?

Electroweak phase transition

What we know now

v2 = 2|�|⇤2, and we find m2
H = �v2, µ = 7m2

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

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

Nature of EW phase transition

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

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

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

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

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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atoms, CMB..
T ≈ 102 MeV - MeV

proton, … nuclei

time

T ≈ 102 GeV
EWSB



Milestones in cosmology
T ≈ eV

atoms, CMB..
T ≈ 102 MeV - MeV

proton, … nuclei

time

T ≈ 102 GeV
EWSB

Well understood through both astrophysical observation 
and laboratory measurements of particle properties.

Lead to the establishment of modern cosmology 



Milestones in cosmology
T ≈ eV

atoms, CMB..
T ≈ 102 MeV - MeV

proton, … nuclei

time

T ≈ 102 GeV
EWSB

A monumental event. Set stage for later evolution.
W/Z/h and SM matter acquire masses.

Phase transition can lead to matter anti-matter asymmetry. 

Yet, our experimental probe has just begun. 
Lab measurement of Higgs properties instrumental. 



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



Triple Higgs coupling at 100 TeV collider

Talk by  Michele Selvaggi at 2nd FCC physics workshop



But, there should be more

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


- Can be difficult to discover at the LHC. 

Maybe only couple weakly to the Higgs.


- Will leave more signature in Higgs coupling.
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h6 + . . .



For example

- Both within the reach of the Higgs factories.

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

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

The important interactions for this toy model are given by

m2h†h+ �̃(h†h)2 +m2
SS

2 + ãSh†h+ b̃S3 + ̃S2h†h+ h̃S4 (8)

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

FIG : TREEEXCHANGEDIAGRAMS (9)

and we find

m2h†h+ �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h
†h))2 (10)

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

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

v2 = m2
S

�

a2
, m2

H = �v2 (11)

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

�Zh =
a2v2

m2
S

=
�


(12)

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

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

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

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

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

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

Pseudo-Goldstone Higgs goes here

3.2 Modified Higgs couplings to SM particles

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

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

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

written as

h1 = cos �h + sin �S

h2 = sin �h � cos �S . (3.1)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

and powerful tool for addressing the issue of EWPT dynamics.

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

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

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

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector

– 19 –

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

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

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

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

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

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

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

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

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

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

the additional singlet.10

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

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

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

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

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

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

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

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

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

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

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

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

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

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

CEPC can have sensitivity to such new physics.25

Another important question associated with the electroweak symmetry breaking is naturalness. The26

33

shift in h-Z coupling 

Profumo et al 

triple Higgs coupling



Probing EWSB at higgs factories
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Dark matter

It is there.

 Only seen its gravitational interaction.


We have to understand them better.

Collider search is a key approach.



WIMP miracle

- Thermal equilibrium in the early universe.


- If  gD ∼ 0.1 MD ∼ 10s GeV - TeV


We get the right relic abundance of dark matter.


- Major hint for weak scale new physics!

DM

DM

SM



Simplest WIMP:  part of weak multiplet

- Mediated by W/Z/h.


- Predictive, no unkown particle as mediator.


- The original WIMP proposal.

q

q̄

W±

χ±

χ0

q

q̄

Z/γ/h

χ±, χ0

χ∓, χ0



WIMP mass

- More precisely, to get the correct relic abundance

DM

DM

SM

MWIMP  1.8 TeV

✓
g2

0.3

◆

TeV-ish in simplest models



Basic channel
- pair production + additional radiation.


- Mono-jet, mono-photon, mono-...


- Have become “Standard” LHC searches.


- Very challenging, systematics dominated

p

p

γ, jet

χDM

χDM
jet, or γ+ E̸T
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Mono-X 

- Very challenging. Systematics dominated

No limit from the 8 TeV run. 


Very weak discovery reach at 14 TeV, 3 ab-1 .


- Reach at lepton collider, about 1/2 ECM.
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No limit from the 8 TeV run. 


Very weak discovery reach at 14 TeV, 3 ab-1 .


- Reach at lepton collider, about 1/2 ECM.
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Dark matter with Mono-jet
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Figure 14: Summary of collider reach for neutralino dark matter.

while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇠ 2.8 TeV and the discovery

reach to bem�̃ ⇠ 2.1 TeV. As the thermally-saturating bino mass in this case ism�̃ ⇠ 1.8 TeV

(and mt̃ ⇠ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇠ 6.2 TeV and mg̃ ⇠ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇠ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.
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Challenge of better DM search

- DM signal is special and simple.

Mono-X


Compressed, displaced, …


- A dedicated detector for DM? 


- 100 TeV pp Collider 20+ years from now. Room 
for innovation!



Dark sector at Z factory

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.



Sterile neutrino
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Figure 25: The blue “BAU” line shows the largest possible U2 for which the BAU
can be generated for given ¯M . The grey area is ruled out by the DELPHI exper-
iment [Abreu:1991pr, Abreu:1996pa] (on the top) and the neutrino oscillation
data (at the bottom). We show no lower bound on U2 from leptogenesis because it
is lower than the constraint from neutrino oscillation data in this mass range. The
coloured lines lines mark the parameter regions in which the CEPC experiment
can observe at least four expected displaced vertex events from Ni with properties
that are consistent with successful leptogenesis. The orange lines show the regions
accessible with

p
s = 240 GeV, which depend on the relative size of the couplings

U2

a of the heavy neutrinos to individual SM flavours. The solid and dashed lines
correspond to the most optimistic and most pessimistic scenario consistent with
light neutrino oscillation data. The purple lines indicate the regions accessible
with

p
s at the Z pole, which only depend on the total U2.. The solid line cor-

responds to the currently planned run, the dashed line corresponds to the equal
Z-pole running time as is currently planned by FCC-ee, while the dot-dashed line
corresponds to what is possible with the crab waist technology.

Caputo:2016ojx] and allow to constrain the Majorana phase in U⌫ [Hernandez:2016kel,995

Drewes:2016jae, Caputo:2016ojx, Caputo:2017pit]. This is possible even if the996

masses M
1

and M
2

are too degenerate to be resolved kinematically and study the997

U2

ai individually. Such a measurement would also provide a test of leptogenesis, as998

not all combinations of the U2

a that are in agreement with neutrino oscillation data999

can lead to successful leptogenesis [Drewes:2016jae]. However, this would not1000
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Precision QCD



And a lot more…

https://indico.cern.ch/event/618254/timetable/

FCC physics workshop: 

http://iasprogram.ust.hk/hep/2018/conf.html#24_jan
HKUST IAS High Energy Physics Conference:

For recent developments:

http://iasprogram.ust.hk/hep/2018/conf.html#24_jan


Open questions and 

some thoughts



How many Zs? Giga-Z vs Tera-Z

- Oblique S and T: O(10) 
improvement with Giga-
Z. 


Need to improve other 
systematics: mW , mt 
etc to improve further. 


- More Zs can do more:

rare Z decay


Flavor.
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Higher energy for ee, ttbar threshold?

53

initial CEPC plan potentially o↵er significant physics benefits and deserve further consideration.
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Figure 2: CEPC constraints on the oblique parameters S and T , for the baseline scenario and two possible
improvements. Notice that the axes of this plot have zoomed in by a factor of 5 compared to those of Fig. 1.
For clarity we show only 1� (��2 = 2.30) constraints.

Table 7 summarize the physics reach by quoting the 1� bound on S assuming that T is zero,
and vice versa. These are one-parameter fits (corresponding to ��2 = 1).

Parameter Current CEPC baseline Improved �Z , sin2 ✓ Also improved mt

S 3.6 ⇥ 10�2 1.3 ⇥ 10�2 9.7 ⇥ 10�3 7.1 ⇥ 10�3

T 3.1 ⇥ 10�2 1.0 ⇥ 10�2 7.5 ⇥ 10�3 4.6 ⇥ 10�3

Table 7: Current and CEPC projected one-parameter bounds on S and T (in each case, assuming that the
other is zero).

2.1 The Precision Challenge for Theorists

The estimates of CEPC prospects above assumed an improvement in theoretical uncertainties
relative to the current status. Theory uncertainties quoted for mW , sin2 ✓`

e↵

, and �Z in the “CEPC
fit” column of Table 5 are based on the size of estimated four-loop corrections from refs. [23–25],
under the assumption that three-loop calculations will be completed in the future. Full use of the
power of the CEPC collider thus relies on significant (but reasonable) advances in the state of the
art of Standard Model calculations in the coming years.

10



Higher energy for ee, ttbar threshold?
- This alone only a small 

improvement for the fit to S 
and T. 


- Need many other 
improvements as well.
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Higher energy for ee, ttbar threshold?
- This alone only a small 

improvement for the fit to S 
and T. 


- Need many other 
improvements as well.

- However, higher energy can 
improve sensitivity to new 
physics. 


- 100 TeV pp may cover some 
of these as well. Needs 
more studies. 
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For Higgs measurement:

- Big step beyond the LHC


- Both 350 and polarization could help. 

Complementary in places, not qualitatively different.
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Scenarios

55

Basic CEPC-like version: 
5 ab-1  on 250, 1 million Higgs.   1 yr on Z-pole, (10)Giga-Z

FCC-ee: 



Scenarios

55

Basic CEPC-like version: 
5 ab-1  on 250, 1 million Higgs.   1 yr on Z-pole, (10)Giga-Z

FCC-ee: 

Something in between?



My personal ordered wish-list

- After 1 million Higgs, move on to 100 TeV pp as 
soon as possible. 


- ttbar threshold, perhaps a little bit higher for 
better measurement of top couplings. 


- Tera-Z for rare decay, flavor physics. 
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Circular vs linear

- Circular.

Higher luminosity. More statistics. 


“Easier” to build


1 stage of a big hadron collider.


- Linear

Can get to higher energy.


Polarization useful tool to discern new physics.


Newer technology


- Good to have both!
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On future hadron colliders



On future hadron colliders

- Physics case “obvious”. The energy frontier. 



On future hadron colliders

- Physics case “obvious”. The energy frontier. 

- Without LHC discovery.

Physics case for a 100 TeV pp collider stronger 
than HE-LHC at 28 TeV.


Cost+technological challenge. Perhaps easier to 
“sell” only as a second step of a circular Higgs 
factory in longer term.



Why 100 TeV?

- Higher is better. 


- This is fixed by reasonable expectation of 
technology, resource, etc. 


- A significant step, factor of 100/14, above LHC.


- Interesting test of naturalness, WIMP dark 
matter.
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HE-LHC

- Considering the limitation of resource, may be 
the only realistic way forward. 


- Magnet useful for 100 TeV collider down the 
road.


- A factor 27/14 better than the LHC. Factor of 
100/27 worse than the 100 TeV pp collider. 


- Still,  happy to have it!
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Conclusion

- Physics case for the Higgs factories very strong. 

More straightforward to push.  


- 100 TeV pp collider would be a large step beyond LHC. 


A promising second step for either Higgs factory or 
HE-LHC.


- An LHC discovery can certainly change things 
dramatically. 
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CEPC CDR Baseline Parameters (Jan. 2018) 
  Higgs W Z 
Number of IPs 2 
Energy (GeV) 120 80 45.5 
Circumference (km) 100 
SR loss/turn (GeV) 1.73 0.34 0.036 
Half crossing angle (mrad) 16.5 
Piwinski angle 2.58 4.29 16.4 
Ne/bunch (1010) 15 5.4 4.0 
Bunch number (bunch spacing) 242 (0.68us) 3390 (98ns) 8332 (40ns) 
Beam current (mA) 17.4 88.0 160 
SR power /beam (MW) 30 30 5.73 
Bending radius (km) 10.6 
Momentum compaction (10-5) 1.11 
EIP x/y (m) 0.36/0.0015 0.36/0.0015 0.2/0.0015 
Emittance  x/y (nm) 1.21/0.0031 0.54/0.0016 0.17/0.004 
Transverse  VIP (um) 20.9/0.068 13.9/0.049 5.9/0.078 
[x/[y/IP 0.031/0.109 0.0148/0.076 0.0043/0.04 
VRF (GV) 2.17 0.47 0.054 
f RF (MHz)  (harmonic) 650 (216816) 
Nature bunch length Vz (mm) 2.72 2.98 3.67 
Bunch length Vz (mm) 3.26 3.62 6.0 
HOM power/cavity (kw) 0.54 (2cell) 0.47(2cell) 0.49(2cell) 
Energy spread (%) 0.1 0.066 0.038 
Energy acceptance requirement (%) 1.52 
Energy acceptance by RF (%) 2.06 1.47 0.76 
Photon number due to beamstrahlung  0.29 0.16 0.28 
Lifetime due to beamstrahlung (hour) 1.0 
Lifetime (hour) 0.67 (40 min) 2 4 
F (hour glass) 0.89 0.94 0.99 
Lmax/IP (1034cm-2s-1) 2.93 7.31 4.1 

D. Wang 

J. Gao, IAS2018 without 
bootstrapping 



Higgs factory processes
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Figure 6. Feynman diagrams of Higgs boson production processes at CEPC: e+e� ! ZH, e+e� !
⌫⌫H and e+e� ! eeH.

of the Higgsstrahlung reaches its maximum at
p

s ⇠ 250 GeV, and then decreases asymp-1

totically as 1/s. The vector boson fusion production is through t�channel exchanges of2

vector bosons. Their cross sections increase logarithmically as ln

2

(s/M2

W ). Because of the3

accidentally small neutral current coupling Ze+e�, the VBF cross section is dominated by4

the WW fusion. Numerical values of their cross sections at
p

s = 250 GeV are listed in5

Table 5. Note that many of these processes can lead to the same final states and thus can6

interfere. For example, e+e� ! e+⌫eW
� ! e+⌫ee

�⌫̄e and e+e� ! e+e�Z ! e+e�⌫e⌫̄e7

have the same final states. These processes are simulated together to take into account the8

interference effects for the studies presented in this paper.9

CEPC is designed to deliver a total of 5 ab�1 integrated luminosity to two detectors in10

10 years. Over 10

6 Higgs events will be produced during this period. The large statistics,11

well-determined kinematics and clean event environment will enable CEPC to measure12

Higgs boson production cross sections as well as its properties (mass, decay width and13

branching ratios, etc.) with precisions far beyond achievable at the LHC. Compared with14
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Figure 7. Left: Production cross sections of e+e� ! ZH and e+e� ! (ee/⌫⌫)H as functions
of

p
s for a 125 GeV Higgs boson. Right: Higgs boson decay branching ratios as functions of

MH [23, 24].

Table 5. Production cross sections of signal and background processes at
p

s = 250 GeV and
numbers of events expected in 5 ab�1. The cross sections are calculated using the Whizard pro-
gram [25]. Note that cross sections do not include potential interference effects between the same
final states from different processes after W and Z bosons decay.

Process Cross section Nevents in 5 ab�1

Higgs boson production, cross section in fb
e+e� ! ZH 212 1.06 ⇥ 10

6

e+e� ! ⌫⌫H 6.72 3.36 ⇥ 10

4

e+e� ! eeH 0.63 3.15 ⇥ 10

3

Total 219 1.10 ⇥ 10

6

Background processes, cross section in pb
e+e� ! e+e� (Bhabha) 25.1 1.3 ⇥ 10

8

e+e� ! qq 50.2 2.5 ⇥ 10

8

e+e� ! µµ (or ⌧⌧) 4.40 2.2 ⇥ 10

7

e+e� ! WW 15.4 7.7 ⇥ 10

7

e+e� ! ZZ 1.03 5.2 ⇥ 10

6

e+e� ! eeZ 4.73 2.4 ⇥ 10

7

e+e� ! e⌫W 5.14 2.6 ⇥ 10

7

hadron collisions, e+e� collisions are not affected by underlying event and pile-up effects.1

Theoretical calculations are less dependent on higher order QCD radiative corrections and2

therefore allow for more precise tests of the theoretical predictions. The tagging of e+e� !3

ZH events through the recoiling mass method is independent of the Higgs boson decay. It is4
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Zh cross section

3.3.1 Recoil mass spectrum from leptonic Z decays1

Events with leptonic Z decays are ideal for studying the recoiling mass spectrum of the2

e+e� ! ZX events. Z ! `` decays are easily identifiable and can be precisely measured.3

Figure 9 shows the reconstructed recoil mass spectrum of e+e� ! ZX candidates in the4

Z ! µµ and Z ! ee channels. The analyses take into account all major backgrounds and5

are based on full simulation for the ZH signal and fast simulation for backgrounds. The6

width of the reconstructed recoil mass distribution of the e+e� ! ZH signal is dominated7

by the radiation effects and experimental resolutions if the Higgs boson has an intrinsic8

width of 4 MeV as predicted by the SM.9
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Figure 9. Recoil mass spectrum of e+e� ! ZX candidates with the Z boson decaying to a pair
of leptons for an integrated luminosity of 5 ab�1 for Z ! µµ (Left) and Z ! ee (Right).

In a model independent analysis, all the SM processes with at least 2 leptons in its final10

state will become the background. The event selection uses only information from these11

two leptons. The Z ! µµ and Z ! ee channels use different event selection methods. The12

resulting recoil mass spectra are shown in Fig. 9. Both channels have significant high-mass13

tail resulting mainly from initial state radiations. In addition, the Z ! ee channel has14

much stronger bremsstrahlung and FSR radiation, leading to a much wider recoil mass15

distribution.16

The Z ! µµ selection is composed of 2 steps. First, a loose selection on the number17

of leptons and some loose kinematic constraints are applied. Secondly, a multi-variant18

analysis (MVA) discriminant is employed to enhance the separation the signal-background19

separation. The overall signal selection efficiency is approximately 62% (22k signal events20

passing the selection) with a reduction in background by nearly 3 orders of magnitude21

(48k background events surviving). The leading backgrounds after event selection are ZZ,22

WW and Z� (ISR return) events. Using the Z ! µµ channel, the cross section can be23

measured to a relative precision of 0.9%. For the Higgs mass measurement, the beam energy24

spread (0.16% per beam, or equivalently, 350 MeV uncertainty per event) has comparable25
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3.2 Event generators, samples and software1

The following software tools have been used to obtain the results reported in this paper.2

GuineaPig [26, 27] is used to study the beam background and its energy spectrum. A full3

set of SM samples, including both the Higgs boson signal and SM backgrounds, has been4

generated with Whizard [25]. In addition, Madgraph [28] and Pythia [29] have been used to5

generate samples for Higgs exotic decay studies (see Sec. 3.5.8). Starting from the standard6

software framework for linear collider studies [30], changes have been made to both the7

simulation (Mokka [31]) and reconstruction (Arbor [32]) software to adapt to the CEPC8

detector geometry.9

All Higgs signal and part of the leading SM background samples have been processed10

with full simulation and reconstruction. The rest of SM backgrounds is simulated with a11

dedicated fast simulation tool, CEPCFS [33], where the detector acceptance, efficiency, in-12

trinsic resolution for different physics objects and identification efficiency are parametrized.13

Samples that were simulated for ILC studies [34] are used as a cross-check.14

The center-of-mass energy of the CEPC Higgs run has not been finalized. While many15

of the studies of the CEPC machine have assumed an operating energy of 240 GeV,
p

s =16

250 GeV is chosen for the physics studies presented in this paper in order to be directly17

comparable to the studies for ILC and TLEP [35, 36].18

3.3 Recoil mass distributions of e+e� ! ZH events19

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable20

and adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair21

of fermions (Z ! ff), the Higgs boson mass MH can be reconstructed as the mass of the22

system (recoil mass M
recoil

) recoiling against the Z boson assuming the event has the total23

energy
p

s and zero momentum:24

M2

recoil

= (

p
s � Eff )

2 � p2

ff = s � 2Eff

p
s + m2

ff (3.1)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass25

of the fermion pair. The M
recoil

distribution should exhibit a resonant peak at MH for the26

signal processes e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background27

processes. The width of the resonance is largely determined by the energy and momentum28

resolution of the detector as the Higgs boson physical width is about 4 MeV and
p

s will be29

known better than 1 MeV. Thus the best precision is achieved for the leptonic Z ! `` (` =30

e, µ) decays.31

By fitting the M
recoil

spectrum, the e+e� ! ZH event yield can be extracted inde-32

pendent of the Higgs decay. Thus the e+e� ! ZH production cross section, �ZH , can be33

measured and from this cross section the partial Higgs decay width �(H ! ZZ), or equiva-34

lently the Higgs-Z boson coupling g(HZZ), can be derived in a totally model-independent35

manner. The latter is an essential input to the determination of the total Higgs boson de-36

cay width. Higgs boson decay branching ratios can then measured by studying how Higgs37

bosons decay in the selected e+e� ! ZH candidates. Furthermore, a precise value of MH38

can be determined by fitting the M
recoil

mass spectrum. The recoil mass spectrum has been39

investigated for both leptonic and hadronic Z boson decays as presented below.40
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colliders, the width can be determined from the measurements of Higgs boson production1

cross sections and its decay branching ratios. This is because the inclusive e+e� ! ZH2

cross section �(ZH) can be measured from the recoil mass distribution, independent of3

Higgs decays.4

Measurements of �(ZH) and BR’s have been discussed in Sections 3.4 and 3.6 re-5

spectively. Combining these measurements, the Higgs boson width can be calculated in a6

model-independent way:7

�H / �(H ! ZZ⇤
)

BR(H ! ZZ⇤
)

/ �(ZH)

BR(H ! ZZ⇤
)

(3.4)

Here �(H ! ZZ⇤
) is the partial width of the H ! ZZ⇤ decay. Because of the small8

expected BR(H ! ZZ⇤
) value for a 125 GeV Higgs boson (2.3% in the SM), the precision9

of �H is limited by the H ! ZZ⇤ statistics. It can be improved using the decay final states10

with the expected large BR values, for example the H ! bb decay:11

�H / �(H ! bb)

BR(H ! bb)
(3.5)

�(H ! bb) can be independently extracted from the cross section of the W fusion process12

e+e� ! ⌫⌫H ! ⌫⌫bb:13

�(⌫⌫H ! ⌫⌫bb) / �(H ! WW ⇤
) · BR(H ! bb) = �(H ! bb) · BR(H ! WW ⇤

) (3.6)

Thus the Higgs boson total width14

�H / �(H ! bb)

BR(H ! bb)
/ �(⌫⌫H ! ⌫⌫bb)

BR(H ! bb) · BR(H ! WW ⇤
)

(3.7)

Here BR(H ! bb) and BR(H ! WW ⇤
) are measured from the e+e� ! ZH process. The15

limitation of this method is the small e+e� ! ⌫⌫H ! ⌫⌫bb cross section.16

The precision from the method of Eq. 3.4 is 4.4%, dominated by the statistics of17

e+e� ! ZH events with H ! ZZ⇤. The precision from the method of Eq. 3.7 is 3.3%18

dominated by the statistics of e+e� ! ⌫⌫H events with H ! bb. This method uses the19

large BR(H ! bb) value to compensate the smaller cross section of the W fusion process20

�(e+e� ! ⌫⌫H). A combined result from the above two methods, after taking into account21

the correlations, shows that CEPC is capable of measuring �H with a precision of 2.7%22

with 5 ab

�1. The precise knowledge of the Higgs boson total width will lead us to much23

better understandings of Higgs boson properties in a model independent way as discussed24

in Sec. 4.25

3.8 Summary of the Higgs measurements26

Table 12 summarizes the estimated precisions of Higgs property measurements discussed27

in this paper. For the leading Higgs boson decay modes, namely bb, cc, gg, WW , ZZ and28

⌧⌧ , percent level precisions are expected. As it has been discussed in Section 1 this level of29

precision is required to attain sensitivity to many beyond SM physics scenarios.30
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Inputs for the further study

Table 4: Using direct measurement method in ZH runs, the expected precision in mW measurement in
CEPC detectors and the comparison with the LEP experiments.

�MW (MeV) LEP CEPC CEPCp
s(GeV) 161 250 250R
L(fb�1 3 1000 1000

channel l⌫qq, qqqq lvqq qqqq

beam energy 9 1.0 1.0
hadronization 13 1.5 1.5

radiative corrections 8 1.0 2.0
lepton and missing energy scale 10 1.5 1.0

bias in mass reconstuction 3 0.5 1.0
statistics 30 1.0 2.5

overall systematics 21 2.5 3.0
total 36 3.0 4.0

Present data CEPC fit
↵s(M2

Z) 0.1185 ± 0.0006 [17] ±1.0 ⇥ 10�4 [18]

�↵
(5)

had

(M2

Z) (276.5 ± 0.8) ⇥ 10�4 [19] ±4.7 ⇥ 10�5 [20]
mZ [GeV] 91.1875 ± 0.0021 [21] ±0.0005

mt [GeV] (pole) 173.34 ± 0.76
exp

[22] ±0.5
th

[20] ±0.6
exp

± 0.25
th

[20]
mh [GeV] 125.14 ± 0.24 [20] < ±0.1 [20]
mW [GeV] 80.385 ± 0.015

exp

[17]±0.004
th

[23] (±3

exp

± 1
th

) ⇥ 10�3 [23]
sin2 ✓`

e↵

(23153 ± 16) ⇥ 10�5 [21] (±4.6
exp

± 1.5
th

) ⇥ 10�5 [24]
�Z [GeV] 2.4952 ± 0.0023 [21] (±5

exp

± 0.8
th

) ⇥ 10�4 [25]
Rb ⌘ �b/�

had

0.21629 ± 0.00066 [21] ±1.7⇥ 10�4

R` ⌘ �
had

/�` 20.767 ± 0.025 [21] ±0.007

Table 5: Inputs to the electroweak fit of the oblique parameters S and T . The oblique parameters and the
first five observables in the table float freely in the fit, and determine the values of the remaining five. We
find that Rb and R` have minimal e↵ect on the fit of oblique parameters. We quote the precisions of current
and CEPC measurements as well as the current central values. Theory uncertainties are provided only when
they are nonnegligible and are not already incorporated in the quoted experimental uncertainty. Boldface
numbers represent measurements that will be performed at CEPC.

gives slightly more conservative bounds.
The result of the fit for S and T is depicted in Fig. 1. For ease of comparison of the bounds,

we have artificially displaced the input central values to agree with the predicted values so that
S = T = 0 will be the best-fit point. Both 1� and 2� uncertainty contours are presented (i.e.,
��2 = 2.30 and 6.18). Relative to the current electroweak precision results (dominated by LEP
together with the improved measurement of mW from hadron colliders), the results of CEPC will
shrink the error bars on S and T by a factor of about 3.

It is possible that the current baseline plan for CEPC can be improved upon by higher luminosity
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Figure 1: CEPC constraints on the oblique parameters S and T , compared to the current constraints.

CEPC sin2 ✓`
e↵

�Z [GeV] mt [GeV]
Improved Error (±2.3

exp

± 1.5
th

) ⇥ 10�5 (±1
exp

± 0.8
th

) ⇥ 10�4 ±0.03
exp

± 0.1
th

Table 6: Potential improvements for CEPC measurements. The precision of sin2 ✓`
e↵

may be improved with
higher statistics, but will be ultimately limited by systematics to 0.01% precision. The Z width measurement
may be improved by better energy calibration. A precise top mass measurement requires a scan of the tt̄
threshold, and thus a larger collision energy than current CEPC plans.

runs, better calibration, or higher beam energy. Table 6 lists plausible improvements. The accuracy
of sin2 ✓`

e↵

can plausibly be improved with increased luminosity, but systematic uncertainties are
expected to dominate at the 0.01% precision level. The Z width measurement will require a high-
precision calibration of the beam energy, which is made possible at circular colliders by the technique
of resonant spin depolarization [21]. We consider the possibility that this width can be measured
to an experimental precision comparable to the theoretical uncertainty of about 0.1 MeV. The
top mass improvement requires a significant experimental e↵ort. It will either rely on input from
another collider like the ILC with higher beam energy, or a significant boost in the CEPC energy
to scan the top pair production threshold. Such an energy upgrade would significantly improve
the ultimate bound attained on the T parameter. We show the result of such improvements in
Fig. 2. The figure illustrates first the e↵ect of improving both sin2 ✓`

e↵

and �Z (which improves the
bounds on S and T comparably), and then the e↵ect of additionally improving the top mass (which
constrains T somewhat more strongly than S). From this plot it is apparent that upgrades to the

9
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With possible improvements.
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IMPLICATIONS 87

Table 3.14 Coupling measurement precision in percent from the 7 parameter fit described in the text for several
benchmark integrated luminosity of CEPC, and corresponding results after combination with the HL-LHC.

CEPC CEPC+HL-LHC
Luminosity (ab�1) 0.5 2 5 10 0.5 2 5 10

b 3.7 1.9 1.2 0.83 2.3 1.5 1.1 0.78
c 5.1 3.2 1.6 1.2 4.0 2.3 1.5 1.1
g 4.7 2.3 1.5 1.0 2.9 1.9 1.3 0.99
W 3.8 1.9 1.2 0.84 2.3 1.6 1.1 0.80
⌧ 4.2 2.1 1.3 0.94 2.9 1.8 1.2 0.90
Z 0.51 0.25 0.16 0.11 0.49 0.25 0.16 0.11
� 15 7.4 4.7 3.3 2.6 2.5 2.3 2.0

The correction to the SM hZ production cross section induced by a shift in �hhh is given by [63]2374

��Zh =

�Zh

�SM

Zh

� 1 = 2�
Z

+ 0.014��
hhh

. (3.13)

The sensitivity of measuring �Zh and Z at CEPC have been analyzed in the previous section. The2375

result from such a constraint on the SM �hhh is summarized in Fig. 3.21.2376

Figure 3.21 Higgs self-coupling constraint inferred from the shift in hZZ coupling. The CEPC results refer to
a luminosity of 5ab�1. The HL-LHC and SPPC results are taken from Ref. [64], with an integrated luminosity of
3ab�1 assumed. In the latter case, the impact of the uncertainties in measuring the Higgs top Yukawa coupling is
not incorporated.

3.5 Implications2377

In this section, we briefly discuss the most important physics implications of the Higgs property mea-2378

surements at the CEPC. These topics have already been mentioned in our overview section. We reca-2379
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FIG. 6: Panel (a) shows the invariant mass distribution of
the two hardest isolated photons and the extra jet mγγj for
the hh + jet analysis. Panel (b) displays mbb̄j and panel (c)
shows the invariant mass of the 2-photon, 2-b-jet and extra
jet system mbb̄γγj . We show the signal distributions for λ =
0, λSM and 2λSM and the backgrounds in all cases.

better photon identification performance at low energies
becomes possible in the future.

Results

We now combine both analyses in the bb̄γγ channel
to formulate a constraint on the Higgs trilinear coupling
in light of the expected signal and background yields in
pp → hh + X and pp → hh + jet + X production. For
simplicity we assume that both measurements are statis-
tically uncorrelated and combine them in a binned log-
likelihood hypothesis test [38, 39]. We compute a 95%
confidence level using the CLS method [40] around the
SM parameter choice λ = λSM and find

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.672, 1.406] no background syst.

[0.646, 1.440] 25% hh, 25% hh+ jet

[0.642, 1.448] 25% hh, 50% hh+ jet

(3)

for an integrated luminosity of 3000/fb. Due to the
shape of the cross section as a function of λ, there is a pa-
rameter choice at λ ≃ 4λSM with SM-like cross sections.

This region can be excluded using the high luminosity
phase of the 14 TeV LHC [15].
In the calculation of the confidence level intervals the

quoted systematic uncertainties refer to a flat rescaling
of the contributing backgrounds. From Eq. (3) we can
expect that a measurement of the trilinear coupling at
the 40% level should be possible. A 5σ discovery of the
dihiggs signal will be possible with an integrated lumi-
nosity of 700/fb.
A number of authors have noted that a total integrated

luminosity of 3/ab may not be sufficient to saturate the
physics potential of a 100 TeV collider [41, 42], since the
necessary luminosity typically scales quadratically with
the centre of mass energy. We therefore also compute
limits under the assumption that 30/ab of data is taken.
The limits shown in Eq. (3) then improve to

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.891, 1.115] no background syst.

[0.882, 1.126] 25% hh, 25% hh+ jet

[0.881, 1.128] 25% hh, 50% hh+ jet

(4)

in this case. We note that these limits are nearly iden-
tical to what can be achieved with the 1 TeV luminosity
upgraded ILC.

Triple Higgs coupling at 100 TeV pp collider
30 ab-1

Barr, Dolan, Englert, de Lima, Spannowsky 

ILC 500: 27%
ILC ultimate, 1 TeV 5 ab-1: 10%


