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Where Are We Now?

๏ Our wish list has not change much from 10 years ago. 

๏ Discovery of Higgs  

➡ Exclude technicolor  

➡ Narrow down parameter space  

๏ Non-discovery of anything else   

➡ New physics gets heavier  

➡ A bit uncomfortable, big picture unchanged 
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Where is New Physics?  
larger mass? Small Coupling? Too much BG? 



S. Su 4

Then What? 

Where is New Physics?  
larger mass? Small Coupling? Too much BG? 

  



S. Su 4

Then What? 

Where is New Physics?  
larger mass? Small Coupling? Too much BG? 

  

๏ Direct search for new particles



S. Su 4

Then What? 

Where is New Physics?  
larger mass? Small Coupling? Too much BG? 

  

๏ Direct search for new particles

   Need colliders with larger energies (pp or e+e- with large Ecm)



S. Su 4

Then What? 

Where is New Physics?  
larger mass? Small Coupling? Too much BG? 

  

๏ Direct search for new particles

   Need colliders with larger energies (pp or e+e- with large Ecm)



S. Su 4

Then What? 

Where is New Physics?  
larger mass? Small Coupling? Too much BG? 

  

๏ Direct search for new particles

   Need colliders with larger energies (pp or e+e- with large Ecm)

๏ Indirect search for imprints on W, Z, top and Higgs 



S. Su 4

Then What? 

Where is New Physics?  
larger mass? Small Coupling? Too much BG? 

  

๏ Direct search for new particles

   Need colliders with larger energies (pp or e+e- with large Ecm)

๏ Indirect search for imprints on W, Z, top and Higgs 

   Need colliders/measurements with unprecedented accuracy



S. Su 4

Then What? 

Where is New Physics?  
larger mass? Small Coupling? Too much BG? 

  

๏ Direct search for new particles

   Need colliders with larger energies (pp or e+e- with large Ecm)

๏ Indirect search for imprints on W, Z, top and Higgs 

   Need colliders/measurements with unprecedented accuracy

   (e+e- or pp with high luminosity)
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FCC

HE-LHC  
27 km, 20T 

33 TeV

 FCC-hh 
80 /100 km, 16/20T  

100 TeV

FCC-ee 
80/100 km 

90 - 400 GeV
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CEPC-SPPC

Qinhuangdao (〜ⲽዑε

50 km 

70 km 

easy access
300 km from Beijing
3 h by car
1 h by train 

Yifang Wang

CepC, SppC

CepC/SppC study (CAS-IHEP), CepC CDR end 
of 2014, e+e- collisions ~2028; pp collisions ~2042

“Chinese Toscana”

e+e-: 240 GeV 
pp: 70-100 TeV
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easy access
300 km from Beijing
3 h by car
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Yifang Wang

CepC, SppC

CepC/SppC study (CAS-IHEP), CepC CDR end 
of 2014, e+e- collisions ~2028; pp collisions ~2042

“Chinese Toscana”

e+e-: 240 GeV 
pp: 70-100 TeV

PRe-CDR
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Machine Options

Related stories

LHC upgrades could
reveal whether Higgs
boson is 'standard'

Particle physics: Together
to the next frontier

Physicists plan to build a

The machine would be a big leap for China. The country’s biggest current collider is just 240 metres in
circumference. Ten years ago, Chinese particle physicists would have doubted their ability to host a 52-kilometre
machine, says Ian Shipsey an experimental physicist at the University of Oxford, UK. But after several successes
in collider and neutrino experiments, including showing in 2012 how neutrinos change from one form to another,
China now has “the confidence, for the first time, to propose an ambitious new machine”, says Shipsey.

The Chinese government is yet to agree on any funding, but growing economic confidence in the country has led
its scientists to believe that the political climate is ripe, says Nick Walker, an accelerator physicist at DESY,
Germany’s high-energy physics laboratory in Hamburg. Although some technical issues remain, such as keeping
down the power demands of an energy-hungry ring, none are major, he adds.

But China is still a long way from collider dominance. Its main weakness is that its high-energy-physics community
is small, says Guido Tonelli, a particle physicist and former head of one of the two major experiments at CERN. If
China is to eventually host a super collider, the project will have to be international, he adds. “Nobody would be
able to do that alone.”

Wang says that China would welcome international funding contributions for
both projects, and that if there is a lot of support the ring size could be
expanded to 80!kilometres, increasing the scientific scope (see ‘Collision
course’). But he adds that the country will not wait for collaborators before
pressing ahead. The next two years will be spent sketching out a design and
establishing what technical difficulties need to be ironed out. Detailed design,
budget and location plans will follow, and construction could begin in as little as
five years, adds Wang.

e+e-: 90 - 400 GeV

NATURE |  NEWS

China plans super collider
Proposals for two accelerators could see country become collider capital of the world.

22 July 2014

For decades, Europe and the United States have led the way when it comes to high-energy particle colliders. But
a proposal by China that is quietly gathering momentum has raised the possibility that the country could soon
position itself at the forefront of particle physics.

Scientists at the Institute of High Energy Physics (IHEP) in Beijing, working with international collaborators, are
planning to build a ‘Higgs factory’ by 2028 — a 52-kilometre underground ring that would smash together
electrons and positrons. Collisions of these fundamental particles would allow the Higgs boson to be studied with

Elizabeth Gibney

Martial Trezzini/epa/Corbis

The 27-kilometre Large Hadron Collider at CERN could soon be overtaken as the world’s largest particle
smasher by a proposed Chinese machine.

Nature News, July
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๏ Higgs-related 

๏ dark matter 

๏ top partners  
   (naturalness) 

๏ other BSM 

Future 
Colliders

๏ Cosmo 
connection Why is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
theory.
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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”:  
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Physics opportunity at e+e- machine 
Higgs/Z/... factory

 90 - 500 GeV or 1 TeV

๏ precision test (Z, W, H, t) 

๏ invisible decay of Z and H: dark matter  

๏ rare decay 

๏ direct new physics search:Ecm/2
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e+e- Machine: Lum vs. Ecm

F. Gianotti, LHCP 2014, 6/6/2014 13 

              Size     √s       RF     L per IP    Bunch/train       σx         σy     Lumi within    Polarisation  
               km      GeV   MV/m    1034    x-ing rate(Hz)     μm    nm   1% of √s          e-/e+ 

                                    
CEPC       54     240     20        1.8       4x105            74     160     >99%           considered 
FCC-ee   100    240     20         6         2x107            22      45     >99%           considered 
ILC         31      250    14.7      0.75       5                0.7     7.7      87%              80%/30%  
ILC         31      500    31.5      1.8          5                0.5     5.9      58%             80%/30%    
CLIC       48     3000   100        6          50               0.04     1       33%           80%/considered                         

Some typical energy points only 

Summary of e+e- colliders main parameters 

Linear 

CepC (2 IPs) 

Circular 

Modified from original version: 
http://arxiv.org/pdf/1308.6176v3.pdf 
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F. Gianotti, Higgs Hunting 2014

Ecm running time statistics (FCC-ee)
 1011    b,c,τ

90 GeV 1-2 yrs 1012       Z (Tera Z)
160 GeV 1-2 yrs 108- 109  WW(Oku W)
240 GeV 4-5 yrs 2x106   ZH (Mega H)

350 GeV 4-5 yrs 106          tt  (Mega top)
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Electroweak Precision Measurements
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EW Precision at Z pole

Baseline: 100 fb-1 on Z-pole, 60 fb-1 around Z-pole scan
A big step forward

Large improvements across the board

Current accuracy

CEPC: baseline and improvements

MZ �Z MW Rb Rl AbFB sin2�W N�
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Precision Electroweak Measurements at the CEPC

Friday, February 27, 15

Zhijun Liang (CEPC preCDR)

๏ Systematics dominate 

๏ Potential improvements 

- energy calibration 
- more statistics
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Baseline Fit

106 ELECTROWEAK PRECISION PHYSICS AT THE CEPC

whereas U would arise from a dimension eight operator [34]. This provides a strong
theoretical prior that U ⌧ S, T and justifies our focus on only two oblique parameters.
The fit presented here is a profile likelihood: the free parameters are varied to maximize
the likelihood for given S and T . This differs from marginalizing, when various values of
the free parameters are integrated with respect to some prior probability distribution. The
profile likelihood gives slightly more conservative bounds.

The result of the fit for S and T is depicted in Fig. 4.1. 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 68% C.L. and 95% C.L.
uncertainty contours are presented (i.e., ��2

= 2.30 and 6.18). Relative to the current
electroweak precision results (dominated by LEP and the SLC 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.

-0.2 -0.1 0.0 0.1 0.2
-0.2

-0.1

0.0

0.1

0.2

S

T

Electroweak Fit: S and T Oblique Parameters

Current (95%)
Current (68%)
CEPC (95%)
CEPC (68%)

Figure 4.1 CEPC constraints on the oblique parameters S and T , compared to the current constraints.

CEPC �Z(mZ) [GeV] mt [GeV]
Improved Error (±1

exp

± 0.8
th

) ⇥ 10�4 (±0.0001) ±0.03
exp

± 0.1
th

Table 4.6 Potential improvements for CEPC measurements. The Z width measurement (and the Z mass)
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.

It is possible that the current baseline plan for CEPC can be improved upon by high-
er luminosity runs, better calibration, or higher beam energy. Table 4.6 lists possible
improvements. 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 [27]. The same technique could also improve mZ’s precision. We consid-

Even with conservative estimates, CEPC will provide a 
substantial improvement over existing data.

Electroweak Fit

CEPC ELECTROWEAK OBLIQUE PARAMETER FIT 105

4.2 CEPC Electroweak Oblique Parameter Fit

Based on the latest estimates of the experimental capabilities of CEPC, we estimate the
precision that can be obtained in a fit of the electroweak parameters S and T [19, 20].
These parameters describe the gauge boson self-energies and are very sensitive to physics
beyond the SM, especially when the new physics addresses the Higgs sector. Thus, one
expects them to be affected in almost any TeV scale scenario. Table 4.5 presents the as-
sumed experimental uncertainties that enter into the fit. The numbers in boldface represent
measurements performed by CEPC. Other improvements between the current uncertain-
ties and those that will be available when CEPC runs will result from LHC measurements
of the top quark, lattice QCD calculations, and perturbative Standard Model calculations.
A thorough discussion of the prospects for these improvements and the rationale behind
the choices made in the table may be found in Ref. [21]. Readers seeking a more general
review of the status of electroweak precision should consult Ref. [22].

Present data CEPC fit
↵s(M2

Z) 0.1185 ± 0.0006 [23] ±1.0 ⇥ 10

�4 [24]
�↵(5)

had

(M2

Z) (276.5 ± 0.8) ⇥ 10

�4 [25] ±4.7 ⇥ 10

�5 [26]
mZ [GeV] 91.1875 ± 0.0021 [27] ±0.0005

mt [GeV] (pole) 173.34 ± 0.76

exp

[28] ±0.5
th

[26] ±0.2
exp

±0.5
th

[29, 30]
mh [GeV] 125.14 ± 0.24 [26] < ±0.1 [26]
mW [GeV] 80.385 ± 0.015

exp

[23]±0.004

th

[31] (±3

exp

± 1

th

) ⇥ 10

�3 [31]
sin

2 ✓`
e↵

(23153 ± 16) ⇥ 10

�5 [27] (±2.3
exp

± 1.5
th

) ⇥ 10

�5 [32]
�Z [GeV] 2.4952 ± 0.0023 [27] (±5

exp

± 0.8
th

) ⇥ 10

�4 [33]
Rb ⌘ �b/�had

0.21629 ± 0.00066 [27] ±1.7 ⇥ 10

�4

R` ⌘ �

had

/�` 20.767 ± 0.025 [27] ±0.007

Table 4.5 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 effect 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.

We have included sin

2 ✓`
e↵

as an observable in the fit, although it will itself result from
a fit of several other parameters, including A0,b

FB

, A`, and A0,`
FB

. A detailed assessment of
each of these individual inputs has not yet been performed for CEPC, so we include only
the estimated precision that can be achieved on the combination sin

2 ✓`
e↵

. Similarly, other
observables like �

had

will ultimately play a role in CEPC precision tests, but we omit them
until future experimental studies provide precise uncertainty estimates.

We have performed a fit to the oblique parameters S and T under the assumption that
U = 0. Given that a weakly-coupled Higgs boson has been discovered, S and T result
from dimension six operators,

OS ⌘ h†W µ⌫hBµ⌫ , (4.4)

OT ⌘
��h†Dµh

��2 , (4.5)

Numbers in boldface: major CEPC inputs to the electroweak 
precision fit.

EW Precision

Reece, Fan, Wang (2014)
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  Higgs Precision

๏ Deviation of SM Higgs couplings 

๏ New coupling structures, beyond the SM 

๏ Higgs couples to new particles
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Higgs Precision Measurement

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) b¯b ·+·≠ µ+µ≠ cc̄ ss̄
125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W +W ≠ ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e+e≠ æ Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+e≠ æ he+e≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e+e≠ collision energy of 250 GeV (just above threshold for
hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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NEW COLLIDERS FOR A NEW FRONTIER 5

LHC 300/3000 fb-1

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC
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Precision of Higgs couplingmeasurement (Contrained Fit)

Figure 1.2 Top: The 7 parameter fit, and comparison with the HL-LHC, discussed in detail in Chapter 2.
The projections for CEPC at 250 GeV with 5 ab�1 integrated luminosity are shown. The CEPC results without
combination with HL-LHC input are shown with dashed edges. The LHC projections for an integrated luminosity
of 300 fb�1 are shown in dashed edges. Bottom: Comparison between the LHC and several benchmark luminosities
of the CEPC.

Collisions at 100 TeV experimentally probe the standard model in a regime where the electroweak203

symmetry is effectively restored. Numerically, a top quark at 100 TeV is as massless as the bottom204

quark at the Tevatron energy. An immediate consequence will be that the top quark, as well as the205

W, Z bosons, may be properly treated as partons in the proton when there is a heavy new physics206

scale involved. We illustrate this point in Fig. 1.6, where we show the partonic luminosities versus the207

averaged energy fraction
p

⌧ (lower scale) and the partonic CM energy
p

s (top scale) for the top quark208

in Fig. 1.6 (left) [7] and the electroweak gauge bosons in Fig. 1.6 (right) [30]. We see that the top quark209

luminosity can be as large as a percent of the bottom quark in the relevant energy regime. For instance,210

at the 5 TeV partonic energy, the top quark luminosity is about 1. Incidentally, the electroweak gauge211

boson luminosities are comparable to that of the top quark. As expected, the luminosities of W±� and212

W+

T W�
T are roughly the same, indicating the electroweak unification and the symmetry restoration.213

56 HIGGS PHYSICS AT CEPC
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Figure 2.5 Feynman diagrams of the e+e� ! ZH , e+e� ! ⌫⌫̄H and e+e� ! e+e�H processes.
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Figure 2.6 (a) Production cross sections of e+e� ! ZH and e+e� ! ⌫⌫̄H, e+e�H as functions of
p

s for a
125 GeV Higgs boson. (b) Higgs boson decay branching ratios as functions of mH .

W events will be produced. These events are main backgrounds for the Higgs production. However,1610

because of the large differences in mass values and decay topologies, their impacts on the Higgs property1611

measurements are expected to be small.1612

2.3.2 Recoil Mass Distributions of e+e� ! ZH Events1613

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable and1614

adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair of fermions (Z !1615

ff ), the Higgs boson mass MH can be reconstructed as the mass of the system (recoil mass m
recoil

)1616

recoiling against the Z boson assuming the event has the total energy
p

s and zero momentum:1617

m2

recoil

= (

p
s � Eff )

2 � p2

ff = s � 2Eff

p
s + m2

ff (2.2)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass of the1618

fermion pair. The m
recoil

distribution should exhibit a resonant peak at MH for the signal processes1619

e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background processes. The width of the1620

resonance is largely determined by the energy and momentum resolution of the detector as the Higgs1621

boson physical width is about 4 MeV and
p

s will be known better than 1 MeV. Thus the best precision1622

is achieved for the leptonic Z ! `` (` = e, µ) decays.1623

๏ Determine all Higgs couplings (model-independent) 
๏ Infer Higgs total decay width 
๏ probe invisible Higgs decay
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-Implications of  Higgs and EW Precision

๏ EW baryogenesis, Higgs potential 

๏ effective operators: wi/wo breaking of SM symmetry 

๏ naturalness, fine tuning 

- SUSY, fold SUSY, ... 

- composite Higgs 

๏ Higgs portal, UV completion 

๏ ... 
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Tree-level 2HDM fit
-

2HDM, LHC/CEPC fit

2HDM: Tree Level

6

2HDM Type-II

Alignment limit :
cos 𝛽 − 𝛼 = 0
𝑔 2𝐻𝐷𝑀 = 𝑔(𝑆𝑀)

2HDM: Tree Level

6

2HDM Type-II

Alignment limit :
cos 𝛽 − 𝛼 = 0
𝑔 2𝐻𝐷𝑀 = 𝑔(𝑆𝑀)

Gu, Li, Liu, SS, Su (2017) 
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๏ baryon asymmetry ⬅ baryogenesis ⬅ strong 1st order EWPT 

๏ SM: 125 GeV, 2nd order EWPT ➡ no EW baryogenesis 
๏ BSM with strong 1st order EWPT ➡ large deviation in HHH 
➡ HHH > 20% or more, 100 TeV pp 
➡ ggH coupling, LHC 
➡ HZZ coupling, e+e-

18 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

These possibilities are associated with totally different underlying dynamics for electroweak symme-512

try breaking than the Standard Model, requiring new physics beyond the Higgs around the weak scale.513

They also have radically different theoretical implications for naturalness, the hierarchy problem and514

the structure of quantum field theory.515

The leading difference between these possibilities show up in the cubic Higgs self-coupling. In516

the standard model, minimizing the potential gives v2
= 2m2/�. Expanding around this minimum517

h = (v + H)/
p

2 gives V (H) =

1
2m2

HH2
+

1
6µH3

+ · · · , with m2
H = �v2 and µSM = 3(m2

H/v).518

Now consider the example with the quartic balancing against a sextic, for the sake of simplicity to519

illustrate the point, let’s take the limit where the m2 term in the potential can be neglected. Now the520

potential is minimzed for v2
= 2|�|⇤2, and we find m2

H = 2�v2, µ = 7m2
H/v = (7/3)µSM , giving521

an O(1) deviation in the cubic Higgs coupling relative to the Standard Model. In the case with the522

non-analytic (h†h)

2 log(h†h) potential, the cubic self-coupling is µ = (5/3)µSM .523

The LHC will not have the sensitivity to the triple higgs coupling to distinguish these possibilities.524

Even larger departures from the standard picture are possible-e don’t even know whether the dynamics525

of symmetry breaking is well-approximated by a single light, weakly coupled scalar; there may be a526

number of light scalars, and not all of them need be weakly coupled!527

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 2.11 Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fundamental questions we can528

ask is about any symmetry breaking phenomenon–what is the order of the associated phase transition?529

How can we experimentally decide whether the electroweak phase transition in the early universe was530

second order or first order? In many ways, this question is the most obvious next step following the531

Higgs discovery: having understood what breaks electroweak symmetry, we must now undertake an532

experimental program to probe how electroweak symmetry is restored at high energies.533

A first-order phase transition is also strongly motivated by the possibility of electroweak baryoge-534

nesis. While the origin of the baryon asymmetry is one of the most fascinating questions in physics,535

it is frustratingly straightforward to build models for baryogenesis at ultra-high energy scales, with no536

direct experimental consequences. However, we aren’t forced to defer this physics to the deep ultravi-537

olet: as is well-known the dynamics of electroweak symmetry breaking itself beautifully provides all538

the ingredients needed for baryogenesis. At temperatures far above the weak scale, where electroweak539

symmetry restored, electroweak sphalerons are unsuppressed, and violate baryon number. As the tem-540

perature cools to near the electroweak transition, bubbles of the symmetry breaking vacuum begin to541

appear. CP violating interactions between particles in the thermal bath and the expanding bubble walls542

can generate a net baryon number. If the phase transition is too gradual (second order), then the Higgs543

vev inside the bubbles turns on too slowly, so the sphalerons are still active inside the bubble, killing the544

baryon asymmetry generated in this way. But if the transition is more sudden (first order), the Higgs545

vev inside the bubble right at the transition is large, so the sphalerons inside the bubble are Boltzmann546

Reach for new physics

(also useful to probe EW baryogenesis: e.g. Katz, Perelstein 1401.1827)

Craig, Englert, McCullough; 
CEPC pre-CDR

Also probe Higgs self-
coupling through loop effect 
(McCullough 1312.3322)

Self-Coupling Indirectly at NLO

•  At NLO modified coupling enters in the 
following loops:


•  And also:                         

MM.  2014

Self-Coupling at NLO
•  In most realistic BSM scenarios not just 

self-coupling modified and if rescaled 
couplings, really measure:

•  Can’t “fingerprint” modified self-coupling 
from a single cross section deviation.
– For similar examples of tree vs loop see many 

LEP papers (available on request).
•  However, for constraint to be invalidated 

would require unnatural cancellation 
between different contributions.

�240� = 100 (2�Z + 0.014�h)%

MM.  2014

Would see effect if order-one 
deviation from SM!

EW baryogenesis
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Physics opportunity at FCC-pp/SppC
 80 - 100 TeV
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Physics opportunity at FCC-pp/SppC

   

๏ new particles: a few TeV - 30 TeV, beyond LHC reach 

๏ increased rate for sub-TeV particle: increased 

precision wrt LHC: Z, W, top,... 

๏ rare process in sub-TeV mass range 

๏ Higgs and EWSB: more Higgs couplings, WW 

scattering, Higgs self-coupling,...

 80 - 100 TeV
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Physics opportunity at pp machine

 80 - 100 TeV
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Physics opportunity at pp machine

 80 - 100 TeV

--

๏ Higgs-related 

๏ dark matter 

๏ top partners  
   (naturalness) 

๏ other BSM ๏ SM physics 

๏ Cosmo 
connection Why is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
theory.

 

 
 

 
5 (26) 

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”:  

 

 

particle spin

quark: u, d,... 1/2
lepton: e... 1/2

photon 1
W,Z 1
gluon 1
Higgs 0

h:  a new kind of 
elementary particle

Friday, October 11, 13

๏ precision    
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Physics opportunity at pp machine
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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 
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is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 
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be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

particle spin

quark: u, d,... 1/2
lepton: e... 1/2

photon 1
W,Z 1
gluon 1
Higgs 0

h:  a new kind of 
elementary particle

Friday, October 11, 13

๏ precision    
   tests 

100 TeV 
pp



S. Su 24

-Higgs related

๏ SM-like Higgs 
➡ Deviation of SM Higgs couplings 
➡ New coupling structures, beyond the SM 
➡ Higgs couples to new particles 

๏ non-SM like Higgs sector
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Higgs Production @ pp 
20 Working group report: QCD
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Figure 1-6. Cross section predictions at proton-proton colliders as a function of center-of-mass operating
energy,

p
s.

can be estimated by,

�DPS
XY ⇡ �X�Y

15 mb
. (1.5)

In this equation the DPS contribution for the final state XY is related to the usual cross sections for
individually producing final states X and Y dividing by an e↵ective DPS cross section. This cross section
appears to be approximately independent of energy up to 8 TeV and is approximately 15 mb (for example,
see Ref. [82] for a recent measurement at 7 TeV). Of course the uncertainty on the e↵ective cross section,
and indeed on the accuracy of Eq. (1.5) itself, is such that this should be considered an order-of-magnitude
estimate only. A particularly simple application of this is the estimation of the fraction of events for a given
final state in which there is an additional DPS contribution containing a pair of b-quarks. This fraction is
clearly given by the ratio, �bb̄/(15 mb). From the figure this fraction ranges from a manageably-small 2%
e↵ect at 8 TeV to a much more significant 20% at 100 TeV. More study would clearly be required in order to
obtain a true estimate of the impact of such events on the physics that could be studied at higher energies,
but these simplified arguments can at least give some idea of the potentially troublesome issues.

As an example of the behavior of less-inclusive cross sections at higher energies, Fig. 1-7 shows predictions
for H + n jets +X cross sections at various values of

p
s and as a function of the minimum jet transverse

momentum. The cross sections are all normalized to the inclusive Higgs production cross section, so that

Community Planning Study: Snowmass 2013

Snowmass QCD Working Group: 1310.5189

21

Higgs pair production in gg fusion

Grober and Muhlleitner,  arXiv:1012.1562

A typical feature of composite Higgs models is the appearance of a ttHH effective 
coupling, which contributes to gg→HH

gttHH = Δ (ytop / v) 
g3H = g3HSM

A ⇠ m2
t

v2
A ⇠ g3H

m2
t

v2

m2
H

ŝ
log

2

✓
ŝ

m2
t

◆
A ⇠ gttHH

m2
t

v2
log

2

✓
ŝ

m2
t

◆

gttHH = 0 
g3H = (1+Δ) g3HSM

Contino et al, arXiv:1205.5444

F. Gianotti, LHCP 2014, 6/6/2014 15 

Cross sections vs √s 

Snowmass report:  
arXiv:1310.5189  

Process    σ (100 TeV)/σ (14 TeV) 
 
Total pp       1.25 
 
W                 ~7  
Z                  ~7 
WW             ~10 
ZZ               ~10 
tt                ~30     
 
H                  ~15     (ttH  ~60)  
 

HH               ~40 
 
stop              ~103 

(m=1 TeV)  

Æ With 10000/fb at √s=100 TeV expect: 1012 top, 1010 Higgs bosons, 108 m=1 TeV stop pairs, …  

λt : 1%
λ :  8%
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non-SM Higgs

๏ Models with extended Higgs sector 

   Discovery of extra Higgs: direct evidence for BSM new physics 
๏ Conventional search channel (even for non-SM neutral Higgs): 

   γγ, ZZ, WW, ττ, bb, tt 
๏ Charged Higgs is challenge! H± ➞ τν,  tb 
๏ New Higgs decay modes open for (non-)SM Higgs decay 

➡Higgs ➞ light Higgs + gauge boson  

➡ Higgs ➞ two light Higgses   

    Complementary to conventional channels 
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Searching for Other Higgses

New channels open up for non-SM Higgs decay

neutral 
Higgs

HH type (bb/ττ/WW/ZZ/ɣɣ)(bb/ττ/
WW/ZZ/ɣɣ)

hSM ➞ AA 
H ➞ AA 

H+H- type (τν/tb)(τν/tb) H ➞ H+H- 

ZH type (ll/qq/νν)(bb/ττ/WW/ZZ/
ɣɣ)

H ➞ ZA 
A➞ ZH, Zh

WH± type (lν/qq’) (τν/tb) H/A➞ WH±

charge 
Higgs

WH type (lν/qq’)(bb/ττ) tH± production, 
H±➞ WH 
H±➞ WA

B. Coleppa, F. Kling, T. Li, A. Pyarelal, SS (2014, 2015, 2016)
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Top Partners: Naturalness 
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Naturalness

๏ LHC: TeV scale for top partner, ε~1% 
๏ HL-LHC:  
   increase the reach by 10-20%, measure top partner property 
๏ 100 TeV pp: 10 TeV level, ε~10-4 
๏  ILC: Ecm/2, 1 TeV machine, ε~1% 
   Precision measurements, multi TeV level  

1.3 Discovery Stories 43

1.3.12.2 Naturalness

If nature is described by the standard model with an elementary Higgs boson up to the Planck scale, then
the observed Higgs boson mass is the sum of di↵erent contributions that must cancel to an accuracy of
✏ ⇠ (125 GeV/M

Planck

)2 ⇠ 10�30. This arises because the mass-squared parameter in the SM Lagrangian
is quadratically sensitive to large mass scales. If this divergence is cut o↵ by new physics at a scale M

NP

the tuning is reduced to ✏ ⇠ (125 GeV/M
NP

)2. This is the basic naturalness argument for new physics at
the TeV scale. The normalization and quantitative interpretation of naturalness estimates are not clear, but
the quadratic scaling with M

NP

is robust, and fine tuning can be used as a rough guide for where to expect
new physics. This argument is independent of supersymmetry or any other scenario for physics beyond the
standard model.

In the standard model, the largest contribution to the Higgs mass that must be cut o↵ by new physics comes
from the top loop. Although this is a loop e↵ect, the coe�cient is large because of the large top coupling and
the QCD color factor. This directly motivates searches for new physics in the top sector, such as searches for
stops in SUSY and fermionic top partners in composite scenarios. These are discussed in §1.3.5 and §1.3.9
of this report, respectively. The summary is that LHC14 with 300 fb�1 has sensitivity for these new states
to approximately the TeV scale. Taken at face value, this implies roughly a tuning of ✏ ⇠ 1%.

Should this be taken as evidence that nature is unnatural? A possibly useful historical analogy from
cosmology is that in the early 1990s the quadrupole anisotropy of the cosmic microwave background appeared
to be below expectations from cold dark matter cosmology. This was arguably the ‘discovery mode’ for this
cosmological model, and the reason it was not found earlier is that it is coindidentally small, with a probability
from cosmic variance of roughly 1%. The lesson may be that unfavorable accidents at the 1% level do happen
in discovery modes for fundamental new physics.

We can therefore ask how well future experiments will probe naturalness. A rough summary is that the HL-
LHC increases the reach for new heavy particles by 10% to 20%. This does not make a dramatic impact on
naturalness, although it should be kept in mind that the new mass range that is being probed is in the most
interesting range in a wide range of well-motivated models, as discussed above. In addition, the HL-LHC
can close many (but not all) low-mass loopholes due to higher luminosity and improved systematics.

If we push to higher energies with a 100 TeV VLHC, we can probe colored SUSY partners at the 10 TeV
scale. Based on the scaling of tuning, we expect this to probe tuning to the level ✏ ⇠ 10�4. This is a very
strong motivation to expect the discovery of new physics.

On the other hand, in the scenario we are considering it may be that the top partners or other new particles
have been missed at the LHC14 with 300 fb�1 because of highly compressed spectrum or other low-mass
loopholes. At an e+e� collider, new particles can be searched for in a nearly loophole-free way, typically for
masses of up to

p

s/2. In SUSY e+e� colliders can directly probe another source of tuning: the Higgsino
mass generically contributes directly to the Higgs mass, and therefore SUSY models with heavy Higgsinos
require tuning at the level of ✏ ⇠ (125 GeV/m

˜H)2. An e+e� collider can search for Higgsinos in a model-
independent way up to essentially

p

s/2. At a 1 TeV e+e� collider, we can therefore probe tuning at the
level of ✏ ⇠ 1% in SUSY [30]. Precision studies of the Higgsino sector may also allow indirect indications of
the electroweak gaugino masses even if the associated particles in the multi-TeV range [44].

1.3.12.3 Flavor, CP, and Precision Measurements

Many models of new physics have potential contributions to flavor, CP, and precision electroweak observables
at a level that may point to new physics at a scale of roughly 10 TeV. For example, SUSY has additional
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contours of the two di�erent search strategies.

The searches proposed here also have good discriminating power away from the massless

neutralino limit. A 1.5 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 2 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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D. Di�erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated
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Figure 1.21 Reach for stops (left column) and fermonic top partners (right column) at a 100 TeV pp collider.

to eliminate their dangerous contribution to electric diploe moments. But they can’t get too heavy, as894

they induce a logarithmically enhanced negative mass for the (light) third-generation squarks, [67, 68],895

and so can’t be pushed higher than at most ⇠ 30 TeV. Finding these heavier scalars will be critical for896

a zeroth-order understanding of the spectrum, which entangles the physics of flavor and supersymmetry897

breaking in a fascinating way. While these scalars are well outside the reach of the LHC, they will be898

easily accessible to the SppC. The most powerful production channel is the associated production of899

the gluino and first-two generation squarks, as shown in Fig. 1.22. The reach for squarks goes up to an900

incredible ⇠ 35 TeV, covering the entire range of masses for the first-two generation scalars of natural901

SUSY.902

We now move on to consider the possibility that natural physics was missed at the LHC, starting903

with another comment about SUSY. The most constraining searches for SUSY at the LHC involve904

looking for leptons or missing energy; it is thus conceivable that small changes to the theory, such as905

R-parity violation, can lead to decays with all hadronic final states that would be buried in the hadron906

collider environment. Indeed stops as light as 200 GeV may well escape LHC detection in this way.907

It is therefore important to have a complementary handle on the presence of stops, independent of any908

complicated decays it might decay. As mentioned in our earlier discussion of Higgs couplings, this can909

be provided by the deviations induced by stop loops to Higgs couplings—predominantly h ! gg—as910

well as Z-pole precision observables. These will be sensitive to the majority of the natural range for911

stop masses, as shown in Fig. 1.23.912
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(mH2)physical ∼ (mH2)bare    
        + Λcutoff2                                   - Λcutoff2                                
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NP

the tuning is reduced to ✏ ⇠ (125 GeV/M
NP

)2. This is the basic naturalness argument for new physics at
the TeV scale. The normalization and quantitative interpretation of naturalness estimates are not clear, but
the quadratic scaling with M

NP

is robust, and fine tuning can be used as a rough guide for where to expect
new physics. This argument is independent of supersymmetry or any other scenario for physics beyond the
standard model.

In the standard model, the largest contribution to the Higgs mass that must be cut o↵ by new physics comes
from the top loop. Although this is a loop e↵ect, the coe�cient is large because of the large top coupling and
the QCD color factor. This directly motivates searches for new physics in the top sector, such as searches for
stops in SUSY and fermionic top partners in composite scenarios. These are discussed in §1.3.5 and §1.3.9
of this report, respectively. The summary is that LHC14 with 300 fb�1 has sensitivity for these new states
to approximately the TeV scale. Taken at face value, this implies roughly a tuning of ✏ ⇠ 1%.

Should this be taken as evidence that nature is unnatural? A possibly useful historical analogy from
cosmology is that in the early 1990s the quadrupole anisotropy of the cosmic microwave background appeared
to be below expectations from cold dark matter cosmology. This was arguably the ‘discovery mode’ for this
cosmological model, and the reason it was not found earlier is that it is coindidentally small, with a probability
from cosmic variance of roughly 1%. The lesson may be that unfavorable accidents at the 1% level do happen
in discovery modes for fundamental new physics.

We can therefore ask how well future experiments will probe naturalness. A rough summary is that the HL-
LHC increases the reach for new heavy particles by 10% to 20%. This does not make a dramatic impact on
naturalness, although it should be kept in mind that the new mass range that is being probed is in the most
interesting range in a wide range of well-motivated models, as discussed above. In addition, the HL-LHC
can close many (but not all) low-mass loopholes due to higher luminosity and improved systematics.

If we push to higher energies with a 100 TeV VLHC, we can probe colored SUSY partners at the 10 TeV
scale. Based on the scaling of tuning, we expect this to probe tuning to the level ✏ ⇠ 10�4. This is a very
strong motivation to expect the discovery of new physics.

On the other hand, in the scenario we are considering it may be that the top partners or other new particles
have been missed at the LHC14 with 300 fb�1 because of highly compressed spectrum or other low-mass
loopholes. At an e+e� collider, new particles can be searched for in a nearly loophole-free way, typically for
masses of up to

p

s/2. In SUSY e+e� colliders can directly probe another source of tuning: the Higgsino
mass generically contributes directly to the Higgs mass, and therefore SUSY models with heavy Higgsinos
require tuning at the level of ✏ ⇠ (125 GeV/m

˜H)2. An e+e� collider can search for Higgsinos in a model-
independent way up to essentially

p

s/2. At a 1 TeV e+e� collider, we can therefore probe tuning at the
level of ✏ ⇠ 1% in SUSY [30]. Precision studies of the Higgsino sector may also allow indirect indications of
the electroweak gaugino masses even if the associated particles in the multi-TeV range [44].

1.3.12.3 Flavor, CP, and Precision Measurements

Many models of new physics have potential contributions to flavor, CP, and precision electroweak observables
at a level that may point to new physics at a scale of roughly 10 TeV. For example, SUSY has additional
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scales quadratically with the center of mass energy, meaning that one should expect that
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with another comment about SUSY. The most constraining searches for SUSY at the LHC involve904

looking for leptons or missing energy; it is thus conceivable that small changes to the theory, such as905

R-parity violation, can lead to decays with all hadronic final states that would be buried in the hadron906

collider environment. Indeed stops as light as 200 GeV may well escape LHC detection in this way.907

It is therefore important to have a complementary handle on the presence of stops, independent of any908

complicated decays it might decay. As mentioned in our earlier discussion of Higgs couplings, this can909

be provided by the deviations induced by stop loops to Higgs couplings—predominantly h ! gg—as910

well as Z-pole precision observables. These will be sensitive to the majority of the natural range for911
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38 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

Weakly Interacting Massive Particles (WIMPs) remain the best motivated and well-studied possibil-1102

ity for dark matter by giving a clear answer to this question: the dark matter particles interact with the1103

Standard Model, and are thermalized in the early universe. Assuming a standard cosmological history,1104

the present abundance of dark matter can be unambiguously computed once the underlying particle1105

physics is fixed, in much the same way as the abundance of light elements is predicted in big bang1106

nucleosynthesis.1107

The relic abundance of dark matter particles is set by their annihilation cross-section in the early1108

universe: in order to avoid overclosure, we must have [64–66]1109
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As has been long appreciated, it is quite remarkable that the TeV scale emerges so naturally in this way,1111

assuming dark matter couplings comparable in strength to the electroweak gauge interactions. This1112

gives a strong, direct argument for new physics at the TeV scale, independent of any theoretical notions1113

of naturalness.1114

Compellingly, dark matter often falls out of theories of physics beyond the Standard Model without1115

being put in by hand. Indeed, if the Standard Model is augmented by new physics, not even necessarily1116

close to the weak scale, but far beneath the GUT scale, the interactions with new states should respect1117

Baryon and Lepton number to a very high degree. Since all Standard Model particles are neutral under1118

the discrete symmetry (�1)

B+L+2S , any new particles that are odd under this symmetry will be exactly1119

stable. This is the reason for the ubiquitous presence of dark matter candidates in BSM physics. It is1120

thus quite plausible that the dark matter is just one part of a more complete sector of TeV-scale physics;1121

this has long been a canonical expectation, with the dark matter identified as e.g. the lightest neutralino1122

in a theory with TeV-scale supersymmetry. The dominant SUSY processes at hadron colliders are of1123

course the production of colored particles—the squarks and gluinos—which then decay, often in a long1124

cascade of processes, to Standard Model particles and the LSP, resulting in the well-known missing1125

energy signals at hadron colliders. This indirect production of dark matter dominates, by far, the direct1126

production of dark matter particles through electroweak processes.1127

However, as emphasized in our discussion of naturalness, it is also worth preparing for the possibility1128

of a much more sparse spectrum of new particles at the TeV scale. Indeed, if the idea of naturalness fails1129

even slightly, the motivation for a very rich set of new states at the hundreds of GeV scale evaporates,1130

while the motivation for WIMP dark matter at the TeV scale still remains. This is for instance part of the1131

philosophy leading to models of split SUSY: in their minimal incarnation, the scalars and second Higgs1132

doublet of the MSSM are pushed to ⇠ 10

2 � 10

3 TeV, but the gauginos (and perhaps the Higgsino)1133

are much lighter, protected by an R-symmetry. The scalars are not so heavy as to obviate the need for1134

R-parity, so the LSP is still stable, and must be set at the TeV scale in order not to overclose the universe,1135

thereby making up some or perhaps all of the dark matter.1136

In exploring dark matter at colliders, therefore, it is most prudent to first look for direct production
of dark matter, rather than dark matter arising in the decay products of other states that may not be
accessible. We will therefore explore the reach of the SppC to the production of new states with only
electroweak quantum numbers, which also certainly give the simplest possible picture for what the dark
matter could be. The simplest case of all would be a single new state: a real triplet or vector-like doublet
add the fewest possible number of degrees of freedom to the Standard Model, and no new interactions,
so the only free parameter are the particle masses. We can be slightly more general and allow for
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assuming dark matter couplings comparable in strength to the electroweak gauge interactions. This1112

gives a strong, direct argument for new physics at the TeV scale, independent of any theoretical notions1113
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Compellingly, dark matter often falls out of theories of physics beyond the Standard Model without1115

being put in by hand. Indeed, if the Standard Model is augmented by new physics, not even necessarily1116

close to the weak scale, but far beneath the GUT scale, the interactions with new states should respect1117

Baryon and Lepton number to a very high degree. Since all Standard Model particles are neutral under1118
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B+L+2S , any new particles that are odd under this symmetry will be exactly1119

stable. This is the reason for the ubiquitous presence of dark matter candidates in BSM physics. It is1120

thus quite plausible that the dark matter is just one part of a more complete sector of TeV-scale physics;1121

this has long been a canonical expectation, with the dark matter identified as e.g. the lightest neutralino1122

in a theory with TeV-scale supersymmetry. The dominant SUSY processes at hadron colliders are of1123

course the production of colored particles—the squarks and gluinos—which then decay, often in a long1124

cascade of processes, to Standard Model particles and the LSP, resulting in the well-known missing1125

energy signals at hadron colliders. This indirect production of dark matter dominates, by far, the direct1126

production of dark matter particles through electroweak processes.1127

However, as emphasized in our discussion of naturalness, it is also worth preparing for the possibility1128

of a much more sparse spectrum of new particles at the TeV scale. Indeed, if the idea of naturalness fails1129

even slightly, the motivation for a very rich set of new states at the hundreds of GeV scale evaporates,1130

while the motivation for WIMP dark matter at the TeV scale still remains. This is for instance part of the1131

philosophy leading to models of split SUSY: in their minimal incarnation, the scalars and second Higgs1132

doublet of the MSSM are pushed to ⇠ 10
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3 TeV, but the gauginos (and perhaps the Higgsino)1133

are much lighter, protected by an R-symmetry. The scalars are not so heavy as to obviate the need for1134

R-parity, so the LSP is still stable, and must be set at the TeV scale in order not to overclose the universe,1135

thereby making up some or perhaps all of the dark matter.1136

In exploring dark matter at colliders, therefore, it is most prudent to first look for direct production
of dark matter, rather than dark matter arising in the decay products of other states that may not be
accessible. We will therefore explore the reach of the SppC to the production of new states with only
electroweak quantum numbers, which also certainly give the simplest possible picture for what the dark
matter could be. The simplest case of all would be a single new state: a real triplet or vector-like doublet
add the fewest possible number of degrees of freedom to the Standard Model, and no new interactions,
so the only free parameter are the particle masses. We can be slightly more general and allow for

complementary  
to DM direct detection  
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Figure 1-6. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.
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sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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Figure 1-7. Limits at 90% CL in M? (left) and in the spin-independent WIMP-nucleon cross section
(right) for di↵erent facilities using the D5 or D8 operator as a function of m�. From Ref. [156].

Figure 1-8. Limits at 90% CL in M? (left) and in the spin-independent WIMP-nucleon cross section
(right) for di↵erent facilities when requiring a b-quark in the final state, as a function of m�. From Ref. [24].

model of the Z 0 interaction has 1

M⇤
= gZ0

MZ0
fixing the relationship between gZ0 and MZ0 . Figure 1-9 shows

the expected limits in terms of gZ0 on the Z 0 model at the variety of pp facilities under consideration. The
g0 expected limits can be compared to the curve with gZ0 = MZ0

M⇤
.

1.3.2.2 Searches at lepton colliders

The same mechanism which allows pp colliders to be sensitivie to the coupling of the initial-state quarks
to WIMP pairs allows e+e� colliders to proble the couplings of electrons to WIMP pairs, see Fig 1-6. The
couplings of WIMPs to leptons could be mediated by di↵erent operators with di↵erent suppression scales than
the WIMP-quark (gluon) couplings. Therefore e+e� colliders will add important complementary information
to the WIMP picture [38, 59, 98].

The final state is a high-pT photon with missing momentum due to the invisible � pair. The dominant
background is production of neutrino pairs via a Z boson, with a photon from initial state radiation. The
sensitivity reaches up to nearly

p

s/2.

Community Planning Study: Snowmass 2013

particles (WIMPs) [28]. These are expected to couple to SM particles through a generic

weak interaction, which could be the known weak interaction of the SM or a new type of

interaction. Such a new particle is a cold dark matter candidate, which can be produced at

the LHC. It results in the correct relic density values for non-relativistic matter in the early

universe [29], as measured by the WMAP satellite [30], if its mass lies in the range between

a few GeV and a TeV and if it has electroweak-scale interaction cross sections. The fact

that a new particle with such properties can be a thermal relic of the early universe in ac-

cordance with the WMAP measurements is often referred to as the WIMP miracle. Many

new particle physics models designed to solve the hierarchy problem also predict WIMPs.

Because WIMPs do not interact with the detector material, their production leads to

signatures with missing transverse momentum (pmiss
T )1, the magnitude of which is called

Emiss
T . Searches involving Emiss

T at the LHC are therefore canonical WIMP searches, al-

though the LHC experiments cannot establish whether a WIMP candidate is stable on

cosmological time scales and hence a DM candidate. In some supersymmetric models,

WIMPs are expected to be dominantly produced in cascade decays of heavier unstable

supersymmetric particles along with high transverse momentum (pT = |pT|) SM particles.

In a more model-independent approach, WIMP pair production at colliders is proposed to

yield detectable Emiss
T if the WIMP pair is tagged by a jet or photon from initial- or final-

state radiation (ISR/FSR) [13, 31]. Even though this approach does not rely on a specific

BSM scenario, it does have assumptions: WIMPs are pair-produced at the LHC and all

new particles mediating the interaction between WIMPs and the SM are too heavy to be

produced directly; they can thus be integrated out in an effective field theory approach.

The resulting interaction is hence a contact interaction between the dark sector and the

SM. It is worth noting that the DM particles are not explicitly assumed to interact via the

weak force. They may also couple to the SM via a new force. Throughout this work, the

terms WIMP and DM particle (candidate) are synonymous.

Name Initial state Type Operator

D1 qq scalar mq

M3
⋆
χ̄χq̄q

D5 qq vector 1
M2

⋆
χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

⋆
χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

⋆
χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

⋆
χ̄χαs(Ga

µν)
2

Table 1. Effective interactions coupling Dirac fermion WIMPs to Standard Model quarks or gluons,
following the formalism of ref. [32]. The tensor operator D9 describes a magnetic-moment coupling.
The factor of the strong coupling constant αs in the definition of D11 accounts for this operator
being induced at one-loop level. Gµν is the colour field-strength tensor.

1Letters in bold font are used for vector quantities.

– 3 –

ZHou, Berge, Tait, Wang, Whiteson, Snowmass (2013)

LHC/100 TeV: Higgs 
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Model Dependent DM Searches

๏ WIMP: part of a complete model 

๏ Last particle in the cascade decay 
chain of parent particle, MET

Discovering dark matter:

- DM candidate embedded in an extended TeV new 
physics scenario

- Could be early discovery.

DM candidate

Lightest superpartner (LSP)
Neutral and stable. 

Tuesday, March 27, 2012

 Very challenging.   

 weak discovery @ 14 TeV, 3 ab-1

38 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

Weakly Interacting Massive Particles (WIMPs) remain the best motivated and well-studied possibil-1102

ity for dark matter by giving a clear answer to this question: the dark matter particles interact with the1103

Standard Model, and are thermalized in the early universe. Assuming a standard cosmological history,1104

the present abundance of dark matter can be unambiguously computed once the underlying particle1105

physics is fixed, in much the same way as the abundance of light elements is predicted in big bang1106

nucleosynthesis.1107

The relic abundance of dark matter particles is set by their annihilation cross-section in the early1108

universe: in order to avoid overclosure, we must have [64–66]1109

⌦h2

= 0.11 ⇥
✓ h�vi

freeze

2.2 ⇥ 10

�26

cm

3/s

◆�1

, (2.30)

with � / g4

eff/M2

DM , this leads us to a limit on the dark matter mass1110

M
DM

< 1.8 TeV

✓
g2

e↵

0.3

◆
. (2.31)

As has been long appreciated, it is quite remarkable that the TeV scale emerges so naturally in this way,1111

assuming dark matter couplings comparable in strength to the electroweak gauge interactions. This1112

gives a strong, direct argument for new physics at the TeV scale, independent of any theoretical notions1113

of naturalness.1114

Compellingly, dark matter often falls out of theories of physics beyond the Standard Model without1115

being put in by hand. Indeed, if the Standard Model is augmented by new physics, not even necessarily1116

close to the weak scale, but far beneath the GUT scale, the interactions with new states should respect1117

Baryon and Lepton number to a very high degree. Since all Standard Model particles are neutral under1118

the discrete symmetry (�1)

B+L+2S , any new particles that are odd under this symmetry will be exactly1119

stable. This is the reason for the ubiquitous presence of dark matter candidates in BSM physics. It is1120

thus quite plausible that the dark matter is just one part of a more complete sector of TeV-scale physics;1121

this has long been a canonical expectation, with the dark matter identified as e.g. the lightest neutralino1122

in a theory with TeV-scale supersymmetry. The dominant SUSY processes at hadron colliders are of1123

course the production of colored particles—the squarks and gluinos—which then decay, often in a long1124

cascade of processes, to Standard Model particles and the LSP, resulting in the well-known missing1125

energy signals at hadron colliders. This indirect production of dark matter dominates, by far, the direct1126

production of dark matter particles through electroweak processes.1127

However, as emphasized in our discussion of naturalness, it is also worth preparing for the possibility1128

of a much more sparse spectrum of new particles at the TeV scale. Indeed, if the idea of naturalness fails1129

even slightly, the motivation for a very rich set of new states at the hundreds of GeV scale evaporates,1130

while the motivation for WIMP dark matter at the TeV scale still remains. This is for instance part of the1131

philosophy leading to models of split SUSY: in their minimal incarnation, the scalars and second Higgs1132

doublet of the MSSM are pushed to ⇠ 10

2 � 10

3 TeV, but the gauginos (and perhaps the Higgsino)1133

are much lighter, protected by an R-symmetry. The scalars are not so heavy as to obviate the need for1134

R-parity, so the LSP is still stable, and must be set at the TeV scale in order not to overclose the universe,1135

thereby making up some or perhaps all of the dark matter.1136

In exploring dark matter at colliders, therefore, it is most prudent to first look for direct production
of dark matter, rather than dark matter arising in the decay products of other states that may not be
accessible. We will therefore explore the reach of the SppC to the production of new states with only
electroweak quantum numbers, which also certainly give the simplest possible picture for what the dark
matter could be. The simplest case of all would be a single new state: a real triplet or vector-like doublet
add the fewest possible number of degrees of freedom to the Standard Model, and no new interactions,
so the only free parameter are the particle masses. We can be slightly more general and allow for
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Dark Matter

๏ Dark matter at TeV scale (Wino or Higgsino LSP) 
➡ can not be explored at LHC 14 with 300 fb-1 
➡ enhanced reach of 1 TeV or higher at pp 100 TeV 

๏ Smaller dark matter mass 
➡ low mass loopholes of suppressed coupling or compressed 
spectrum, small MET 
➡ e+e- collider, reach Ecm/2.

1.3 Discovery Stories 41

Whether a 33 TeV or a 100 TeV pp machine will be able to see such a resonance in the t t̄ final state or in the
dijet mass spectrum depends on the localization of the quarks, which control the branching fraction of the KK
gluon as well as the flavor violating couplings of KK resonances to quarks. In contrast to supersymmetric
models in which the flavor sector is in principle disconnected from collider observables, for RS models,
measurements at the intensity frontier can set a roadmap for future direct searches.

Reference [13] shows, how the recent discovery of the Bs ! µ+µ� decay mode at LHCb constrains the
parameter space of warped models and how projected improvements in measurements of rare Kaon decays
will further narrow down these parameters. In particular the expected precision measurements from ORKA
[79] and KEK [1] have the potential to not only determine these localization parameters but also identify the
underlying electroweak bulk gauge group of the RS model. Figure 1-37 shows the reach of dijet searches in
dependence on the localization of the right-handed top quark (cu3), the orthogonal correlation of B(KL !

µ+µ�) and B(K+

! ⇡+⌫⌫̄) for the minimal and custodial model as well as the cu3 dependence of the size
of e↵ects in B(K+

! ⇡+⌫⌫̄) and B(KL ! ⇡0⌫⌫̄) in these two classes of models.

Models with further structure in the gauge and flavor sectors can lead to lower KK mass scales, which could
be in the reach of the 14 TeV LHC [12] or lead to interesting signatures like the flavor violating decay of the
KK gluon into top and charm quarks, testable at the an upgraded pp machine [99].

1.3.12 ‘Only’ the Standard Model

We now consider an ‘anti-discovery’ scenario where LHC14 with 300 fb�1 does not discover any additional
particles or observe any anomalies. Such a run will have significant acheivements: the LHC will have not
only discovered the Higgs boson, but will have made impressive progress in the program of precision Higgs
measurements. Projections for these are discussed in the Higgs working group report. The scenario we are
now considering also assumes that the improved measurements of Higgs couplings from LHC14 300 fb�1 are
consistent with their standard model values. It also assumes that there is no discovery of physics beyond the
standard model from the intensity frontier program (e.g. new flavor violation) or the cosmic frontier program
(e.g. dark matter direct detection). Any such discovery would be a sign of new physics that could be at the
TeV scale, giving additional motivation for continued exploration of the energy frontier. But if there is no
discovery of new fundamental physics, is our motivation for exploring the TeV scale reduced?

As discussed throughout this report, there are a number of big questions and big ideas that can be explored
at the TeV scale. The big questions that have the strongest link to the TeV scale are the origin of dark
matter and the naturalness of the Higgs boson. We discuss these questions in the context of the no-discovery
scenario below.

1.3.12.1 Dark Matter

Probably the best-motivated dark matter candidate is a weakly interacting massive particle (WIMP). This
requires only that the dark matter is a neutral stable particle that couples weakly to the standard model,
and that the dark matter particles are in thermal equilibrium with the standard model particles in the early
universe. In this scenario, there is an upper limit on the WIMP mass
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is the coupling strength between dark matter and the SM particles, which we have normalized to
the weak coupling in the SM. The dark matter mass can easily be at the TeV scale, and LHC14 with 300 fb�1
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Cosmo Connection

Why is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
theory.
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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”:  
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๏ baryon asymmetry ⬅ baryogenesis ⬅ strong 1st order EWPT 

๏ SM: 125 GeV, 2nd order EWPT ➡ no EW baryogenesis 
๏ BSM with strong 1st order EWPT ➡ large deviation in HHH 
➡ HHH > 20% or more, 100 TeV pp

18 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

These possibilities are associated with totally different underlying dynamics for electroweak symme-512

try breaking than the Standard Model, requiring new physics beyond the Higgs around the weak scale.513

They also have radically different theoretical implications for naturalness, the hierarchy problem and514

the structure of quantum field theory.515

The leading difference between these possibilities show up in the cubic Higgs self-coupling. In516

the standard model, minimizing the potential gives v2
= 2m2/�. Expanding around this minimum517

h = (v + H)/
p

2 gives V (H) =

1
2m2

HH2
+

1
6µH3

+ · · · , with m2
H = �v2 and µSM = 3(m2

H/v).518

Now consider the example with the quartic balancing against a sextic, for the sake of simplicity to519

illustrate the point, let’s take the limit where the m2 term in the potential can be neglected. Now the520

potential is minimzed for v2
= 2|�|⇤2, and we find m2

H = 2�v2, µ = 7m2
H/v = (7/3)µSM , giving521

an O(1) deviation in the cubic Higgs coupling relative to the Standard Model. In the case with the522

non-analytic (h†h)

2 log(h†h) potential, the cubic self-coupling is µ = (5/3)µSM .523

The LHC will not have the sensitivity to the triple higgs coupling to distinguish these possibilities.524

Even larger departures from the standard picture are possible-e don’t even know whether the dynamics525

of symmetry breaking is well-approximated by a single light, weakly coupled scalar; there may be a526

number of light scalars, and not all of them need be weakly coupled!527

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 2.11 Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fundamental questions we can528

ask is about any symmetry breaking phenomenon–what is the order of the associated phase transition?529

How can we experimentally decide whether the electroweak phase transition in the early universe was530

second order or first order? In many ways, this question is the most obvious next step following the531

Higgs discovery: having understood what breaks electroweak symmetry, we must now undertake an532

experimental program to probe how electroweak symmetry is restored at high energies.533

A first-order phase transition is also strongly motivated by the possibility of electroweak baryoge-534

nesis. While the origin of the baryon asymmetry is one of the most fascinating questions in physics,535

it is frustratingly straightforward to build models for baryogenesis at ultra-high energy scales, with no536

direct experimental consequences. However, we aren’t forced to defer this physics to the deep ultravi-537

olet: as is well-known the dynamics of electroweak symmetry breaking itself beautifully provides all538

the ingredients needed for baryogenesis. At temperatures far above the weak scale, where electroweak539

symmetry restored, electroweak sphalerons are unsuppressed, and violate baryon number. As the tem-540

perature cools to near the electroweak transition, bubbles of the symmetry breaking vacuum begin to541

appear. CP violating interactions between particles in the thermal bath and the expanding bubble walls542

can generate a net baryon number. If the phase transition is too gradual (second order), then the Higgs543

vev inside the bubbles turns on too slowly, so the sphalerons are still active inside the bubble, killing the544

baryon asymmetry generated in this way. But if the transition is more sudden (first order), the Higgs545

vev inside the bubble right at the transition is large, so the sphalerons inside the bubble are Boltzmann546
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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 
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could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
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Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
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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 
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pp collider @ 100 TeV: HHH coupling :  8% 
determine the shape of Higgs potential.

Cosmo Connection: Shape of Higgs Potential
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What if  still nothing else @ 100 TeV pp?
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What if  still nothing else @ 100 TeV pp?

Naturalness ???
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Conclusion

๏ the discovery of Higgs is a remarkable triumph in particle physics 

๏ a light weakly coupled Higgs argues for new physics beyond SM 

๏ Search for new physics calls for both high precision machine and high 
energy machine 

๏ Future colliders: FCC-ee/hh, CEPC/SPPC, ILC/CLIC...  

- e+e-: precision machine, Higgs coupling to sub-percent level 

- 100  TeV pp: energy frontier, close the window of naturalness

An exciting journey ahead of us!
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๏ SM tests 
An exciting journey ahead of us!
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Conclusion

An exciting journey ahead of us!

LHC FCC-pp/SppCFCC-ee/CEPC
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Beginning of new era ...
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