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The completion of the SM:
First time ever, we have a consistent 
relativistic/quantum mechanical theory:
weakly coupled, unitary, renormalizable, 
vacuum-(quasi?)stable.

Valid up to an exponentially high scale, 
perhaps to the Planck scale MPl!

High Energy Physics IS 
at an extremely interesting time:
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“... most of the grand underlying principles 
have been firmly established. (An eminent 
physicist remarked that) the future truths of 
physical science are to be looked for in the 
sixth place of decimals. ”
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“... most of the grand underlying principles 
have been firmly established. (An eminent 
physicist remarked that) the future truths of 
physical science are to be looked for in the 
sixth place of decimals. ”

Michelson–Morley experiments (1887):
“the moving-off point for the theoretical aspects 

of the second scientific revolution”

Will History repeat itself (soon)?

--- Albert Michelson (1894)
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New Era:
Under the Higgs lamp post
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Question 1: The Nature of EWSB ?

These possibilities are associated with totally di↵erent underlying dynam-
ics for electroweak symmetry breaking than the SM, requiring new physics
beyond the Higgs around the weak scale. They also have radically di↵er-
ent theoretical implications for naturalness, the hierarchy problem and the
structure of quantum field theory.

The leading di↵erence between these possibilities shows up in the cubic
Higgs self-coupling. In the SM, minimizing the potential gives v2 = 2|m|2/�.
Expanding around this minimum h = (v + H)/

p
2 gives V (H) = 1

2m
2
HH2 +

1
6µH3 + · · · , with m2

H = �v2 and µSM = 3(m2
H/v). Consider the example

with the quartic balancing against a sextic and, for the sake of simplicity to
illustrate the point, let’s take the limit where the m2 term in the potential
can be neglected. The potential is now minimized for v2 = 2|�|⇤2, and we
find m2

H = �v2, µ = 7m2
H/v = (7/3)µSM , giving an O(1) deviation in the

cubic Higgs coupling relative to the SM. In the case with the non-analytic
(h†h)2 log(h†h) potential, the cubic self-coupling is µ = (5/3)µSM .

Even larger departures from the standard picture are possible — we don’t
even know whether the dynamics of symmetry breaking is well-approximated
by a single light, weakly coupled scalar, as there may be a number of light
scalars, and not all of them need be weakly coupled!

Nature of EW phase transition

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

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

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

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. Is the elec-
troweak transition a cross-over, or might it have been strongly first-order
instead? And how do we attack this question experimentally? This question
is another obvious next step following the Higgs discovery: having understood

17
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All we know:

In the SM, 
underwent a 2nd order phase transition (?)

m2
H = 2µ2 = 2�v2 ) µ ⇡ 89 GeV, � ⇡ 1

8
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All we know:

With new physics near the EW scale:

2. The Electroweak Phase Transition

2.1. General Remarks

For decades, particle physics has been driven by the question of what
breaks the electroweak symmetry. With the discovery of the Higgs, we have
discovered the broad outlines of the answer to this question: the symmetry
breaking is associated with at least one weakly coupled scalar field. However,
this gives us only a rough picture of the physics, leaving a number of zeroth
order questions wide open that must be addressed experimentally, but can-
not be definitively settled at the LHC. These questions include what is the
shape of the symmetry breaking potential, and how is electroweak symmetry
restored at high scales.

The SM picture for electroweak symmetry breaking follows the Landau-
Ginzburg parametrization of second-order phase transitions,

V (h) = m2
hh

†h +
1

2
�(h†h)2, (5)

with m2
h < 0 and � > 0. This is the simplest picture theoretically, and the

one we would expect on the grounds of e↵ective field theory, in which we
include the leading relevant and marginal operators to describe low energy
physics. On the other hand, as we will review in more detail in our discussion
of naturalness, this picture is far from innocuous or “obviously correct” —
for instance it is precisely this starting point that leads to the all vexing
mysteries of the hierarchy problem!

The central scientific program directly continuing from the discovery of
the Higgs must thus explore whether this simplest parametrization of elec-
troweak symmetry breaking is actually the one realized in Nature. And while
we have discovered the Higgs, we are very far from having confirmed this pic-
ture experimentally. As illustrated in Fig. 8, the LHC will only probe the
small, quadratic oscillations around the symmetry breaking vacuum, without
giving us any idea of the global structure of the potential. For example, the
potential could trigger symmetry breaking by balancing a negative quartic
against a positive sextic [14, 15, 16], i.e.

V (h) ! m2
h(h

†h) +
1

2
�(h†h)2 +

1

3!⇤2
(h†h)3, (6)

with � < 0. The potential might not even be well-approximated by a poly-
nomial function, and may instead be fundamentally non-analytic, as in the
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early Coleman-Weinberg proposal for symmetry breaking [17]:

V (h) ! 1

2
�(h†h)2log


(h†h)

m2

�
. (7)

These possibilities are associated with totally di↵erent underlying dynam-
ics for electroweak symmetry breaking than the SM, requiring new physics
beyond the Higgs around the weak scale. They also have radically di↵er-
ent theoretical implications for naturalness, the hierarchy problem and the
structure of quantum field theory.

Nature of EW phase transition

- Consider a model Higgs + singlet
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p
2 gives

V (H) =
1

2
m2

HH2+
1

6
µH3+· · · , with m2

H = �v2 and µSM = 3(m2
H/v). (8)

Consider the example with the quartic balancing against a sextic and, for
the sake of simplicity to illustrate the point, let us take the limit where the
m2

h term in the potential can be neglected. The potential is now minimized
for v2 = 2|�|⇤2, and we find

m2
H = �v2, µ = 7m2

H/v = (7/3)µSM , (9)

giving an O(1) deviation in the cubic Higgs coupling relative to the SM. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .
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All we know:

EW phase transition strong 1st order!
à O(1) deviation on λhhh
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X.M.Zhang (1993); C. Grojean et al. (2005)
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Question 2: The “Naturalness”
“… scalar particles are the only kind of free particles whose mass 

term does not break either an internal or a gauge symmetry.” 
Ken Wilson, 1970 
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“unnatural” in the ‘t Hooft sense:
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Question 2: The “Naturalness”

• Natural: O(1 TeV) new physics, associated with ttH.
• Unknown: Deep UV-IR correlations: gravity at UV?
• Agnostic: Multiverse/anthropic? 

“… scalar particles are the only kind of free particles whose mass 
term does not break either an internal or a gauge symmetry.” 

Ken Wilson, 1970 

“unnatural” in the ‘t Hooft sense:
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• “Natural SUSY”:

Relevant to the Higgs
and the “Most Wanted”: 

A “natural” EW theory?

h

strong dynamics

s

H, H±

H̃

125

500

1500

10-100 TeV

3000

t̃1,2, b̃L

g̃

mass (GeV)

A Natural SUSY Spectrum

&

Figure 14: An example of a natural SUSY spectrum in �SUSY with � ⇠ 2. The fine-tuning
of the Higgs mass, and electroweak symmetry breaking, can remain milder than 10% with the
Higgsinos at 350 GeV, the stops at 1.5 TeV, and the gluino at 3 TeV. Mixing between the Higgs
and the singlet lowers the Higgs mass to 125 GeV.

heavy, about 1.5 TeV, before they introduce fine-tuning into electroweak symmetry breaking. In

Figure 14 we give an example of such a natural superparticle spectrum. This possibility presents

a new twist on the null supersymmetry results: maybe superparticles are above the 7 TeV reach

of the LHC because the Higgs potential is protected by a large value for �. Of course, since the

tree-level contributions are large in �-SUSY, the stops are not required to be heavy in order to

raise the Higgs mass. Thus it is also possible that the superparticle spectrum is about to be

discovered. We have also found that �-SUSY has the possibility of interesting non-decoupling

e↵ects. Mixing between the two doublets depletes the coupling of the lightest Higgs to bottom

quarks (the opposite of how non-decoupling usually works in the MSSM), enhancing the ��

and WW rates and depleting the branching ratios to b’s and ⌧ ’s. In �-SUSY, non-SM Higgs

branching ratios may present the first experimental clue for supersymmetry, instead of the direct

discovery of sparticles.

21

H̃0,±, t̃, b̃, (g̃); S, S̃...

LHC Run 2 bounds:
mt̃ > 800� 1100 GeV

m�̃± > 600� 1100 GeV
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21

H̃0,±, t̃, b̃, (g̃); S, S̃...

LHC Run 2 bounds:

• New strong dynamics, “Compositeness”:
The top-quark partner T’,
Current ATLAS/CMS limit:
MT > 1400 GeV,  for MA < 100 GeV. 

mt̃ > 800� 1100 GeV

m�̃± > 600� 1100 GeV
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Question 3: The Dark Sector

ksH
†H S�S,

k�

�
H†H �̄�.

The un-protected operator may reveal secret
Higgs portal:

Z,h funnel



• Particle mass 
hierarchy

Question 4: The “Flavor Puzzle”

Higgs Yukawa 
couplings as the 
pivot!

• Patterns of quark, 
neutrino mixings

• New CP-violation 
sources?
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Nature News, July ’14

LHC Leads the Way (2015-2030)

e+e-&Z,240-350GeV
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Nature News, July ’14

LHC Leads the Way (2015-2030)

FCC?
CEPC/SppC?

e+e-&Z,240-350GeV
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Nature News, July ’14

LHC Leads the Way (2015-2030)

ILC as Higgs Factory & beyond 

FCC?
CEPC/SppC?

e+e-&Z,240-350GeV
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Nature News, July ’14

LHC Leads the Way (2015-2030)

2 H i g g s w o r k i n g g r o u p r e p o r t

d e v i a t i o n i n t h e p r o p e r t i e s o r c o u p l i n g s o f t h e H i g g s b o s o n i m p l y f u n d a m e n t a l c h a n g e s t o t h e u n d e r s t a n d i n g
o f e l e m e n t a r y p a r t i c l e s a n d i n t e r a c t i o n s . F u r t h e r m o r e , t h e r o l e o f t h e H i g g s fi e l d i n e a r l y u n i v e r s e p h y s i c s
a n d i n t h e u n i fi c a t i o n o f t h e f o r c e s o f N a t u r e a r e h i g h l y s e n s i t i v e t o H i g g s b o s o n p r o p e r t i e s i n c l u d i n g t h e
m a s s , t o t a l w i d t h , s p i n , c o u p l i n g s , C P m i x t u r e s , a n d t h e e x i s t e n c e o f m u l t i p l e H i g g s b o s o n s . W i t h t h i s
p e r s p e c t i v e , t h e f u t u r e o f t h e e n e r g y f r o n t i e r i s c o n t e m p l a t e d w i t h a f o c u s o n p r e c i s i o n m e a s u r e m e n t s o f h i g h
s t a t i s t i c s s a m p l e s o f H i g g s b o s o n s p r o d u c e d i n i d e a l c o n d i t i o n s f o r l a b o r a t o r y s t u d i e s .

T h e c o m p i l a t i o n o f t h e H i g g s S n o w m a s s R e p o r t i s b a s e d o n i n p u t i n t h e f o r m o f W h i t e P a p e r s f r o m t h e
p a r t i c l e p h y s i c s c o m m u n i t y . A l l m a j o r p r e c i s i o n H i g g s p h y s i c s p r o j e c t s w i t h s u b s t a n t i a l r e p r e s e n t a t i o n i n
t h e U S p a r t i c l e p h y s i c s a n d a c c e l e r a t o r p h y s i c s c o m m u n i t i e s h a v e b e e n i n c l u d e d i n t h i s r e p o r t . T h e s e
c o m m u n i t i e s a r e l i s t e d h e r e ( i n a l p h a b e t i c a l o r d e r ) :

• C o m p a c t L i n e a r C o l l i d e r ( C L I C ) [ 1 – 3 ]

• G a m m a - G a m m a C o l l i d e r [ 4 , 5 ]

• I n t e r n a t i o n a l L i n e a r C o l l i d e r ( I L C ) [ 6 – 1 0 ]

• L a r g e H a d r o n C o l l i d e r H i g h L u m i n o s i t y U p g r a d e ( H L - L H C )

• M u o n C o l l i d e r ( µ C ) [ 1 1 , 1 2 ]

• T r i p l e - L a r g e E l e c t r o n - P o s i t r o n C o l l i d e r ( T L E P ) [ 1 3 , 1 4 ]

T h e p r o p o s e d r u n n i n g p e r i o d s a n d i n t e g r a t e d l u m i n o s i t i e s a t e a c h o f t h e c e n t e r - o f - m a s s e n e r g i e s f o r t h e
a b o v e f a c i l i t i e s a r e l i s t e d i n T a b l e 1 - 1 .

T a b l e 1 - 1 . P r o p o s e d r u n n i n g p e r i o d s a n d i n t e g r a t e d l u m i n o s i t i e s a t e a c h o f t h e c e n t e r - o f - m a s s e n e r g i e s
f o r e a c h f a c i l i t y .

F a c i l i t y H L - L H C I L C I L C ( L u m i U p ) C L I C T L E P ( 4 I P s ) H E - L H C V L H C
�
s ( G e V ) 1 4 , 0 0 0 2 5 0 / 5 0 0 / 1 0 0 0 2 5 0 / 5 0 0 / 1 0 0 0 3 5 0 / 1 4 0 0 / 3 0 0 0 2 4 0 / 3 5 0 3 3 , 0 0 0 1 0 0 , 0 0 0�
L d t ( f b − 1 ) 3 0 0 0 / e x p t 2 5 0 + 5 0 0 + 1 0 0 0 1 1 5 0 + 1 6 0 0 + 2 5 0 0 5 0 0 + 1 5 0 0 + 2 0 0 0 1 0 , 0 0 0 + 2 6 0 0 3 0 0 0 3 0 0 0

�
d t ( 1 0 7 s ) 6 3 + 3 + 3

( I L C 3 + 3 + 3 )

+ 3 + 3 + 3
3 . 1 + 4 + 3 . 3 5 + 5 6 6

T h e r e p o r t h a s t w o p r i m a r y g o a l s . T h e fi r s t i s t o i d e n t i f y t h e k e y e l e m e n t s o f a p r e c i s i o n H i g g s p r o g r a m a n d
t h e f u n d a m e n t a l i m p o r t a n c e o f t h i s s c i e n c e a s a h u m a n e n d e a v o r t o u n d e r s t a n d t h e u n i v e r s e a n d t h e l a w s
o f p h y s i c s . T h e s e c o n d i s t o d o c u m e n t t h e p r e c i s i o n a n d p h y s i c s p o t e n t i a l p r e s e n t e d d u r i n g S n o w m a s s f o r
t h e a b o v e l i s t e d c o m m u n i t y i n i t i a t i v e s t o d e v e l o p p r e c i s i o n H i g g s p r o g r a m s . T h i s r e p o r t d o e s n o t j u d g e t h e
s t a t u s , m a t u r i t y , f e a s i b i l i t y , o r r e a d i n e s s o f a n y o f t h e s e i n i t i a t i v e s . T h e r e a d e r s h o u l d r e f e r t o t h e r e p o r t
o f t h e F r o n t i e r C a p a b i l i t i e s G r o u p f o r t h i s i n f o r m a t i o n . T h e r e p o r t w i l l a l s o i d e n t i f y u n i q u e s t r e n g t h s o f
d i ff e r e n t c o l l i d e r i n i t i a t i v e s a n d d e t e c t o r c o n c e p t s a n d t h e i r i m p o r t a n c e t o t h e p r e c i s i o n H i g g s p r o g r a m . T h e
d e t a i l e d c h a r g e t o t h e H i g g s S n o w m a s s c o m m i t t e e i s l i s t e d b e l o w .

1 . 1 . 1 C h a r g e t o t h e H i g g s S n o w m a s s C o m m i t t e e

1 . P r o v i d e a c o m p a c t s u m m a r y o f t h e m e a s u r e m e n t s o n a n d s e a r c h e s f o r t h e S M H i g g s b o s o n , i n c l u d i n g
i n f o r m a t i o n f r o m L E P , t h e T e v a t r o n , a n d t h e L H C . I n c l u d e i n t h i s s u m m a r y a s u r v e y o f s e a r c h e s f o r
n o n - m i n i m a l H i g g s s e c t o r s .

C o m m u n i t y P l a n n i n g S t u d y : S n o w m a s s 2 0 1 3

ILC as Higgs Factory & beyond 

FCC?
CEPC/SppC?

Snowmass 1310.8361

e+e-&Z,240-350GeV



International Linear Collider 
as a Higgs Factory & beyond

Ecm (GeV) = 250 (Higgs), 500 (top), 1000 (new particles)
Lumi (ab-1) = 0.25 - 2

Under serious consideration in Japan:
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FCC (future circular collider): CERN

S. Su 11

HE-LHC 
27 km, 20T

33 TeV

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

100 TeV

FCC-ee
80/100 km

90 - 400 GeV

S. Su 11

HE-LHC 
27 km, 20T

33 TeV

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

100 TeV

FCC-ee
80/100 km

90 - 400 GeV
S. Su 11

HE-LHC 
27 km, 20T

33 TeV

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

100 TeV

FCC-ee
80/100 km

90 - 400 GeV
S. Su 11

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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S. Su 12

FCC Timeline

M. Benedikt

1980 1990 2000 2010 2020 2030

LHC Constr. PhysicsProto.Design, 
R&D

HL-LHC Constr.Design, 
R&D

FCC
ee
hh
he

2040

LHeC/SAPPHiRE? Constr. PhysicsDesign, 
R&D

Physics

tentative time line

Design, 
R&D

Constr. Physics

CERN Yellow Reports on “a 100 TeV pp Collider”: 
Vol. 1. SM; 2. Higgs; 3. BSM; 4. Accelerator
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S. Su 13

Qinhuangdao (〜ⲽዑε

50 km 

70 km 

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

Yifang Wang

CepC, SppC

“Chinese Toscana”

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

CEPC (circular e-e+)/SppC: China
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CEPC/SppC Preliminary Conceptual Design Reports:
Vol. 1: Physics & Detector;  Vol. 2: Accelerator
http://cepc.ihep.ac.cn/preCDR/volume.html

S. Su 14

CEPC-SPPC Timeline
这个窗口对高能所也是合适的 

BESIII实验 

大亚湾实验 
JUNO实验建设 

ATLAS/CMS/LHCb 运行与升级 
ILC ？ 

BELLEII/PANDA 

2020 2050 2040 2030 

地下暗物质/EE衰变 实验 

CEPC 建设 

散裂中子源 
ADS 

北方光源 

未来光源（FEL，ERL） ？ 

SppC 建设 
CEPC实验 

SppC实验 

JUNO实验 

Y. Wang
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Ecm running time statistics (FCC-ee)

b,c,τ 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)

e+e- colliders: Energy/Lumi projection

TLEP Report: 
1308.6176
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Figure 7. The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by the HZHA program [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− → HZ, and the thin red curve
shows the fraction corresponding to the Z → νν̄ decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the Hνeν̄e and He+e− final states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for five years each,

√
s = 240GeV and

√
s ∼ 2mtop.

rapidly decreasing with the new physics scale Λ, typically like 1/Λ2. For Λ = 1TeV,

departures up to 5% are expected [7, 8]. To discover new physics through its effects on the

Higgs boson couplings with a significance of 5σ, it is therefore necessary to measure these

couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil

level to reach sensitivity to Λ larger than 1TeV, as suggested at by the negative results of

the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity

delivered by the collider, are therefore key elements in the choice of the right Higgs factory

for the future of high-energy physics: a per-mil accuracy cannot be reached with less

than a million Higgs bosons. The Higgs production cross section (obtained with the HZHA

generator [39]), through the Higgs-strahlung process e+e− → HZ and the WW or ZZ fusion

processes, is displayed in figure 7. A possible operational centre-of-mass energy is around

255GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity profile of TLEP as a function of the centre-of-mass energy (figure 3)

leads to choose a slightly smaller value, around 240GeV, where the total number of Higgs

bosons produced is maximal, as displayed in figure 8. The number of WW fusion events

has a broad maximum for centre-of-mass energies between 280 and 360GeV. It is therefore

convenient to couple the analysis of the WW fusion with the scan of the tt̄ threshold, at√
s around 350GeV, where the background from the Higgs-strahlung process is smallest

and most separated from the WW fusion signal.

– 14 –

TLEP Report: 1308.6176

~ 200 fb

Higgs-Factory: Mega (106) Higgs
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Figure 7. The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by the HZHA program [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− → HZ, and the thin red curve
shows the fraction corresponding to the Z → νν̄ decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the Hνeν̄e and He+e− final states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for five years each,

√
s = 240GeV and

√
s ∼ 2mtop.

rapidly decreasing with the new physics scale Λ, typically like 1/Λ2. For Λ = 1TeV,

departures up to 5% are expected [7, 8]. To discover new physics through its effects on the

Higgs boson couplings with a significance of 5σ, it is therefore necessary to measure these

couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil

level to reach sensitivity to Λ larger than 1TeV, as suggested at by the negative results of

the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity

delivered by the collider, are therefore key elements in the choice of the right Higgs factory

for the future of high-energy physics: a per-mil accuracy cannot be reached with less

than a million Higgs bosons. The Higgs production cross section (obtained with the HZHA

generator [39]), through the Higgs-strahlung process e+e− → HZ and the WW or ZZ fusion

processes, is displayed in figure 7. A possible operational centre-of-mass energy is around

255GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity profile of TLEP as a function of the centre-of-mass energy (figure 3)

leads to choose a slightly smaller value, around 240GeV, where the total number of Higgs

bosons produced is maximal, as displayed in figure 8. The number of WW fusion events

has a broad maximum for centre-of-mass energies between 280 and 360GeV. It is therefore

convenient to couple the analysis of the WW fusion with the scan of the tt̄ threshold, at√
s around 350GeV, where the background from the Higgs-strahlung process is smallest

and most separated from the WW fusion signal.

– 14 –

TLEP Report: 1308.6176

~ 200 fb

TLEP-240  
1 year, 1 detector 

Recoil Mass (GeV) 

e+e� �  HZ with Z �  e+e� or µ+µ� �

F i g . 9 : D i s t r i b u t i o n o f t h e m a s s r e c o i l i n g a g a i n s t t h e l e p t o n p a i r i n t h e e + e − � H Z c h a n n e l , i n t h e Z � � + � −

fi n a l s t a t e ( � = e , µ ) , t a k e n f r o m R e f . [ 3 5 ] , f o r a n i n t e g r a t e d l u m i n o s i t y e q u i v a l e n t t o o n e y e a r o f d a t a t a k i n g w i t h
o n e T L E P d e t e c t o r ( a s s u m e d t o b e t h e C M S d e t e c t o r ) . T h e n u m b e r o f H i g g s b o s o n e v e n t s ( t h e r e d h i s t o g r a m )
o b t a i n e d f r o m a fi t o f t h i s d i s t r i b u t i o n i s p r o p o r t i o n a l t o t h e i n c l u s i v e H Z c r o s s s e c t i o n , � H Z .

T a b l e 4 : S t a t i s t i c a l p r e c i s i o n f o r H i g g s m e a s u r e m e n t s o b t a i n e d f r o m t h e p r o p o s e d T L E P p r o g r a m m e a t
�
s = 2 4 0

G e V o n l y ( s h o w n i n T a b l e 3 ) . F o r i l l u s t r a t i o n , t h e b a s e l i n e I L C fi g u r e s a t
�
s = 2 5 0 G e V , t a k e n f r o m R e f . [ 6 ] , a r e

a l s o g i v e n . T h e o r d e r - o f - m a g n i t u d e s m a l l e r a c c u r a c y e x p e c t e d a t T L E P i n t h e H � � � c h a n n e l i s t h e t h r e e f o l d
c o n s e q u e n c e o f t h e l a r g e r l u m i n o s i t y , t h e s u p e r i o r r e s o l u t i o n o f t h e C M S e l e c t r o m a g n e t i c c a l o r i m e t e r , a n d t h e
a b s e n c e o f b a c k g r o u n d f r o m B e a m s t r a h l u n g p h o t o n s .

T L E P 2 4 0 I L C 2 5 0
� H Z 0 . 4 % 2 . 5 %

� H Z × B R ( H � b ¯b ) 0 . 2 % 1 . 1 %
� H Z × B R ( H � c ¯ c ) 1 . 2 % 7 . 4 %
� H Z × B R ( H � g g ) 1 . 4 % 9 . 1 %

� H Z × B R ( H � W W ) 0 . 9 % 6 . 4 %
� H Z × B R ( H � � � ) 0 . 7 % 4 . 2 %
� H Z × B R ( H � Z Z ) 3 . 1 % 1 9 %
� H Z × B R ( H � � � ) 3 . 0 % 3 5 %
� H Z × B R ( H � µ µ ) 1 3 % 1 0 0 %

F i n a l l y , t h e � + � − H fi n a l s t a t e a n d t h e d i s t r i b u t i o n o f t h e m a s s r e c o i l i n g a g a i n s t t h e l e p t o n p a i r c a n
a l s o b e u s e d t o d i r e c t l y m e a s u r e t h e i n v i s i b l e d e c a y w i d t h o f t h e H i g g s b o s o n , i n e v e n t s w h e r e t h e H i g g s
b o s o n d e c a y p r o d u c t s e s c a p e u n d e t e c t e d . W i t h t h e T L E P d a t a a t 2 4 0 G e V , t h e H i g g s b o s o n i n v i s i b l e
b r a n c h i n g f r a c t i o n c a n b e m e a s u r e d w i t h a n a b s o l u t e p r e c i s i o n o f 0 . 2 5 % . I f n o t o b s e r v e d , a 9 5 % C . L .
u p p e r l i m i t o f 0 . 5 % c a n b e s e t o n t h i s b r a n c h i n g f r a c t i o n .

1 8

m2
h = (pe� + pe+ � qµ� � qµ+)2

“Recoil mass”

Higgs-Factory: Mega (106) Higgs
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• ILC: Ecm = 250 (500) GeV,  250 (500) fb-1 (0.5x105 Higgs)
Model-independent measurement: 

ΓH ~ 6%,    ΔmH ~ 30 MeV
(HL-LHC: assume SM, ΓH~ 5-8%,  ΔmH ~ 50 MeV)
• FCCee/CEPC 106 Higgs: ΓH ~ 1%, ΔmH ~ 5 MeV.

ILC Report: 1308.6176

Higgs-Factory:
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• ILC: Ecm = 250 (500) GeV,  250 (500) fb-1 (0.5x105 Higgs)
Model-independent measurement: 

ΓH ~ 6%,    ΔmH ~ 30 MeV
(HL-LHC: assume SM, ΓH~ 5-8%,  ΔmH ~ 50 MeV)
• FCC/CEPC 106 Higgs: ΓH ~ 1%, ΔmH ~ 5 MeV.

ILC Report: 1308.6176
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precision reach of the 12-parameter fit in Higgs basis
LHC 300/fb Higgs + LEP e+e-→WW
LHC 3000/fb Higgs + LEP e+e-→WW

CEPC 240GeV (5/ab) + 350GeV (200/fb)
FCC-ee 240GeV (10/ab) + 350GeV (2.6/ab)
ILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)
CLIC 350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)

light shade: e+e- collider only
solid shade: combined with HL-LHC
blue line: individual constraints
red star: assuming zero aTGCs

Peskin et al. 1704.02333Couplings to sub-percent:

Higgs-Factory:
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• Clean environment, ΔEcm < 1 MeV, 105 x LEP-I
• possible longitudinal polarization
• Z-ploe:    ΔMZ , ΔΓZ < 0.1 MeV, Δsin2θw < 10-6 ; 
• Thr. scan: ΔMW ~ O(1 MeV), Δmt ~ O(10 MeV), ΔmH ~ O(10 MeV).

 (GeV)topm
171.5 172 172.5 173 173.5 174 174.5 175

 (G
eV

)
W

m

80.35

80.355

80.36

80.365

80.37 TLEP (Z pole)
TLEP (Direct)
ILC (Direct)
LHC (Future)
Tevatron
Standard Model

F i g . 1 6 : T h e 6 8 % C . L . c o n t o u r f r o m t h e fi t o f a l l E l e c t r o w e a k p r e c i s i o n m e a s u r e m e n t s f r o m T L E P - Z ( r e d c u r v e )
i n t h e ( m t o p , m W ) p l a n e , s h o u l d t h e r e l e v a n t t h e o r y u n c e r t a i n t i e s b e r e d u c e d t o m a t c h t h e T L E P e x p e r i m e n t a l
u n c e r t a i n t i e s , c o m p a r e d t o t h e d i r e c t W a n d t o p m a s s p r e c i s i o n s ( b l u e c u r v e ) e x p e c t e d a t T L E P - W a n d T L E P - t .
F o r i l l u s t r a t i o n , t h e L H C ( b l a c k c u r v e ) a n d I L C ( g r e e n c u r v e ) p r o j e c t i o n s f o r t h e d i r e c t m W a n d m t o p p r e c i s i o n s
a r e a l s o i n d i c a t e d , a s w e l l a s t h e c u r r e n t p r e c i s i o n o f t h e T e v a t r o n m e a s u r e m e n t s ( d a s h e d c u r v e ) . T h e v a l u e o f t h e
T e v a t r o n W m a s s w a s m o d i fi e d i n t h i s fi g u r e t o m a t c h t h e S M p r e d i c t i o n f o r m t o p = 1 7 3 . 2 G e V . T h e p u r p l e l i n e
s h o w s t h e p r e d i c t i o n f r o m t h e S t a n d a r d M o d e l f o r m H = 1 2 5 G e V . ( F o r t h e L H C o r t h e I L C o n t h e i r o w n , t h e
t h i c k n e s s o f t h i s l i n e w o u l d n e e d t o b e i n c r e a s e d b y a t l e a s t t h e e r r o r s t e m m i n g f r o m t h e Z m a s s m e a s u r e d a t L E P ,
i . e . , a b o u t ± 2 M e V o n t h e W m a s s . T h i s e r r o r d i s a p p e a r s i n t h e c a s e o f T L E P . ) N o t h e o r y e r r o r w a s i n c l u d e d i n
t h i s l i n e .

p l a n e . T h i s fi t i s c o m p a r e d t o t h e d i r e c t m W a n d m t o p m e a s u r e m e n t s e x p e c t e d f r o m T L E P - W a n d
T L E P - t . F o r i l l u s t r a t i o n , a c o m p a r i s o n w i t h t h e p r e c i s i o n s o b t a i n e d w i t h t h e c u r r e n t T e v a t r o n d a t a , a s
w e l l a s f r o m L H C a n d I L C p r o j e c t i o n s , i s a l s o s h o w n . A m o n g t h e m a n y p o w e r f u l t e s t s t h a t w i l l b e -
c o m e a v a i l a b l e w i t h T L E P d a t a , a n i n c l u s i v e , a l b e i t u n i d i m e n s i o n a l , t e s t i s c o m m o n l y p r o p o s e d b y t h e
m o s t p o p u l a r fi t t i n g p r o g r a m m e s , n a m e l y t h e c o m p a r i s o n o f t h e H i g g s b o s o n m a s s p r e d i c t i o n f r o m a l l
E l e c t r o w e a k o b s e r v a b l e s w i t h t h e m a s s a c t u a l l y m e a s u r e d . F i g u r e 1 7 s h o w s t h e � � 2 o f t h e H i g g s b o s o n
m a s s fi t , o b t a i n e d f r o m G F i t t e r u n d e r t h e s a m e a s s u m p t i o n s , t o t h e T L E P E l e c t r o w e a k p r e c i s i o n m e a -
s u r e m e n t s . A p r e c i s i o n o f 1 . 4 G e V o n m H i s p r e d i c t e d i f a l l r e l a t e d t h e o r y u n c e r t a i n t i e s c a n b e r e d u c e d
t o m a t c h t h e e x p e r i m e n t a l u n c e r t a i n t i e s . I f t h e t h e o r y u n c e r t a i n t i e s w e r e k e p t a s t h e y a r e t o d a y [ 7 8 ] , t h e
p r e c i s i o n o n m H w o u l d b e l i m i t e d t o a b o u t 1 0 G e V , a s s h o w n a l s o i n F i g . 1 7 .

5 H i g h - e n e r g y u p g r a d e s
T h e E u r o p e a n S t r a t e g y u p d a t e r e c a l l s t h e s t r o n g p h y s i c s c a s e o f a n e + e − c o l l i d e r f o r t h e m e a s u r e m e n t
o f t h e H i g g s b o s o n a n d o t h e r p a r t i c l e p r o p e r t i e s w i t h u n p r e c e d e n t e d p r e c i s i o n . A s d e m o n s t r a t e d i n
S e c t i o n s 3 a n d 4 , t h e T L E P p r o j e c t s u p e r b l y q u a l i fi e s f o r t h i s p u r p o s e . T h e p r o j e c t e d p r e c i s i o n s a r e
s u f fi c i e n t t o a c h i e v e s e n s i t i v i t i e s t o n e w p h y s i c s u p t o 5 T e V i f i t c o u p l e s t o t h e s c a l a r s e c t o r , a n d u p
t o 3 0 T e V f o r w e a k l y - c o u p l e d n e w p h y s i c s . T h e E u r o p e a n S t r a t e g y u p d a t e a l s o s t a t e s t h a t t h e p r o j e c t
m u s t b e u p g r a d e a b l e t o h i g h e r e n e r g i e s . I t i s t h e r e f o r e i m p o r t a n t t o e v a l u a t e t h e s c i e n t i fi c r e l e v a n c e
o f a p o s s i b l e e n e r g y u p g r a g e o f T L E P i n t h e c o n t e x t o f t h e F C C p r o j e c t , e s p e c i a l l y w h e n c o m p a r e d t o
( m u l t i - ) T e V e + e − c o l l i d e r s .

3 4

TLEP Report: 1308.6176

Z-Factory: Tera (1012) Z Physics
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The Next Energy Frontier:
100 TeV Hadron Collider

s/S= τ
0.05 0.1

τ
dL

/d

5−10

3−10

1−10
10

310

510

710
14 TeV14 TeVqq

γq T
±qW

±
L

qWT
-WT

+W
γ±TW

-
LW+

LW

 (TeV)s
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

(a)

s/S = τ
0.05 0.1

τ
dL

/d

5−10

3−10

1−10
10

310

510

710
100 TeVqq

γq
T
±qW

±
L

qWT
-WT

+W
γ±T

W

-
LW+

LW

 (TeV)s
2 4 6 8 10 12

(b)

 (TeV)s
1 2 3 4

14
Te

V
/ d

L
10

0T
eV

dL

210

310

qq

γq
T
±qW

±
L

qW

T
-WT

+W

γ±TW
-
LW+

LW

(c)

Figure 3: Representative parton luminosities in pp collisions at (a)
√
S = 14 TeV,

(b)
√
S = 100 TeV, and (c) the ratio of luminosities between the two beam energies

as a function of partonic CM energy
√
s.

the W+
T γ and W+

T W−
T luminosities. Note that in this comparison, we have also derived

the photon PDF at fixed-order, sourced from quark PDFs. Attempts at fitting the photon

PDFs with LHC data have recently been made [81]. Some recent discussions regarding the

factorization scale uncertainties can be found in Ref. [82]. More importantly, a complete

description will ultimately require including as well the ZT and mixed γ/ZT PDFs [67].

The PDFs and corresponding parton luminosities for longitudinal gauge bosons can be

seen to be significantly smaller than those of transverse bosons. Of course, these nonetheless

remain uniquely important for probing the nature of the electroweak sector beyond the

Standard Model [21, 58, 73, 83–85]. In Fig. 3(c), we show the ratios of the partonic

luminosities at the 100 TeV collider and the LHC dL100(s)/dL14(s). The increase with

energy is largest for WLWL, with an enhancement factor about two orders of magnitude

for
√
s = 1–4 TeV.

As discussed in Sec. 2.2, some additional novel electroweak effects in the PDFs involve

– 29 –
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Figure 3: Production rates of SM processes versus the pp CM energy [4].

a low production rate and large SM backgrounds. Moreover, one needs to
disentangle di↵erent contributions from di↵erent contributing diagrams. At
100 TeV, this process will however probe a SM Higgs self-coupling at the ten
percent level [5, 6, 7, 8]. The 100 TeV pp collder could also directly probe
the top Yukawa coupling, via tt̄H production, at the 1% level [9].

Experiments at 100 TeV probe the SM in a regime where the electroweak
symmetry is e↵ectively restored. A couple of new features are worth noting
(more details will be given in Section 6.2.2). First of all, in processes at the
very high energies

p
ŝ� MW , EW gauge bosons are copiously produced by

radiation. For pT ’s approaching ⇠ 10 TeV, the electroweak Sudakov factor
4↵2 log2(p2

T /m2
W ) ⇠ 0.1, and we have “electroweak radiation” in complete

analogy with electromagnetic and gluon radiation. For instance, a W or Z
gauge boson would be radiated o↵ a light quark with 10 TeV of energy with
a probability of 10% and o↵ a gauge boson with a probability of 20%. These
production rates are one-to-two orders of magnitude higher than what we typ-

9
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Triple Higgs boson coupling λhhh :
Test the shape of the Higgs potential, 
and the fate of the EW-phase transition (EWPT): 
O(100%) deviation needed for 1st order EWPT;
O(10%) accuracy needed for a conclusive test. 

H

H

H ?
H

H

H

LHC 100 TeV pp

mass reach of new physics

HL-LHC ~ 50%;    ILC(1 TeV), CLIC(3 TeV) ~ 10%;

FCChh @ 3 ab-1: ~ 8%  
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SUSY @ FCChh/SPPC 
M.Mangano et al.: 1407.5066
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Pushing the “Naturalness” limit

The Higgs mass fine-tune: δmH/mH ~ 1% (1 TeV/Λ)2

Thus, mstop > 8 TeV à 10-4 fine-tune!

Stop like T’ search at hadron collider

- Larger production rate than the stop. 

- Studied quite a bit back then, as a “counter 
example” of SUSY.
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Figure 2: Cross-sections at 14 TeV (left) and 100 TeV (right).
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Figure 3: Search significance as computed in [1] for fermions (left) and scalar (right).
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Figure 4: Ratio of scalar cross-section to fermion cross-section.
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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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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

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

T.Cohen et al.: 1406.4512
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-

LUX collaboration, 2013

DM Searches  

GeV low mass:
DD difficult;
Collider complementary

100 GeV or higher mass:
DD + ID + HE Collider
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WIMP DM:

with � / g4
e↵/M2

DM. This leads us to a limit on the dark matter mass of

MDM < 1.8 TeV

✓
g2
e↵

0.3

◆
. (18)

As has been long appreciated, it is quite remarkable that the TeV scale
emerges so naturally in this way, assuming dark matter couplings comparable
in strength to the electroweak gauge interactions. This gives a strong, direct
argument for new physics at the TeV scale, independent of any theoretical
notions of naturalness.

Compellingly, dark matter often falls out of theories of physics beyond
the SM without being put in by hand. Indeed, if the SM is augmented by
new physics, not even necessarily close to the weak scale, but far beneath
the GUT scale, the interactions with new states should respect baryon and
lepton number to a very high degree. Since all SM particles are neutral under
the discrete symmetry (�1)B+L+2S, any new particles that are odd under
this symmetry will be exactly stable. This is the reason for the ubiquitous
presence of dark matter candidates in BSM physics. It is thus quite plausible
that the dark matter is just one part of a more complete sector of TeV-
scale physics; this has long been a canonical expectation, with the dark
matter identified as e.g. the lightest neutralino in a theory with TeV-scale
supersymmetry. The dominant SUSY processes at hadron colliders are of
course the production of colored particles—the squarks and gluinos—which
then decay, often in a long cascade of processes, to SM particles and the
lightest supersymmetric particle (LSP), resulting in the well known missing
energy signals at hadron colliders. This indirect production of dark matter
dominates, by far, the direct production of dark matter particles through
electroweak processes.

However, as emphasized in our discussion of naturalness, it is also worth
preparing for the possibility of a much more sparse spectrum of new particles
at the TeV scale. Indeed, if the idea of naturalness fails even slightly, the
motivation for a very rich set of new states at the hundreds-of-GeV scale
evaporates, while the motivation for WIMP dark matter at the TeV scale
still remains. This is for instance part of the philosophy leading to models
of split SUSY: in the minimal incarnation, the scalars and the second Higgs
doublet of the MSSM are pushed to ⇠ 102� 103 TeV, but the gauginos (and
perhaps the higgsinos) are much lighter, protected by an R-symmetry. The
scalars are not so heavy as to obviate the need for R-parity, so the LSP is
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Figure 20: Left: The mass reach for the pure wino in the monojet channel with L =
3000 fb�1 for the 14 TeV LHC (blue) and at 100 TeV (red). The bands are generated by
varying the background systematics between 1�2% and the signal systematic uncertainty
is set to 10% [65]. Right: The mass reach in the pure wino scenario in the disappearing
track channel with L = 3000 fb�1 for the 14 TeV LHC (blue) and at 100 TeV (red). The
bands are generated by varying the background normalization between 20� 500% [65].

background, which is varied between 1�2%, generating the bands in the plot.
Naively scaling by total event rates the systematics from current ATLAS
studies [66] (see Ref. [67] for the CMS study) would yield 0.5% for 3000 fb�1,
but this is clearly overly optimistic. Choosing the systematic error ⇠ 1� 2%
as we have done may also be optimistic, but it sets a reasonable benchmark,
and underscores that minimizing these systematics should be a crucial factor
taken into account in the design of the 100 TeV detectors. Given the same
integrated luminosity, the monojet search increases the reach relative to the
LHC by nearly a factor of 5, as shown in the left panel of Fig. 20 .

Due to the tiny mass splitting �m = 166 MeV between the chargino and
the neutralino, the decay lifetime can be long. The resulting disappearing
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Electroweak Resonances: Z’,W’ Colored Resonances:

New Particle Searches 

~ 6x over LHC

Excited Quark
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M ~ 40 – 50 TeV!

1000 evt
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SM Bread & Butter Physics
e.g., Electroweak symmetric phase:

v

100 TeV
⇠

⇤QCD

100 GeV

mt

100 TeV
⇠ mb

2 TeV

Chen, TH, Tweedie: arXiv:1611.00788

v2/E2 only “higher twist” effects!
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SM Bread & Butter Physics
e.g., Electroweak symmetric phase:

v

100 TeV
⇠

⇤QCD

100 GeV

mt

100 TeV
⇠ mb

2 TeV

à new perspectives in the EW sector.

“Color factors” :

CA

CF
=

2N2

N2 � 1

) (

9

4

)N=3 and (

8

3

)N=2.

Chen, TH, Tweedie: arXiv:1611.00788

v2/E2 only “higher twist” effects!

Electroweak splitting/showering:
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• Higgs boson is a new class. 
NP BSM à “under the Higgs lamppost”
LHC will lead the way: g~10%; λHHH ~ 50%; Brinv.~ 20%

but it also calls for new colliders:
Precision: FCCee/CEPC

Tera Z:     ΔMZ , ΔΓZ < 0.1 MeV, Δsin2θw < 10-6.
At thresholds:   ΔMW ~ 1 MeV, Δmt ~ 10 MeV

Mega Higgs: κv ~ 0.2%, ΓH ~ 1%, Brinv. ~ 1%, ΔmH ~ 5 MeV.
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• Higgs boson is a new class. 
NP BSM à “under the Higgs lamppost”
LHC will lead the way: g~10%; λHHH ~ 50%; Brinv.~ 20%

but it also calls for new colliders:
Precision: FCCee/CEPC

Tera Z:     ΔMZ , ΔΓZ < 0.1 MeV, Δsin2θw < 10-6.
At thresholds:   ΔMW ~ 1 MeV, Δmt ~ 10 MeV

Mega Higgs: κv ~ 0.2%, ΓH ~ 1%, Brinv. ~ 1%, ΔmH ~ 5 MeV.

Energy frontier: FCChh/SPPC
g~10%; λhhh < 10% à Conclusive for EWPT

6x LHC reach: 10 – 30 TeV à fine-tune < 10-4

WIPM DM mass ~ 1 – 5 TeV
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• Higgs boson is a new class. 
NP BSM à “under the Higgs lamppost”
LHC will lead the way: g~10%; λHHH ~ 50%; Brinv.~ 20%

but it also calls for new colliders:
Precision: FCCee/CEPC

Tera Z:     ΔMZ , ΔΓZ < 0.1 MeV, Δsin2θw < 10-6.
At thresholds:   ΔMW ~ 1 MeV, Δmt ~ 10 MeV

Mega Higgs: κv ~ 0.2%, ΓH ~ 1%, Brinv. ~ 1%, ΔmH ~ 5 MeV.

Energy frontier: FCChh/SPPC
g~10%; λhhh < 10% à Conclusive for EWPT

6x LHC reach: 10 – 30 TeV à fine-tune < 10-4

WIPM DM mass ~ 1 – 5 TeV
An exciting journey ahead! 



Site	selections	(a	few	main	candidates)

1) Qinhuangdao

2) Shaanxi Province

3) Near Shenzhen and Hongkong

1)

2)

3)



(Perhaps)

• Technology limitation (high field magnets?)

• Budgetary consideration (> 10 B$?)

• Geological / geographic consideration  

47

“Canonical” energy / luminosity:
100 TeV,   3 – 30 ab-1
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Higgs Factories:
• ILC: 250 GeV, 2 ab-1, 80% / 30% polarization. 
• CEPC: 240 GeV, 5 ab-1 .
• FCCee: 250 GeV, 20 ab-1 .

Z Factory : at MZ, 20 ab-1 .

Higher Energy e+e- Colliders:
• ILC: 500 GeV, 4 ab-1, 80% / 30% polarization.
• CLIC: 380 GeV, 0.5 ab-1, 80% / 0 polariation.
• 1.5 TeV, 1.5 ab-1;     3 TeV, 3 ab-1.
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Nuclear physics? 

Atomic physics:
Rydberg const. E0 ~ α2 me à O(25 eV),   very natural!

Solar eclipses:

Earth Moon
Sun δθ/θ~10-2

rather unnatural!


