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

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

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

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

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

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

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

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

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

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

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

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

THE NOBEL PRIZE IN PHYSICS 2013
POPULAR SCIENCE BACKGROUND

Discovered in 2012
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The beginning of a new era
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Our immediate future

95+% data still to come, a lot to do!



Future circular colliders

CEPC+SppC

• Where(if in China):
– For example, Qin-Huang-Dao

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: HE-LHC, FCC-hh



7

target luminosity HL-LHC: 3 ab-1 ,  HE-LHC and FCC-hh: 20-30 ab-1



Why hadron collider?
- The highest energies achieved in the lab.

Offers a first direct glance at shortest distances.

HE-LHC

FCC-hh/SppC



LHC upcoming runs, next 15-20 years
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Figure 1-27. Estimated reach of LHC run 2 for chargino production followed by �± ! W±�0, assuming
Bino LSP.

Figure 1-28. Estimated reach of LHC for 300/fb and 3000/fb for mSUGRA model.

Community Planning Study: Snowmass 2013 50+% gain on the reach. 
A big step forward.



Future pp collider, a big step on energy frontier

3.9 Comparing Colliders

The multi-jet plus Emiss
T signature of the gluino-neutralino model with light flavor decays provides

a useful study with which to compare the potential impact of different proton colliders. Figure 8
shows the 5� discovery reach [95% CL exclusion] for two choices of integrated luminosity at 14
TeV, along with the full data set assumed for 33 and 100 TeV. At 14 TeV, the factor of 10 increase
in luminosity leads to a modest increase by 350 GeV in the gluino limits. The smallness of this
increase is due to the rapidly falling cross section. Furthermore, because the signal regions are not
background-free, the improvement in cross section-limit does not match the factor of 10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of five in the gluino
production cross-section. For lighter gluinos, there is no improvement to the range of accessible
neutralino masses. This is because the systematic uncertainty dominates in the signal regions for
these models except in the high gluino mass tail.

In contrast, increasing the center-of-mass energy has a tremendous impact on the experimentally
available parameter space, since now much heavier gluinos can be produced without relying on the
tails of parton distributions to supply the necessary energy. Figure 8 makes a compelling case for
investing in future proton colliders which can operate at these high energies.
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Figure 8: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the
5� discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic
uncertainty is assumed and pileup is not included.

Figure 9 provides a comparison of the optimal cut at the different colliders that results from
applying the analysis discussed in Sec. 3.2 as a function of gluino mass (assuming a 1 GeV
neutralino). It is interesting to note that the slope of the HT cut is larger than that for the Emiss

T

cut. The search is taking advantage of the tremendous energy that is imparted to jets when these
heavy gluinos decay. Furthermore, it is also interesting that the HT cuts track very closely between
machines (until mass of the gluino becomes so heavy that a given collider can no longer produce
them in appreciable quantities), while the Emiss

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and
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5σ discovery reach: Z’B

14

Discovery reach
4.5 TeV @ 14 TeV LHC, 300 fb-1

5.5 TeV @ 14 TeV LHC, 3 ab-1

28 TeV @ 100 TeV, 3 ab-1

Could discover resonances with 
gB as small as 0.35 to 0.5

di-jet resonance

Felix Yu,  2013

Cohen et al, 2013

Gori, Jung, LTW,  Wells, 2014

Figure 1. Top panel: the production cross sections for benchmakr Z 0s for pp collider at 14, 33, and
100 TeV. Bottom panel: the discovery and exclusion reaches of Z 0 for VLHC 100 TeV at 1 ab�1

(blue) and 10 ab�1 (red) and LHC 14 TeV at 300 fb�1 (orange) and 3000 fb�1 (green).
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What are we looking for?




No lose theorem?

- Are we guaranteed to discover X? No.


- Standard Model can be consistent up to Planck 
scale. 


- Any physics case based on discovery of some 
specific model can not stand.


- However, we do have questions to answer, models 
to test. We will make progress. 



Big questions in particle physics

- Origin of the electroweak scale.


- Identity of dark matter.


- Origin of flavor. 


- Matter and anti-matter asymmetry.


- …

LHC has great potential in making progress.
However, it is unlikely to fully address these questions. 



Big questions in particle physics

- Origin of the electroweak scale.


- Identity of dark matter.


- Origin of flavor. 


- Matter and anti-matter asymmetry.


- …

LHC has great potential in making progress.
However, it is unlikely to fully address these questions. 

Focus of my talk



Electroweak symmetry 
breaking



Weak interaction is special
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Electromagnetism:  Coulomb

QCD: confinement

Weak interaction:  Higgs

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.



“Simple” picture: Mexican hat
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
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”:  

 

 

Similar to, and motivated by
Landau-Ginzburg theory
 of superconductivity.

V (h) =
1

2
µ2h2 +

�

4
h4

hhi ⌘ v 6= 0 ! mW = gW
v

2
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Similar to, and motivated by
Landau-Ginzburg theory
 of superconductivity.

However, this simplicity is deceiving. 
Parameters not predicted by theory. Need new physics
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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

TeV new physics.
Naturalness motivated

Many models, ideas.



All eyes on these searches

My view: not a big problem yet. 

fine-tuning = comparison

Supersymmetry Composite Higgs

stop top partner, T 

current limit: 

1

16⇡2
m2

T vs m2
h = (125 GeV)2

mT ⇠ 1 TeV



Another significant step at HL-LHC.

6.2 Direct Production of Top Squarks

Naturalness arguments lead to the conclusion that a Higgs boson mass of mH = 125 GeV favors
a light top squark mass, less than 1 TeV. A direct search for top squarks needs to cover this
allowed range of masses. The top squark pair production cross section at

p
s = 14 TeV is 10 fb

for mt̃ = 1 TeV. For the purpose of this study, the stops are assumed to decay either to a top
quark and the LSP (t̃ ! t + �̃0

1) or to a bottom quark and the lightest chargino (t̃ ! b + �̃±1 ).
The final state for the first decay is a top quark pair in associated with large missing transverse
momentum, while the final state for the second decay is 2 b-jets, 2 W bosons, and large missing
transverse momentum. In both cases, leptonic signatures are used to identify the top quarks or
the W bosons. The 1-lepton + jet channel is sensitive to t̃ ! t + �̃0

1, and the 2-lepton + jet
channel is sensitive to t̃ ! b + �̃±1 . For this study, the event selection requirements were not
reoptimized for a greater integrated luminosity.

An increase in the integrated luminosity from 300 to 3000 fb�1 results in an increase in a stop
mass discovery reach of approximately 150 GeV, up to 920 GeV (see Fig. 11). This increase
covers a significant part of the top squark range favored by naturalness arguments. In this study
the same selection cuts were used for the two luminosity values.

 [GeV]
1t

~m

400 500 600 700 800 900 1000 1100 1200

 [
G

e
V

]
10

χ∼
m

0

100

200

300

400

500

600

700

800

900

1000

ATLAS =14 TeVs Simulation 

1

0
χ∼+m

t
 < m
1t~m

 
1

±
χ∼+m

b
 < m
1t~m

 discovery reach-13000 fb

 exclusion 95% C.L.-13000 fb
 discovery reach-1300 fb

) + jetsµ): 1-lepton (e,
1t

~ >> m
1

±
χ∼

 (m
1

0
χ∼ t+→ 1t

~

)µ = 20 GeV): 2-lepton (e
1

±
χ∼

 - m
1t

~ ( m
1

±
χ∼ b+→ 1t

~

-1=7 TeV,  4.7 fbs):  
1
t
~ >> m

1

±
χ
∼

 (m
1

0
χ∼ t+→ 

1
t
~

Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ !
t + �̃0

1 (red) and the t̃ ! b + �̃±1 , �̃
±
1 ! W + �̃0

1 (green) decay modes.

6.3 Strong Production of Squarks and Gluinos

A high-luminosity dataset would allow the discovery reach for gluinos and squarks to be pushed
to the highest masses. Gluinos and light-flavor squarks can be produced with a large cross
section at 14 TeV, and the most striking signature is still large missing transverse momentum as
part of large total e↵ective mass. An optimized event selection for a benchmark point with
mq̃ = mg̃ = 3200 GeV requires the missing transverse momentum significance, defined as
Emiss

T /
p

HT , be greater than 15 GeV1/2. (The variable HT is defined to be the scalar sum of
the jet and lepton transverse energies and the missing transverse momentum in the event.) Both
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At 100 TeV pp collider

Fine tuning:  (MNP)-2

5� discovery projection for mT comparing analysis and parton luminosity scaling

using arXiv:1309.0026 (Bhattacharya, et al.) with 3000 fb�1

PDF set 14 TeV 33 TeV 100 TeV 33 TeV 100 TeV

MSTW2008nnlo68cl 1.5 TeV 2.8 TeV 5.8 TeV 2.6 TeV 5.5 TeV

NNPDF23 nnlo as 0018 1.5 TeV 2.8 TeV 5.9 TeV 2.6 TeV 5.5 TeV

CT10nlo 1.5 TeV 2.7 TeV 5.8 TeV 2.6 TeV 5.4 TeV

95% exclusion projection for mT with 3000 fb�1 comparing analysis

and parton luminosity scaling using arXiv:1311.7667 (CMS, 19.5 fb�1)

PDF set 8 TeV 14 TeV 33 TeV 100 TeV

MSTW2008nnlo68cl 0.7 TeV 2.1 TeV 4.0 TeV 8.9 TeV

NNPDF23 nnlo as 0018 0.7 TeV 2.1 TeV 4.0 TeV 9.0 TeV

CT10nlo 0.7 TeV 2.1 TeV 4.0 TeV 9.0 TeV

95% exclusion projection for mT with 3000 fb�1 comparing analysis and

parton luminosity scaling using CONF-2013-060 (ATLAS, 14.3 fb�1 ATLAS)

PDF set 8 TeV 14 TeV 33 TeV 100 TeV

MSTW2008nnlo68cl 0.7 TeV 1.9 TeV 3.7 TeV 8.1 TeV

NNPDF23 nnlo as 0018 0.7 TeV 1.9 TeV 3.7 TeV 8.1 TeV

CT10nlo 0.7 TeV 2.0 TeV 3.7 TeV 8.2 TeV

Figure 11: CMS triangle plot showing their expected limits and the corresponding projection using
the Salam/Weiler parton luminosity tool for 100 TeV.
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A much more stringent test of naturalness

Potential for making a spectacular discovery



Higgs and electroweak physics at hadron 
collider 
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In comparison,  O(million) 
Higgs at Higgs factories

Can make good progress in precision measurements



Why precision measurement

- Approach the problem of electroweak symmetry 
breaking in as many ways as possible. 


- Particularly important since our current ideas 
could be totally wrong. 


- Precision measurement essential, complementary 
to direct searches. 



Physics program at hadron collider
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Physics program at hadron collider
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Higgs coupling measurements at HL-LHC

 4-5% on Higgs coupling,  

reach TeV new physics. � ' c

v2
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HE-LHC, FCC-hh/SppC, some highlights

- Studies on-going.


- FCC-hh: 

Triple Higgs coupling ≈ 5%


Percentage measurement of Higgs top coupling, 
BR(h→μμ), BR(h→γγ) 


- HE-LHC

Triple Higgs coupling ≈ 15%

Talk by M. Selvaggi at 2nd FCC Physics workshop



Probing EW phase transition 

A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
�$-� = “+,*'&�$1” �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 1.3
�*��& = .�*1 +,*'&�$1 1��, �'-$� ��,��, ��+ �, ��
��

A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
�$-� = “+,*'&�$1” �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 1.3
�*��& = .�*1 +,*'&�$1 1��, �'-$� ��,��, ��+ �, ��
��

Huang, Long, LTW, 1608.06619



Probing EW phase transition 

A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
�$-� = “+,*'&�$1” �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 1.3
�*��& = .�*1 +,*'&�$1 1��, �'-$� ��,��, ��+ �, ��
��

A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
�$-� = “+,*'&�$1” �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 1.3
�*��& = .�*1 +,*'&�$1 1��, �'-$� ��,��, ��+ �, ��
��

Huang, Long, LTW, 1608.06619

HL-LHC



Probing EW phase transition 

A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
�$-� = “+,*'&�$1” �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 1.3
�*��& = .�*1 +,*'&�$1 1��, �'-$� ��,��, ��+ �, ��
��

A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
�$-� = “+,*'&�$1” �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 1.3
�*��& = .�*1 +,*'&�$1 1��, �'-$� ��,��, ��+ �, ��
��

Huang, Long, LTW, 1608.06619

FCC-hh/SppC
ILC-1TeV



Precision measurement with 
distribution at high energies

SM

long tails

no rate beyond this

E

new physics 
resonance here
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Precision measurement at the LHC possible?
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LEP precision tests probe NP about 2 TeV

At LHC, new physics effect grows with energy

LHC needs to make a 20% measurement to beat LEP

LHC has potential. 
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E ⇠ 1 TeV, ⇤ ⇠ 2 TeV



Possible to reach 4 TeV. 
Better than LEP, and many LHC direct searches

D. Liu, LTW
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Figure 6: Reach in di↵erent channels at the 14 TeV LHC for di↵erent combinations of the
operators assuming the systematical error varying from 3% to 10%. The grey and blue regions
denote the bound on the scale in the case of c(3)qL = 1 for integrated luminosities L = 3 ab�1

and L = 300 fb�1, respectively. The red and magenta regions denote the bound in the case
of cB + cHB � c

2B = 1 for integrated luminosities L = 3 ab�1 and L = 300 fb�1. The orange
and purple regions denote the bound on the size of O

3W operator with c
3W = 1, for integrated

luminosities L = 3 ab�1 and L = 300 fb�1. We also show the present bound from LEP S-
parameter on the combination of operators OW and OB with cW + cB = 1 (red dashed line),

the bound from LEP �gZbL¯bL measurement on the operator c(3)qL = 1/4 (purple dashed line),
based on flavour-universal e↵ects. We also show the bound for the case of cHW � cHB = 1 in red
dashed line from 3 ab�1 HL-LHC measurement of h ! Z� decay partial width, with a projected
precision of ⇠ 20% from Ref. [15].

coe�cients, we can compare the bounds from Di-boson processes with the bound from EWPT
at the LEP and Higgs coupling measurement at the HL-LHC, even though the later two depend
on di↵erent combination of operators (see Table 2 ). The operator OW will contribute to the
S-parameter. Suppose it is the dominant contribution, the bound is ⇠ 2.5 TeV at 95% CL for
cW = 1. OHW will contribute to the Higgs rare process h ! Z�. The h ! Z� measurement at
HL-LHC will put a bound around 1.7 TeV [15] for cHW = 1. For the flavour-universal operator

O(3)q
L , from LEP �gZbLbL measurement, the bound is around 1.1 TeV for c(3)qL = 1/4 which is

chosen such that c(3)qL = 1. We have shown the three bounds as the red, orange, purple dashed
lines in Fig. 6. The comparison above shows diboson measurement is very promising to probe
the new physics scenario in which the operators considered here give the most important e↵ect.
For the operator O

2W , it will contribute to the four fermion operator by equation of motion,

15

See also: Alioli, Farina, Pappadopulo, Ruderman, 
Franceschini, Panico, Pomarol, Riva, Wulzer,

Azatov, Elias-Miro, Regimuaji, Venturini

D. Liu’s talk at the conference



Even better at higher energies

Franceschini, Panico, Pomarol, Riva, Wulzer,



Hadron collider as Higgs factories
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100 TeV > 10 billion

27 TeV > 2 billion

14 TeV > 150 million

# of Higgses 

In comparison,  O(million) 
Higgs at Higgs factories

Can look for rare processes associated with Higgs



Natural and exotic.  “twin”
Craig, Katz, Strassler, Sundrum 

Chacko, Goh, Harnik

UV completion with composite Higgs:
Low, Tesi, and LTW 

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

h→X X, X can be long lived



Long lived particle and timing at LHC

- Timing upgrades have great potential.


- e.g. BR ≈ 10-3 cτ≈104 m.

Late comers will be spotted easily:

5/7/18 Zhen Liu          Timing BSM LLP                       Pheno 2018

CMS timing module
ATLAS MS LLP search 
(without timing)

Designed 2 generic search: 
no restriction on the signal, as 
long as they can deposit 
energy (25 GeV pT min);

Huge dijet and pile-up 
background can be rejected 
use timing alone;

See e.g., improvement for the 
Higgs to gluballs searchà

Z. Liu’s talk at the conference

FERMILAB-PUB-18-xxx-T

Timing the pulses of New Physics Signals

Jia Liu,1 Zhen Liu,2 and Lian-Tao Wang1, 3

1Enrico Fermi Institute, University of Chicago, Chicago, IL 60637
2Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, IL, 60510

3Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637
(Dated: May 6, 2018)

In the upcoming Phase-2 upgrade for the High-Luminosity LHC, the timing detector will have
improved resolution to 30 picoseconds. We explore its physics potential in the search for neutral
long-lived particle. The timing information can greatly help to reduce the Standard Model (SM)
background, which should be taken as a new dimension for beyond SM particle physics searches in
broad class of long-lived particle signatures.

PACS numbers: 95.35.+d, 14.80.Da, 14.80.Ec
Keywords: Supersymmetry, Beyond the Standard Model, Large Hadron Collider, precision timing

The presence of Long-Lived particles (LLP) can be the
most striking feature of many new physics models [1–5].
At the same time, vast swath of the possible parameter
space of the LLP remains unexplored by LHC searches.

In this study, we focus on the strategy of using pre-
cision timing as a new tool to enhance the reach for
the LLP at the LHC. We argue that the LLPs produced
at the LHC generically travel slower than the SM back-
ground and due to its macroscopic nature its displaced
decays are hence separated from the SM background with
sizable time delay. Timing information has already been
implicitly used in defining prompt participles from the
collision. Recently, precision timing, such as CMS pi-
cosecond timing proposal [6], has been proposed to be a
viable upgrade to reduce pile-up for the upcoming runs
with higher luminosities. 1 Precision timing opens a new
window for Beyond Standard Model (BSM) signal with
great potential.

To demonstrate the potential sensitivity to BSM
signals with precision timing, we choose to show two
representative benchmark models, one from Higgs decay
into dark sector, and the other one from Drell-Yan pair
production of SUSY long-lived particles. With a very
general trigger and search strategy that can capture
most of LLP decays, we show striking improvement in
the LLP coverage for LLP.

Basics of timing.— While the particle identification
and kinematic reconstruction are highly developed, the
timing information is less used as people often assume
the BSM signals decays promptly. However, the signa-
ture of LLP in general could have significant time de-

1 Timing information has also been applied to beyond Standard
Model (BSM) searches in identifying new physics in very lim-
ited cases. Such examples include the time of flight parame-
ter adopted in the heavy stable charged particle searches [7–
9], the time delay parameter adopted in the non-pointing pho-
ton searches [10], and (very loosely) in the stopped particle
searches [11].

lay since the mass of new particle can be comparable
to its momentum. Here we outline some general BSM
signal search strategy of using the timing information,
and more importantly, the corresponding consideration
for the background (BKG).

LT1

LT2

X

a b

SM
`X

`a

`
SM

Timing layer

FIG. 1. An event topology with an LLP X decaying to two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis, is placed at the end
of the detector volume (shaded region). The trajectory of a
potential SM background particle is also shown (blue dashed
line). The gray star indicates the primary vertex.

A typical signal event of LLP is shown in Fig. 1. An
LLP, denoted as X, flies a distance `X into a detector vol-
ume, decaying into two light SM particles a and b which
then reach timing layer at transverse distance LT2 away
from the beam axis. During a typical hard collision, the
SM particles reaching the detector generally travel at the
speed of light within per milli level.2 The charged SM
particles can undergo some curvatures which increase the
path length in the lab frame when compared with neutral
SM particles that travel at the speed of light. For sim-
plicity, we only consider neutral long-lived particle where
BKG from such charged particles can be vetoed using

2 Zhen: think carefully about this per milli statement.

J. Liu, Z. Liu and LTW

�t =
`X
�X

+
`a
�a

� `SM
�SM



Singlet search at 100 TeV

- 4 Higgs/W/Z final state with decent rate. 


- Good discovery potential.

20 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

Figure 7. Blue contours show �
3

/�SM

3

. Measuring �
3

with a precision of 30%, 20%, and 8% can be achieved
at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�3 ⌘ 1

6

d3
�
V0(h) + V CW

0 (h)

�

dh3

�����
h=v

=

m2
h

2v
+

�3
HSv3

24⇡2m2
S

+ . . . (5.1)

The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�SM

3 in the (mS , �HS) plane. For
illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.

As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is
correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�SM

3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase
transition.

One can measure �3 through double higgs production. The cross-section for producing a pair
of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,
the most promising channel is in bb��, whose main backgrounds are QCD and t¯th production. Various
studies have found that �3 can be measured between 30%-50% accuracy at the 14 TeV LHC with 3

– 17 –
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

ab�1 [87–91]. The accuracy can be refined to 20% and 8% for a 33 TeV and 100 TeV collider with 3
ab�1, respectively [91].

The precision attainable for measuring �3 at lepton colliders is generally below that achievable
at the HL-LHC. However, a high-luminosity, high-energy ILC with

p
s = 1000 GeV and 2.5 ab�1 of

data could measure �3 with a precision of 13% [92, 93].
The results of these studies imply that while it is unlikely a definitive exclusion will be achieved

at a 14 or 33 TeV collider, a 100 TeV collider could exclude the entire one-step phase transition region
of Fig. 7 (orange shaded region) with a confidence of better than 2 to 5 �, depending on mS . A high-
energy ILC could exclude most, though not all, of the one-step transition region at the 2� level. Such
measurements would also be sensitive to the two-step transition from tree-effects (red shaded region)
for �HS & 2.

5.2 Zh production cross section at Lepton colliders

The singlet can also affect higgs couplings by generating a small correction to the higgs wave function
renormalization, which modifies all higgs couplings by a potentially measurable amount. In particu-
lar, precision measurements of the Zh production cross section at lepton colliders might be another
avenue for indirect detection of such a singlet. [94]

At one loop, the fractional change in Zh production relative to the SM prediction is given by [94,
95]

��Zh =

1

2

|�HS |2v2

16⇡2m2
h

[1 + F (⌧�)] (5.2)
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Figure 1.16 Left: Shift in triple Higgs coupling. Right: Percentage shift in the Zh coupling.

where x = m2

h/(4m2

S). In much of the region with a strong first-order phase transition, this is within579

reach of the CEPC, though it can be as small as .1%, shown in the right panel of Fig. 1.16. This is at the580

absolute edge of CEPC sensitivity.
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Figure 1.17 Rate of process pp ! SS ! hhhh at the LHC and SppC.

581

We conclude that, even in this very worst case scenario, the SppC allows us to probe the physics582

giving us a first-order phase transition, and in much of the relevant parameter space, the CEPC should583

see hints of deviations in the Higgs couplings. Needless to say, even small modifications from this worst-584

case scenario can make detection much easier. For instance, if the Z
2

symmetry is broken by an even585

tiny amount so that a > 10

�10, then S will decay as S ! hh inside the detector. Direct S production586

will be much easier to see, giving a spectacular signal pp ! SS ! hhhh. This should allow the SppC587

to cover the allowed range of mS up to 1 TeV. While a detailed study is left for future work, an estimate588

of the reach for producing 100 events is shown in Fig. 1.17. Note that while at fixed mass, the SppC589

cross-section is ⇠ 100 times larger than at the LHC, the mass reach is ⇠ 2.5 times greater, compared to590

the typical factor of ⇠ 5 we are accustomed to. This is because both the production and decay vertices591

of the off-shell Higgs are suppressed by factors of (v/E) at high-energies, and the cross-section scales592

h S

S

h

h

h
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Where does this lead us ?
We searched for natural models

Not found yet. We will continue to look

Discover new physics.
Triumph (again) for 
naturalness, and 
Quantum Field Theory 
as we know it. 

No discovery. More motivation 
for a big paradigm shift. 
UV/IR, landscape....
No great idea yet. 

Greatest discovery can come from null experimental result. 
(Example: Michelson-Morley)



Testing WIMP Dark Matter



Dark matter

It is there.

 Only seen its gravitational interaction.


We have to understand them better.




Vast range of possibilities

- Possible mass range: over 100 orders of magnitude.


- Can have very different couplings. 


- Lamppost by definition. Need good stories.



Vast range of possibilities

- Possible mass range: over 100 orders of magnitude.


- Can have very different couplings. 


- Lamppost by definition. Need good stories.



WIMP

- 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



My childhood storyNATURE PHYSICS DOI: 10.1038/NPHYS4054 PROGRESS ARTICLES
Missing transverse momentum,

inferred from momentum conservation

Invisible
DM particle

LHC detector
transverse

cross-section
LHC collision

interaction
point

Visible particles:
photons, jets, ...

Invisible
DM particle

Figure 2 | Schematic illustration of missing transverse momentum from
DM production inferred from the recoil of visible particles, in a general
purpose LHC detector.

In SUSY models, each of the SM particles has a supersymmetric
partner, with spin di�ering by a half-integer with respect to its
counterpart. To comply with experimental observations where
baryon and lepton number are conserved, a symmetry called R-
parity is often assumed in specific incarnations of SUSY models. As
a consequence of this symmetry, the lightest SUSY particle (LSP) is
stable and can be identified with theWIMPDM candidate. Collider
signals of SUSY are characterized by cascade decays of superpartner
particles terminating in the LSP, as shown in Fig. 3. These signals
produce a final state signature in the detector that is rich in
collimated sprays of particles (jets) from quarks and gluons, in some
cases accompanied by leptons and photons, alongside a significant
amount of missing transverse momentum. Experimental search
strategies for SUSY searches discriminate signal and background
events by the amount of missing transverse momentum, by the
number of the other objects produced in the collision, and by
kinematic quantities that are functions of the visible particle masses
and the missing transverse momentum in the event.

A complete SUSY theory framework with full predictive power
has a large number of parameters, as all superpartner masses and
interactions with SM particles need to be specified. The benchmark
models for many SUSY searches at the LHC are, rather than
full theories, simplified SUSY models26. Rather than predicting
specific experimental signatures for one particular choice of model
parameters, simplified models approximate the features of SUSY
signals at LHC energies.

Simplified models separate the masses of the SUSY particles
involved in a limited number of decays from the rest of the
superpartner particles, by setting most of the SUSY particle masses
above the collider centre-of-mass energy. This simplifies the possible
decay modes, fixes their relative rates, and generally reduces the
complexity of a complete SUSY theory while still describing the
relevant phenomenology of LHC searches for individual SUSY
particle production and decay modes. LHC results interpreted
as simplified models can still be related to the more complex

Proton

Proton

Supersymmetric
quark/gluon

partners

Supersymmetric
W/Z partners

Lightest
supersymmetric

particles

Missing
transverse

momentum

Missing
transverse

momentum

p,  ⇡, ... → jets W, Z → leptons, jets,...

Figure 3 | A typical production and decay chain involving SUSY particles.
DM is at the end of the decay chain, leading to missing
transverse momentum.

behaviour of SUSY theories (see, for example, refs 27,28). So far,
no experimental evidence for SUSY has been found. For details on
the experimental constraints on SUSY particles see the experimental
SUSY review in ref. 29.

General searches for DM: e�ective field theories and simplified
models. While the searches in the context of complete theoretical
frameworks such as SUSY remain a focus of the LHC, in recent
years the DM search program has been augmented by a model-
agnostic approach. The starting point for generic DM searches is
the basic interaction between SM particles andWIMPs, as shown in
Fig. 4a. The basic process sought at colliders is the pair production
of DM, in association with one or more additional SM particles, as
sketched in Fig. 4b. Events are selected for these types of searches if
they contain a high-momentum object (for example, a jet, a photon,
a vector boson...) radiated by the initial state quarks and gluons,
in combination with significant missing transverse energy (Emiss

T ).
This signature is motivated by the assumption that proton–proton
collisions produce two WIMPs, which remain undetected in the
experiments but can be inferred from themeasuredEmiss

T in the event
as they recoil against the energetic mono-object. Given the presence
ofmissing transversemomentumand of at least one highly energetic
object, this search approach is sometimes calledmono-X12,30–37. This
has become a standard search strategy at colliders.

Early LHC mono-X searches employed an e�ective field theory
(EFT) approach to interpret the experimental results in terms of
DM34,35 and compare them to results of DD and ID experiments.
Within the EFT approach, SM and DM particles interact through
a four-point e�ective (contact) interaction. This is akin to the
Fermi theory describing weak interactions before the introduction
of the W and Z bosons38. Heavy particles mediating the SM–DM
interactions are mapped to generic e�ective operators. These
operators are characterized by the energy scale at which the SM–DM
interactions would occur. They capture the characteristics of the
SM–DM interaction as long as the states mediating the interaction
are heavier than the operator’s energy scale39,40. Searches at the
LHC Run 1 constrained numerous operators up to energy scales of
1.5 TeV (refs 41,42).

In its simplicity, the EFT approach is an attractive tool to
encapsulate the relevant degrees of freedom and phenomenology
for WIMP interactions without introducing the complexity of a full
theory, but the EFT description of DM at colliders may break down
at energies corresponding to the scales of the particlesmediating the
SM–DM interaction. It is therefore fruitful to take one step beyond
the simple EFT approach to further probe the interaction between

NATURE PHYSICS | VOL 13 | MARCH 2017 | www.nature.com/naturephysics

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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My childhood story

- One discovery solves all of our problems.

Has not happened yet. 


- Still an appealing story, will keep look for it.
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interaction
point

Visible particles:
photons, jets, ...

Invisible
DM particle

Figure 2 | Schematic illustration of missing transverse momentum from
DM production inferred from the recoil of visible particles, in a general
purpose LHC detector.

In SUSY models, each of the SM particles has a supersymmetric
partner, with spin di�ering by a half-integer with respect to its
counterpart. To comply with experimental observations where
baryon and lepton number are conserved, a symmetry called R-
parity is often assumed in specific incarnations of SUSY models. As
a consequence of this symmetry, the lightest SUSY particle (LSP) is
stable and can be identified with theWIMPDM candidate. Collider
signals of SUSY are characterized by cascade decays of superpartner
particles terminating in the LSP, as shown in Fig. 3. These signals
produce a final state signature in the detector that is rich in
collimated sprays of particles (jets) from quarks and gluons, in some
cases accompanied by leptons and photons, alongside a significant
amount of missing transverse momentum. Experimental search
strategies for SUSY searches discriminate signal and background
events by the amount of missing transverse momentum, by the
number of the other objects produced in the collision, and by
kinematic quantities that are functions of the visible particle masses
and the missing transverse momentum in the event.

A complete SUSY theory framework with full predictive power
has a large number of parameters, as all superpartner masses and
interactions with SM particles need to be specified. The benchmark
models for many SUSY searches at the LHC are, rather than
full theories, simplified SUSY models26. Rather than predicting
specific experimental signatures for one particular choice of model
parameters, simplified models approximate the features of SUSY
signals at LHC energies.

Simplified models separate the masses of the SUSY particles
involved in a limited number of decays from the rest of the
superpartner particles, by setting most of the SUSY particle masses
above the collider centre-of-mass energy. This simplifies the possible
decay modes, fixes their relative rates, and generally reduces the
complexity of a complete SUSY theory while still describing the
relevant phenomenology of LHC searches for individual SUSY
particle production and decay modes. LHC results interpreted
as simplified models can still be related to the more complex

Proton

Proton

Supersymmetric
quark/gluon

partners

Supersymmetric
W/Z partners

Lightest
supersymmetric

particles

Missing
transverse

momentum

Missing
transverse

momentum

p,  ⇡, ... → jets W, Z → leptons, jets,...

Figure 3 | A typical production and decay chain involving SUSY particles.
DM is at the end of the decay chain, leading to missing
transverse momentum.

behaviour of SUSY theories (see, for example, refs 27,28). So far,
no experimental evidence for SUSY has been found. For details on
the experimental constraints on SUSY particles see the experimental
SUSY review in ref. 29.

General searches for DM: e�ective field theories and simplified
models. While the searches in the context of complete theoretical
frameworks such as SUSY remain a focus of the LHC, in recent
years the DM search program has been augmented by a model-
agnostic approach. The starting point for generic DM searches is
the basic interaction between SM particles andWIMPs, as shown in
Fig. 4a. The basic process sought at colliders is the pair production
of DM, in association with one or more additional SM particles, as
sketched in Fig. 4b. Events are selected for these types of searches if
they contain a high-momentum object (for example, a jet, a photon,
a vector boson...) radiated by the initial state quarks and gluons,
in combination with significant missing transverse energy (Emiss

T ).
This signature is motivated by the assumption that proton–proton
collisions produce two WIMPs, which remain undetected in the
experiments but can be inferred from themeasuredEmiss

T in the event
as they recoil against the energetic mono-object. Given the presence
ofmissing transversemomentumand of at least one highly energetic
object, this search approach is sometimes calledmono-X12,30–37. This
has become a standard search strategy at colliders.

Early LHC mono-X searches employed an e�ective field theory
(EFT) approach to interpret the experimental results in terms of
DM34,35 and compare them to results of DD and ID experiments.
Within the EFT approach, SM and DM particles interact through
a four-point e�ective (contact) interaction. This is akin to the
Fermi theory describing weak interactions before the introduction
of the W and Z bosons38. Heavy particles mediating the SM–DM
interactions are mapped to generic e�ective operators. These
operators are characterized by the energy scale at which the SM–DM
interactions would occur. They capture the characteristics of the
SM–DM interaction as long as the states mediating the interaction
are heavier than the operator’s energy scale39,40. Searches at the
LHC Run 1 constrained numerous operators up to energy scales of
1.5 TeV (refs 41,42).

In its simplicity, the EFT approach is an attractive tool to
encapsulate the relevant degrees of freedom and phenomenology
for WIMP interactions without introducing the complexity of a full
theory, but the EFT description of DM at colliders may break down
at energies corresponding to the scales of the particlesmediating the
SM–DM interaction. It is therefore fruitful to take one step beyond
the simple EFT approach to further probe the interaction between
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Simplest WIMP:  part of weak multiplet

- Mediated by W/Z/h. The original WIMP proposal.
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✓
g2

0.3

◆



MWIMP  1.8 TeV

✓
g2

0.3
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Han,  Mukhopadhyay, Wang

- Will be a long road.


- Need next generation pp collider to fully explore

Figure 4: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the disap-
pearing charged track analysis for wino-like (left panel) and Higgsino-like (right panel) DM search.
The solid and dashed lines correspond to modifying the central value of the background estimate
by a factor of five, i.e., 20% and 500% of that obtained through the fit function in Eq. 2.9.

and 2000 GeV, at the 14, 27 and 100 TeV colliders respectively. For the Higgsino-like
scenario, these numbers are reduced to 200, 490 and 1370 GeV, primarily due to the reduced
production cross-section. Clearly, a 27 TeV collider can achieve a substantially improved
reach by a factor of two or more compared to the HL-LHC, while the 100 TeV collider option
will improve it further by another factor of three. Furthermore, a 100 TeV collider option
may be able to completely cover the thermal Higgsino mass window using the monojet
search, if the systematic uncertainties can be brought down to a percent level.

In Fig. 4 we compare the reach of the HL-LHC, HE-LHC and FCC-hh/SppC options
in the disappearing charged track analysis for wino-like (left panel) and Higgsino-like (right
panel) DM search. The solid and dashed lines correspond to modifying the central value of
the background estimate by a factor of five, i.e., 20% and 500% of that obtained through
the fit function in Eq. (2.9). With the lower value of the background estimate, the expected
reach on wino-like DM mass at the 95% C.L. is 0.9, 2.1 and 6.5 TeV at the 14, 27 and
100 TeV colliders respectively. For the Higgsino-like scenario, these numbers are reduced
to 300, 600 and 1550 GeV, primarily due to the smaller length of the disappearing track
and the reduced production rate. For the higher value of the background estimate, the
mass reach for the wino-like states are modified to 500, 1500 and 4500 GeV, respectively, at
the three collider energies. Similarly, for the Higgsino-like scenario, the reach is modified
to 200, 450 and 1070 GeV. We note that the signal significance in the disappearing track
search is rather sensitive to the wino and Higgsino mass values (thus making the 2� and
5� reach very close in mass). This is because, as the chargino lifetime in the lab frame
becomes shorter for heavier masses, the signal event rate decreases exponentially.

The improvements in going from the HL-LHC to the HE-LHC, and further from the
HE-LHC to the FCC-hh/SppC are very similar to those obtained for the monojet analysis
above, namely, around a factor of two and three, respectively. Although we have presented
the reach at the 100 TeV collider without reference to the cosmology of these DM candidates,

– 13 –



Future scenarios



If we made a discovery at the LHC

- Beginning of a new era. 


- However, many models feature particles with masses 
spread at least factor of several apart. 


- Won’t be able to see everything at the LHC.


- LHC discovery will set the stage for our next 
exploration, in particular at a 100 TeV pp collider.
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Similar story with composite Higgs

the rest

2-3TeV ρ…



Similar story with composite Higgs

the rest

O(10-20 TeV)

Won’t see the full spectrum 
at 14 TeV.

2-3TeV ρ…
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Why 100 TeV

- Future colliders can probe 10s TeV regime. 


Could have rich new physics: flavor, CP… 

weak scale
100 GeV

TeV(s)

LHC

10-100 TeV

Indirect indications from
Flavor,  CP LEP precision



Why 100 TeV?

- Higher is better. 


- This is fixed by reasonable expectation of technology 
(such as magnet), resource, etc. 


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


- Interesting test of naturalness, WIMP dark matter, 
and much more.

51



HE-LHC

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


- Magnet useful for 100 TeV collider down the road.


- 27/14 times better than the LHC. 


- 100/27 worse than the 100 TeV pp collider. 


- Still,  happy to have it!
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Pushing for future hadron colliders

- Physics case “obvious”. The energy frontier. 


- Without LHC discovery.

We would like to have a 100 TeV pp collider.


Cost+technological challenge. 


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



This is the proposal in 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



CERN: either FCC-ee or HE-LHC first
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Conclusions

- Physics case “obvious”. The energy frontier. 

- Still a lot of physics to be done at the LHC.

Direct search + precision measurement.

- Much work needs to be done to make the next 
collider happen.



A lot to look forward to!
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Gluino factory at 100 TeV

6 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

mass [TeV]
0 1 2 3 4 5 6 7 8

) [
pb

]
χχ 

→
(p

p 
σ

-610

-510

-410

-310

-210

-110

1

10

210

310

410

510

)
-1

(3
 a

b
nu

m
be

r o
f e

ve
nt

s 

10

210

310

410

510

610

710

810

910

1010

1110NLO+NLL
(100 TeV) Gluino
(100 TeV) Squark

(14 TeV) Gluino
(14 TeV) Squark

mass [TeV]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

) [
pb

]
χχ

→
(p

p
σ

-910

-810

-710

-610

-510

-410

-310

-210

-110

1

10

210

310

)-1
(3

 a
b

nu
m

be
r o

f e
ve

nt
s 

-210

-110

1

10

210

310

410

510

610

710

810

910(100 TeV)Wino 
(100 TeV)Higgsino 

(14 TeV)Wino 
(14 TeV)Higgsino 

 [TeV]TM
2 4 6 8 10 12 14 16

 T
T)

 [p
b]

→
(p

p 
σ

-610

-510

-410

-310

-210

-110

1

10

210

)
-1

(3
 a

b
nu

m
be

r o
f e

ve
nt

s 

10

210

310

410

510

610

710

810

910Fermionic Top Partner

100 TeV

14 TeV

Figure 1.4 Production cross section of new physics particles. Top left: gluino and squark. Top right: higgsino
and wino. Bottom left: fermionic T 0. Bottom right: W 0 and Z0.

W, Z bosons, may be properly treated as partons in the proton when there is a heavy new physics201

scale involved. We illustrate this point in Fig. 1.6, where we show the partonic luminosities versus the202

averaged energy fraction
p

⌧ (lower scale) and the partonic CM energy
p

s (top scale) for the top quark203

in Fig. 1.6 (left) [7] and the electroweak gauge bosons in Fig. 1.6 (right) [30]. We see that the top quark204

luminosity can be as large as a percent of the bottom quark in the relevant energy regime. For instance,205

at the 5 TeV partonic energy, the top quark luminosity is about 1. Incidentally, the electroweak gauge206

boson luminosities are comparable to that of the top quark. As expected, the luminosities of W±� and207

W+

T W�
T are roughly the same, indicating the electroweak unification and the symmetry restoration.208

On the other hand, the luminosity for the longitudinally polarized gauge bosons is about two orders of209

magnitude lower, due to the lack of energy enhancement from a Goldstone-boson radiated off a quark.210

For pT ’s approaching ⇠ 10 TeV, the electroweak Sudakov factor ⇠ 4↵
2

log

2

(p2

T /m2

W ) ⇠ 0.1, and211

we have “electroweak radiation” in complete analogy with electromagnetic and gluon radiation. At the212

very high energies E � MW , EW gauge bosons are copiously produced by radiation. For instance, a213

W or Z gauge boson would be radiated off a light quark with 10 TeV of energy with a probability of214

10% and off a gauge boson with a probability of 20%, yielding a rate that is order of magnitude higher215

than the perturbative production of a gauge boson. This is illustrated in the left panel of Fig. 1.7, where216

we see that nealrly 20% of dijet events with pT ⇠ 10 TeV contain a W or Z.217

This phenomenon makes it easier to “see” traditionally invisible particles such as neutrinos (or even218

dark matter particles), through electroweak radiation. This can be nicely illustrated by probing the219

invisible decay of a Z 0 ! ⌫⌫ at the SppC. For heavy enough Z 0’s, there is a significant rate for radiating220

off W, Z’s. The ratio �(Z 0 ! ⌫⌫̄)/�(Z 0 ! ⌫⌫̄Z/W ) is only depends on the mass of the Z 0, and so221

if this visible mode is abundant enough we can directly determine the invisible rate (and thereby also222

directly determine the Z 0 coupling to left-handed leptons). The total three-body branching ratio can be223

as large as a few percent for a heavy Z 0, as shown in the right panel of Fig. 1.7 [6].224

> 103  more gluino produced at 100 TeV collider



A confusing picture for Higgs mass115 125 135 145 155 165 175 185
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Figure 2: Masses of the lightest colored KK fermions in the MCHM5 (upper plot), and in the
MCHM10 (lower plot). Different symbols denote KKs with different quantum numbers under
SU(2)L×U(1)Y , as specified in the plots. Both plots are for ϵ = 0.5, N = 8. In the upper one

we have varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < !mu < 0.42, −3.5 < "Mu < −2.2 (filled

points), or 0.2 < cq < 0.35, −0.25 < cu < −0.42, −1.3 < !mu < 0.2, 0.1 < "Mu < 2.3 (empty
points). In the lower plot we have varied 0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < !mu < 3,

−3 < "Mu < −0.3. The black continuous line is the fit to the mass of the lightest resonance
according to Eqs. (15) and (18).
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Supersymmetry
Stop too heavy to be natural

Composite top partner 
too light, excluded

Such conclusions too simplistic, “work around” available.

A bit uncomfortable, yes. But still viable. 

MSUSY (GeV)



More novelties at a 100 TeV collider

- Bigger, messier jets. 

LHC triggered a revolution in jet technology.
100 TeV pp collider demands more!

Figure 36: Multiplicity distribution in high-pT jets orginating from hadronically decaying
top quarks (upper rows), bottom quarks and light partons (central rows) and hadronic
decays of W bosons (lower rows).

Figure 37: Fraction of the total energy for R = 1 jets, contained within smaller radii R0.

Figure 36 plots the multiplicity distribution of particles (both charged
and neutral, assuming stable ⇡0’s) contained within a cone of radius R = 0.4
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Luminosity target of  100 TeV pp collider

- Reach gain a factor of 5 
for first 3 ab-1 , increase 
slowly after that.


- High lumi more important 
for light weakly coupled 
NP.


- Can start at lower 
instantaneous lumi. 


- 10-20 ab-1 per experiment 
seems to be adequate.

62

Figure 7: Cross sections for the production of dijet pairs with invariant mass Mjj > Mmin, at c.m. energiesp
s = 14 and 100 TeV. The jets are subject to the pT and ⌘ cuts shown in the legend.

notice that the benefit of luminosity is more prominent at low mass than at high mass. We also notice
that, considering the multi-year span of the programme, and assuming a progressive increase of the
luminosity integrated in a year, an early start at low luminosity does not impact significantly the
ultimate reach after a fixed number of years.

year
0 1 2 3 4 5 6 7 8 9 10

ra
tio

 o
f m

as
s 

re
ac

h

0

1

2

3

4

5

6

7

8

 s / year
7

 10
×

 = 6 TeV, 0.6 
low

m
   

-1Mass Reach compared to HL-LHC 3 ab

 = 100 TeVs
-1s-2 cm3210×1  

 (8 yrs)-1s-2 cm3410× (2 yrs) + 3-1s-2 cm3210×1  
-1s-2 cm3410×3 
-1s-2 cm3510×1  

year
0 1 2 3 4 5 6 7 8 9 10

ra
tio

 o
f m

as
s 

re
ac

h

0

1

2

3

4

5

6
 s / year

7
 10
×

 = 1 TeV, 0.6 
low

m
   

-1Mass Reach compared to HL-LHC 3 ab

 = 100 TeVs
-1s-2 cm3210×1  

 (8 yrs)-1s-2 cm3410× (2 yrs) + 3-1s-2 cm3210×1  
-1s-2 cm3410×3 
-1s-2 cm3510×1  

Figure 8: Evolution with time of the mass reach at
p
s = 100 TeV, relative to HL-LHC, under di↵erent

luminosity scenarios (1 year = 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).

These results are not an argument for modest luminosity as an ultimate goal, but a reminder
of the advantages of high collider energy. Should specific very-high-mass targets arise, the overall
optimization of energy and luminosity need not be restricted to a single parameter.

8
Hinchliffe, Kotwal, Mangano, Quigg, LTW
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Figure 4: Ratio of the reach of new physics scale from the LHC and 100 TeV pp collider,
shown as a function of the ratio of luminosity. New physics produced from di↵erent
partonic initial states are considered. The limit of LHC is assumed to be 6 TeV (left) and
1 TeV (right).

Figure 5: Two examples of the increase of the reaches of new physics with 10 times more
luminosity. Left: Drell-Yan production of sequential W 0. Right: Pair production of heavy
quark.

First, we focus on the highest possible reach in mass. For the LHC, we
assume the reach for the scale of certain type of new physics is 6 TeV, shown

1For a useful tool to perform such estimates, see
http://collider-reach.web.cern.ch/collider-reach/, by Salam and Weiler.
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Very degenerate, disappearing track. 

Figure from ATLAS disappearing track search twiki

- Main decay mode 𝞆± → π± + 𝞆0 .  

- Charge track ≈ 10(s) cm 


- Impressive limit at the LHC already.
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FIG. 7. The constraint on the allowed ∆mχ̃1
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1

space of

the AMSB model for tan β = 5 and µ > 0. The dashed line
shows the expected limits at 95% CL, with the surrounding
shaded band indicating the 1σ exclusions due to experimental
uncertainties. Observed limits are indicated by the solid bold
contour representing the nominal limit and the narrow sur-
rounding shaded band is obtained by varying the cross-section
by the theoretical scale and PDF uncertainties. The previous
result from Ref. [8] and an example of the limits achieved at
LEP2 by the ALEPH experiment [9] are also shown on the
left by the dotted line and the shaded region, respectively.
Charginos in the lower shaded region could have significantly
longer lifetime values for which this analysis has no sensitivity
as the chargino does not decay within the tracking volume.
For this region of long-lived charginos, the limits achieved at
LEP2 by the ALEPH experiment is 101 GeV [9].
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South Africa; MINECO, Spain; SRC and Wallenberg
Foundation, Sweden; SER, SNSF and Cantons of Bern
and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey;
STFC, the Royal Society and Leverhulme Trust, United
Kingdom; DOE and NSF, United States of America.

The crucial computing support from all WLCG part-
ners is acknowledged gratefully, in particular from
CERN and the ATLAS Tier-1 facilities at TRIUMF
(Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Tai-
wan), RAL (UK) and BNL (USA) and in the Tier-2 fa-
cilities worldwide.

[1] G. F. Giudice, M. A. Luty, H. Murayama, and
R. Rattazzi, J. High Energy Phys. 12 027 (1998),
arXiv:hep-ph/9810442.

[2] L. Randall and R. Sundrum, Nucl. Phys. B557 79
(1999), arXiv:hep-th/9810155.

[3] M. Ibe, S. Matsumoto, and T. T. Yanagida, Phys. Rev.
D85 095011 (2012), arXiv:1202.2253 [hep-ph].

[4] L. J. Hall, Y. Nomura, and S. Shirai, J. High Energy
Phys. 1301 036 (2013), arXiv:1210.2395 [hep-ph].

[5] A. Arvanitaki, N. Craig, S. Dimopoulos, and
G. Villadoro, J. High Energy Phys. 1302 126 (2013),
arXiv:1210.0555 [hep-ph].

[6] N. Arkani-Hamed, A. Gupta, D. E. Kaplan, N. Weiner,
and T. Zorawski, arXiv:1212.6971 [hep-ph].

[7] ATLAS Collaboration, Eur. Phys. J. C72 1993 (2012),
arXiv:1202.4847 [hep-ex].

[8] ATLAS Collaboration, J. High Energy Phys. 1301 131
(2013), arXiv:1210.2852 [hep-ex].

[9] ALEPH Collaboration, A. Heister et al., Phys. Lett.
B533 223 (2002), arXiv:hep-ex/0203020 [hep-ex].

[10] DELPHI Collaboration, J. Abdallah et al., Eur. Phys.
J. C34 145 (2004), arXiv:hep-ex/0403047 [hep-ex].

[11] L3 Collaboration, M. Acciarri et al., Phys. Lett. B482
31 (2000), arXiv:hep-ex/0002043 [hep-ex].

[12] OPAL Collaboration, G. Abbiendi et al., Eur. Phys. J.
C29 479 (2003), arXiv:hep-ex/0210043 [hep-ex].

[13] ATLAS Collaboration, JINST 3 S08003 (2008).
[14] ATLAS uses a right-handed coordinate system with its

origin at the nominal interaction point (IP) in the
center of the detector and the z-axis coinciding with the
axis of the beam pipe. The x-axis points from the IP to
the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r,φ) are used in the
transverse plane, φ being the azimuthal angle around
the beam pipe. Pseudorapidity is defined in terms of the
polar angle θ as η = − ln tan(θ/2).

[15] ATLAS Collaboration, arXiv:1302.4393 [hep-ex].



Mono-jet

 [TeV]
χ∼

m
0 1 2 3 4 5 6

wino  disappearing tracks

higgsino  

)  H~/B~mixed (

)  W~/B~mixed (

gluino coan.  

stop coan.  

squark coan.  

Collider Limits
100 TeV
14 TeV

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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Basic channel
- pair production + additional radiation.


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


- Have become “Standard” LHC searches.
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100 TeV pp collider, a big step in energy6 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC
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Figure 1.4 Production cross section of new physics particles. Top left: gluino and squark. Top right: higgsino
and wino. Bottom left: fermionic T 0. Bottom right: W 0 and Z0.

W, Z bosons, may be properly treated as partons in the proton when there is a heavy new physics201

scale involved. We illustrate this point in Fig. 1.6, where we show the partonic luminosities versus the202

averaged energy fraction
p

⌧ (lower scale) and the partonic CM energy
p

s (top scale) for the top quark203

in Fig. 1.6 (left) [7] and the electroweak gauge bosons in Fig. 1.6 (right) [30]. We see that the top quark204

luminosity can be as large as a percent of the bottom quark in the relevant energy regime. For instance,205

at the 5 TeV partonic energy, the top quark luminosity is about 1. Incidentally, the electroweak gauge206

boson luminosities are comparable to that of the top quark. As expected, the luminosities of W±� and207

W+

T W�
T are roughly the same, indicating the electroweak unification and the symmetry restoration.208

On the other hand, the luminosity for the longitudinally polarized gauge bosons is about two orders of209

magnitude lower, due to the lack of energy enhancement from a Goldstone-boson radiated off a quark.210

For pT ’s approaching ⇠ 10 TeV, the electroweak Sudakov factor ⇠ 4↵
2

log

2

(p2

T /m2

W ) ⇠ 0.1, and211

we have “electroweak radiation” in complete analogy with electromagnetic and gluon radiation. At the212

very high energies E � MW , EW gauge bosons are copiously produced by radiation. For instance, a213

W or Z gauge boson would be radiated off a light quark with 10 TeV of energy with a probability of214

10% and off a gauge boson with a probability of 20%, yielding a rate that is order of magnitude higher215

than the perturbative production of a gauge boson. This is illustrated in the left panel of Fig. 1.7, where216

we see that nealrly 20% of dijet events with pT ⇠ 10 TeV contain a W or Z.217

This phenomenon makes it easier to “see” traditionally invisible particles such as neutrinos (or even218

dark matter particles), through electroweak radiation. This can be nicely illustrated by probing the219

invisible decay of a Z 0 ! ⌫⌫ at the SppC. For heavy enough Z 0’s, there is a significant rate for radiating220

off W, Z’s. The ratio �(Z 0 ! ⌫⌫̄)/�(Z 0 ! ⌫⌫̄Z/W ) is only depends on the mass of the Z 0, and so221

if this visible mode is abundant enough we can directly determine the invisible rate (and thereby also222

directly determine the Z 0 coupling to left-handed leptons). The total three-body branching ratio can be223

as large as a few percent for a heavy Z 0, as shown in the right panel of Fig. 1.7 [6].224
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