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2000
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HEP:  Uninterrupted discoveries 
for more than half a century!

From quarks to the Higgs boson,
with heroic efforts in theory and experiments:  

The Standard Model 
of particle physics



The SM: Most precise theory in science 
     

First time ever, we have a self-consistent theory:
• quantum-mechanical, 
• relativistic, 
• unitary,
• renormalizable, 
• vacuum (quasi) stable, valid up to an 

exponentially high scale, possible MPl (!?)

𝛬? Dark Matter? 
Cosmic inflation?

B-asymmetry? 
CP violation? 

M𝛎 ? Scale hierarchy …
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You are here10-9 s after the Big Bang, when the 
Universe was as cold as 1015 K, the electro-
weak phase transition took place. 
Ever since, the Universe is in an EW 
super-conducting phase. 

Question 1. Electroweak Superconductivity

It’s like Landau-Ginzburg Theory:

F = ↵(T )| |2 + �(T )

2
| |4

| |2 = �↵(T )
�(T )

• an effective phenomenological theory near the phase 
transition; an “order parameter” description.

• BCS as the underlying theory to understand the 
dynamical mechanisms, to calculate 𝜶(T), 𝜷(T)!

mH ≈ 126 GeV 

Question 1: The Nature of EWSB ?

V (|�|) = �µ
2�†� + �(�†�)2
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Fully determined at the weak scale:
v = (

p
2GF )�1/2 ⇡ 246 GeV

m2
H

= 2µ2 = 2�v2 ) µ ⇡ 89 GeV, � ⇡ 1
8
.

In the SM:

24

It is a weakly coupled new force, 
underwent a 2nd order phase transition.

Is there anything else?

You are here
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It’s NOT Landau-Ginzburg Theory
The Higgs sector is a consistent scalar 
quantum field theory, valid to high scales.

mH ≈ 126 GeV 

Question 1: The Nature of EWSB ?
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8
.

In the SM:

24

It is a weakly coupled new force, 
underwent a 2nd order phase transition.

Is there anything else?

You are here

<|Φ|> = mH =
p
2�v = 125 GeV

For such mass and coupling, 
the Universe underwent a slow crossover EW phase change.

 ⌘ penetration depth
coherence length = mH

MW

⇡ 1.5

An underlying theory to calculate 𝝁2, 𝝀?

• The vacuum is a Type II  EW superconductor:

• The Higgs boson is weakly coupled, 𝝀 ~ 0.13,
• Very narrow resonance:  width/mh ≈ 10-5.  
• Elementary up to a scale ~1000 GeV!

The Higgs boson IS NEW PHYSICS!
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“… 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

c2⇤
2 ⇠ m2

h : �v2 ⇠ µ2 ⇠ (100 GeV)2 ⇠ (10�16MPlanck)
2

The mass? V = -µ2 |ϕ|2 + λ|ϕ|4

In Wilsonian EFT, the Higgs mass a “relevant operator”:

The “Hierarchy problem” between mh & MPlanck 
• 𝞚 ~ 4𝝿 v near O(TeV) new dynamics? 
• Or new principles: SUSY, extra dim, etc. ?
• Or accept “fine tune”: the anthropic principle?

c2⇤
2 ⇠ m2

w : g2v2, �m2
w ⇠ m2

w ln(⇤/mw)

c3⇤ ⇠ mf : yfv, �mf ⇠ mf ln(⇤/mw)

They are (technically) natural.

Other mass terms:
• Dark Matter wanted!
• Neutrino masses:

Dirac? Majorana? 
• Any other states?

new gauge bosons,   
vector-like fermions,
lepto-quarks,
more Higgs scalars
SM partners, KK states?

(gauge symm)
(chiral symm)

But vastly hierarchical...

From observations: “Relevant operators (2)”

G. ‘t Hooft, 1997.

As opposed to “technically natural”:



The coupling? V = -µ2 |ϕ|2 + λ|ϕ|4

• In the SM, λ is a free parameter,
     now measured at LHC energies  λ ≈ 0.13 

• In composite/strong dynamics, 
    harder to make λ big enough.
(due to the loop suppression by design) 

It represents a weakly coupled 
new force (a fifth force):

• In SUSY, it is related to the gauge couplings
 tree-level: λ = (gL2 + gY2)/8 ≈ 0.3/4 ß a bit too small

Already possess challenge to BSM theories.
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à Higgs mass fine-tune: δmH/mH ~ 1% (1 TeV/Λ)2
Thus, mstop > 8 TeV à 10-4 fine-tune!
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gauginos

Pushing the “Naturalness” limit:
The searches for top quark partners 

& gluinos, gauginos, & heavy Higgses … 

(Strongest) Motivation for Future Colliders
~ 10 TeV pCM energies



Question 2: 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
H

H2 +
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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We only know
2 terms

With new physics near the EW scale: 
    extended Higgs, Higgs portal to dark sector … 

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
h
h†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
Simplest, but also hardest to discover.
Good testing case.

h
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?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

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

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

2
m2

H
H2+

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 .

18

àλhhh= (7/3)λhhh
SM

àλhhh= (5/3)λhhh
SM

In the SM, 
                 slow cross-over phase change

m2
H

= 2µ2 = 2�v2 ) µ ⇡ 89 GeV, � ⇡ 1
8
.

• May result in strong 1st order EWPT! 
• Possible EW baryogenesis 
• Gravitational wave signals?
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(Caterina Vernieri)

(300 fb-1) (3 ab-1)

~ 10 TeV pCM energies

10 TeV 𝝁 collider

Conclusive test for SM EWPT!

Determining the Higgs self-coupling λhhh
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Cirelli, Fornengo and Strumia: 
hep-ph/0512090, 0903.3381;
TH, Z. Liu, L.T. Wang, X. Wang: 
arXiv:2009.11287

Question 3. Particle Dark Matter
A generalized WIMP

Consider the “minimal EW dark matter”: an EW multi-plet
• The lightest neutral component as DM
• Interactions well defined à pure gauge
• Mass upper limit predicted à thermal relic abundance 

Thermal targets

Model Therm. 5σ discovery coverage (TeV)
(color, n, Y ) target mono-γ mono-µ di-µ’s disp. tracks

(1,2,1/2) Dirac 1.1 TeV — 2.8 — 1.8− 3.7

(1,3,0) Majorana 2.8 TeV — 3.7 — 13− 14

(1,3,ε) Dirac 2.0 TeV 0.9 4.6 — 13− 14

(1,5,0) Majorana 14 TeV 3.1 7.0 3.1 10− 14

(1,5,ε) Dirac 6.6 TeV 6.9 7.8 4.2 11− 14

(1,7,0) Majorana 23 TeV 11 8.6 6.1 8.1− 12

(1,7,ε) Dirac 16 TeV 13 9.2 7.4 8.6− 13

Table 1: Generic minimal dark matter considered in this paper and a brief summary of
their 5σ discovery coverage at a 30 TeV high energy muon collider with the three individual
channels. Further details of individual and combined channels, the 2σ and 5σ reaches, and
different collider parameter choices, including

√
s =3, 6, 10, 14, 30, 100 TeV are provided in

the summary plots in Figure 15, Figure 16, and in the appendix.

signals to be investigated in this paper. We will, however, adopt the notation (1, n = 2T+1, ε)

to label a Dirac multiplet, and correspondingly (1, n = 2T + 1, 0) for a Majarona multiplet.
For an even-dimensional n-plet, setting Y = (n − 1)/2 ensures the lightest eigenstate of

the EW multiplet to be neutral.1 In the minimal case, the limits from direct detection rule out
all cases with Y #= 0.2 Hence, to make the even-dimensional multiplet a viable scenario, we
could go beyond the minimality and introduce another state which mixes with the multiplet
after EW symmetry breaking and generates a small Majorana mass splitting between the
neutral Dirac fermion pair [20]. It is also possible to have such a splitting, while the EW loop
corrections still dominate the mass splitting between the neutral and the charged members
of the multiplet. For example, if a dimension-5 operator generates a mass splitting after
integrating out the new physics with a mass scale M , we have ∆m ∝ v2/M . Requiring this
to be smaller than the loop contributions and yet large enough to protect against the direct
detection bounds puts M ∼ (10–1000) TeV. Whether such additional new physics can also be
probed at a high-energy muon collider is a model-dependent question that we will not pursue
further. For the rest of our analyses, we will present the EW doublet (Higgsino) results while
implicitly making the assumptions above. It is the smallest even-dimensional multiplet and
also present in SUSY. The results for higher even-n multiplets are included in the appendix.
The main features of the collider signals in these cases are similar to those odd-dimensional
multiplets discussed in detail in this paper.

In principle, both real and complex scalar EW multiplets can contain viable dark matter
1For smaller values of Y for the even n-plet, one might need to rely on some additional splitting generating

mechanisms to change the lightest state being charged to neutral for n ≥ 4. For a more detailed discussion on
the splittings and hyper-charges, see subsection 3.4.

2The only exception is the case with tiny hyper-charge discussed above.
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Figure 5: Thermal relic DM abundance computed taking into account tree-level scatterings (blue

curve), adding Sommerfeld corrections (red curve), and adding bound state formation (ma-

genta). We consider DM as a fermion SU(2)L triplet (left panel) and as a fermion quintuplet

(right panel). In the first case the SU(2)L-invariant approximation is not good, but it’s enough

to show that bound states have a negligible impact. In the latter case the SU(2)L-invariant
approximation is reasonably good, and adding bound states has a sizeable e↵ect.

relevant for thermal freeze-out, the bound state can be produced by �+�� co-annihilations. In
the SU(2)L-invariant computation this di↵erence arises because we have isospin as an extra
quantum number: the bound state with ` = 0 and I = 1 can be produced from an initial state
with ` = 1, I = 3. As discussed above, the SU(2)L-invariant approximation is not accurate;
nevertheless it su�ces to estimate that the bound-state contribution is negligible.

Fig. 4a compares the approximated binding energy with the one computed numerically
from the full potential of eq. (80). In SU(2)L-invariant approximation the annihilation width
is �ann = 8↵5

2
M�, and the production cross section �� ! B1s1� is given by eq. (51) (with

CJ = CT =
p
2) times ↵em/3↵2 to take into account that only the photon can be emitted

(thermal masses do not kinematically block the process), given that the non-thermal masses
MW,Z are much bigger than the binding energy. Even with this rough (over)estimate, bound-
state formation a↵ects the DM relic density by a negligible amount, at the % level. Its e↵ect
is not visible in fig. 5 where we show the DM thermal abundance as function of the DM mass.

7.2 Minimal Dark Matter fermion quintuplet

We next consider the Minimal DM fermionic quintuplet [4]. The DM-DM states formed by two
quintuplets of SU(2)L decompose into the following isospin channels

5⌦ 5 = 1S � 3A � 5S � 7A � 9S. (87)

26

Mitridate, Redi, Smirnov, Strumia, 1702.01141→ 40 TeV?

Reach up to thermal target

≈ 


complete coverage for WIMP candidate

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

40

ß Higgsino-like
ß Wino-like



-

LUX collaboration

GeV low mass:
DD difficult;
Collider complementary

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

12

Complementarity of Direct detection & Colliders
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Covering the thermal targetwith � / 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

40

WIMP Dark Matter coverage

TH, Z. Liu, L.T. Wang, X. Wang: arXiv:2009.11287; arXiv:2203.07351 



• Particle mass hierarchy

Question 4. The “Flavor Puzzle”

• Patterns of quark, 
neutrino mixings

• Neutrino mass 
generation (seesaw)

15

Whale
(200 tons)

tiger

cat

mosquito

• New CP-violation 
sources

Higgs is in a 
pivotal position.



5. Neutrino mass & mixing 
    seesaw mechanism & its scale
6. Matter–Antimatter asymmetry
     Where is the anti-matter? New CP violation?
7. E&M + Weak + Strong à single force?
    Grand Unification? proton instability?
8. Larger space-time symmetry? 
    Super-symmetry? Extra-dim/string theory?
9. Cosmology: inflation, dark energy …
    Does the Higgs play a role?
10. Quantum gravity? 
  We need answers à colliders indispensable! 

16

The list of questions continues …
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P5 report:
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Backup slides …
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L =
X

ci⇤
n
On = c0⇤

4 + c2⇤
2
Odim 2 + c3⇤Odim 3

+ c4Odim 4 +
c6
⇤2

Odim 6 + ...

SM as an Effective Field Theory
“The present educated view of the 
standard model, and of general 
relativity, is again that these are the 
leading terms in effective field 
theories.” S. Weinberg, hep-th/9702027

In terms of a physical scale     , 
below which the theory is valid: 

Λ

(relevant operators)

(irrelevant operators)(marginal operators)
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Higgs boson analogue in CM:
In a 2014 report, a collective mode of 
Tera-Hertz (10-3 eV) vibration observed!
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How much “tune” is fine-tuned?

Nuclear physics? 

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

Solar eclipses:

Earth Moon
Sun

rm/dm= 0.5583; rs/ds 
=0.5450 at perigee 
à δθ/θ ~2.10-2   

rather unnatural!
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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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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

 [TeV]TM
0 1 2 3 4 5 6 7 8 9 10

 [T
eV

]
χ

M

0

1

2

3

4

5

6

7

8  discoveryσ5

 = 100 TeVs
-1L = 3000 fb

Fermion Partner

Boosted Top

Compressed



à Higgs mass fine-tune: δmH/mH ~ 1% (1 TeV/Λ)2
Thus, mstop > 8 TeV à 10-4 fine-tune!
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gauginos

Pushing the “Naturalness” limit:
The searches for top quark partners 

& gluinos, gauginos … 

E=30, 10 TeV

Higgs coupling reach for λhhh
SM à 

Reach at 10 TeV pCM energies
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Higgs Self-couplings:

1 . 3 D o u b l e H i g g s p r o d u c t i o n a n d t h e H i g g s s e l f - c o u p l i n g 2 5

1 . 3 D o u b l e H i g g s p r o d u c t i o n a n d t h e H i g g s s e l f - c o u p l i n g

M e a s u r e m e n t o f t h e H i g g s s e l f - c o u p l i n g a l l o w s o n e t o p r o b e t h e s h a p e o f t h e H i g g s p o t e n t i a l . I n t h e S t a n d a r d
M o d e l , t h e H i g g s p o t e n t i a l c a n b e w r i t t e n a s ( h e r e � � � = ( 0 , v /

�
2 ) T )

V = − µ 2 � † � + � ( � † � ) 2 , ( 1 . 1 1 )

y i e l d i n g a H i g g s v e v a n d m a s s o f

v =
�
µ 2 / � � 2 4 6 G e V , m H =

�
2 � v � 1 2 5 G e V . ( 1 . 1 2 )

T h e H i g g s s e l f - i n t e r a c t i o n L a g r a n g i a n , e x p a n d e d a b o u t t h e m i n i m u m , i s

� L = − 1

2
m 2

H H 2 − g H H H

3 !
H 3 − g H H H H

4 !
H 4 , ( 1 . 1 3 )

w h e r e t h e t r i p l e - a n d q u a r t i c - H i g g s c o u p l i n g s a r e p r e d i c t e d i n t h e S M i n t e r m s o f t h e k n o w n H i g g s m a s s a n d
v e v ,

g H H H = 6 � v =
3 m 2

H

v
, g H H H H = 6 � =

3 m 2
H

v 2
. ( 1 . 1 4 )

T e s t s o f t h e s e r e l a t i o n s p r o b e f o r n o n - S M p h y s i c s i n t h e H i g g s p o t e n t i a l .

T h e t r i p l e - H i g g s c o u p l i n g c a n b e p r o b e d i n d o u b l e H i g g s p r o d u c t i o n : g g � H H a t h a d r o n c o l l i d e r s o r
e + e − � Z H H , � ¯� H H a t l e p t o n c o l l i d e r s . T h e m a i n c h a l l e n g e i s t h e s m a l l s i g n a l c r o s s s e c t i o n . T h e q u a r t i c -
H i g g s c o u p l i n g c o u l d b e p r o b e d i n p r i n c i p l e t h r o u g h t r i p l e H i g g s p r o d u c t i o n , t h o u g h t h e c r o s s s e c t i o n s a r e
t o o s m a l l t o b e d e t e c t a b l e a t a n y f o r e s e e n f u t u r e f a c i l i t y .

H e n c e f o r t h w e d e n o t e t h e u n c e r t a i n t y i n t h e t r i p l e - H i g g s c o u p l i n g a s � � / � � � g H H H / g H H H .

1 . 3 . 1 S t a n d a r d M o d e l p r e d i c t i o n s f o r d o u b l e - H i g g s p r o d u c t i o n

T h e t h e o r e t i c a l s t a t u s o f d o u b l e H i g g s p r o d u c t i o n i n p p c o l l i s i o n s h a s b e e n r e c e n t l y s u m m a r i z e d i n R e f . [ 9 0 ]
( T a b l e 1 - 2 1 ) . T h e m o s t i n t e r e s t i n g p r o c e s s , g g � H H , i s c u r r e n t l y k n o w n t o n e x t - t o - l e a d i n g o r d e r i n Q C D
w i t h a t h e o r e t i c a l u n c e r t a i n t y � 3 0 % . T h i s u n c e r t a i n t y w i l l n e e d t o b e r e d u c e d t o m a t c h t h e a n t i c i p a t e d
e x p e r i m e n t a l u n c e r t a i n t y a t t h e H L - L H C a n d h i g h e r e n e r g y p p c o l l i d e r s .

A l l d o u b l e H i g g s p r o d u c t i o n p r o c e s s e s i n v o l v e n o t o n l y t h e d i a g r a m w i t h t h e t r i l i n e a r H i g g s c o u p l i n g � , b u t
a l s o a d d i t i o n a l d i a g r a m s t h a t d i l u t e t h e s e n s i t i v i t y o f t h e c r o s s s e c t i o n m e a s u r e m e n t t o � . T h i s d e p e n d e n c e
h a s b e e n q u a n t i fi e d f o r p p c o l l i d e r s i n R e f . [ 9 0 ] . B e c a u s e o f t h e d i ff e r e n t k i n e m a t i c d e p e n d e n c e s o f t h e
c o n t r i b u t i n g d i a g r a m s , t h e t w o - H i g g s i n v a r i a n t m a s s M H H a n d t h e H i g g s p T d i s t r i b u t i o n s d e p e n d o n � .
T h i s h a s n o t y e t b e e n t a k e n i n t o a c c o u n t i n L H C a n a l y s e s , a l t h o u g h a n M H H w e i g h t i n g h a s b e e n u s e d i n
I L C s t u d i e s t o i n c r e a s e t h e s e n s i t i v i t y t o � .

I n e + e − c o l l i s i o n s , t h e f u l l O ( � ) e l e c t r o w e a k c o r r e c t i o n s t o b o t h t h e d o u b l e H i g g s - s t r a h l u n g p r o c e s s e + e − �
Z H H [ 9 1 , 9 2 ] a n d t h e W W f u s i o n - d o m i n a t e d p r o c e s s e + e − � � ¯� H H [ 9 3 ] a r e k n o w n . T h e t h e o r e t i c a l
u n c e r t a i n t i e s i n t h e s e c r o s s s e c t i o n s a r e w e l l b e l o w t h e a n t i c i p a t e d e x p e r i m e n t a l p r e c i s i o n .

1 . 3 . 2 M o d e l s t h a t m o d i f y t h e t r i p l e - H i g g s c o u p l i n g

B e y o n d t h e S t a n d a r d M o d e l , t h e t r i p l e - H i g g s c o u p l i n g i s i n g e n e r a l m o d i fi e d . T h e s i z e o f t h e m o d i fi c a t i o n i s
h i g h l y m o d e l - d e p e n d e n t , p o t e n t i a l l y p r o v i d i n g m o d e l - d i s c r i m i n a t i n g p o w e r . E s t i m a t e s o f t h e s e l f - c o u p l i n g
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Triple coupling sensitivity:
Test the shape of the 
Higgs potential, and 
the fate of the EW-phase 
transition!HHH coupling
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F i g . 1 8 : E x p e c t e d r e l a t i v e s t a t i s t i c a l a c c u r a c y i n % o n t h e t r i l i n e a r H i g g s s e l f - c o u p l i n g f o r e + e − ( b l u e ) a n d
p p ( r e d ) c o l l i d e r s a t t h e h i g h - e n e r g y f r o n t i e r . T h e a c c u r a c y e s t i m a t e s a r e g i v e n , f r o m l e f t t o r i g h t , f o r I L C 5 0 0 ,
T L E P 5 0 0 , H L - L H C , I L C 1 0 0 0 , H E - L H C , C L I C a n d V H E - L H C , f o r i n t e g r a t e d l u m i n o s i t i e s o f 0 . 5 , 1 , 3 , 1 , 3 , 2 ,
a n d 3 a b − 1 , r e s p e c t i v e l y .

c o u l d h a v e a s a y o n t h e q u a r t i c s e l f - c o u p l i n g [ 8 5 ] , n e e d e d t o f u l l y u n d e r s t a n d E l e c t r o w e a k S y m m e t r y
B r e a k i n g .
I n s u m m a r y , t h e p o t e n t i a l o f t h e F C C p r o j e c t f o r H i g g s p h y s i c s c a n n o t b e c h a l l e n g e d b y a n y o t h e r p r o j e c t s
o n t h e m a r k e t .

5 . 3 D i r e c t s e a r c h f o r n e w p h y s i c s
A s s e e n a b o v e , t h e c a s e f o r e + e − c o l l i s i o n s w i t h c e n t r e - o f - m a s s e n e r g y o f 5 0 0 G e V a n d a b o v e i s n o t
c o m p e l l i n g f o r t h e s t u d y o f t h e H ( 1 2 6 ) p a r t i c l e a l o n e . A s t r o n g e r m o t i v a t i o n w o u l d e x i s t i f a n e w p a r t i c l e
w e r e f o u n d ( o r i n f e r r e d ) a t L H C d u r i n g t h e n e x t r u n a t 1 3 - 1 4 T e V , i f a n d o n l y i f e + e − c o l l i s i o n s c o u l d
b r i n g s u b s t a n t i a l n e w i n f o r m a t i o n a b o u t i t .

T y p i c a l l y , e + e − c o l l i d e r s c a n p a i r - p r o d u c e n e w p a r t i c l e s w i t h m a s s e s u p t o h a l f t h e c e n t r e - o f - m a s s
e n e r g y , i f t h e y a r e e i t h e r e l e c t r i c a l l y c h a r g e d o r h a v e a n o n - v a n i s h i n g c o u p l i n g t o t h e Z . T h e r e a c h o f
I L C 5 0 0 , I L C 1 0 0 0 a n d C L I C i s t h e r e f o r e l i m i t e d t o p a r t i c l e s l i g h t e r t h a n 2 5 0 , 5 0 0 a n d 1 5 0 0 G e V , r e s p e c -
t i v e l y . T h e l o w e s t t h r e s h o l d f o r n e w p a r t i c l e s c o u l d b e t h a t f o r p a i r - p r o d u c t i o n o f d a r k m a t t e r p a r t i c l e s ,
s u c h a s t h e l i g h t e s t n e u t r a l i n o s o f s u p e r s y m m e t r i c m o d e l s , t h r o u g h t h e i r Z o r H i g g s c o u p l i n g s , i n a s s o -
c i a t i o n w i t h a n i n i t i a l - s t a t e - r a d i a t i o n p h o t o n . T h i s s e a r c h w a s p e r f o r m e d a t L E P , b u t w a s l i m i t e d b y t h e
k i n e m a t i c r e a c h a n d t h e l a r g e b a c k g r o u n d f r o m c o n v e n t i o n a l n e u t r i n o s . S i m i l a r s e a r c h e s a r e p e r f o r m e d
a t t h e L H C ( m o n o - p h o t o n , m o n o - j e t , a c c o m p a n i e d w i t h m i s s i n g e n e r g y ) , b u t a r e c o m p e t i t i v e w i t h a s -
t r o p h y s i c a l s e a r c h e s o n l y f o r v e r y s m a l l d a r k - m a t t e r p a r t i c l e m a s s e s . T h e h i g h l u m i n o s i t y o f T L E P u p
t o c e n t r e - o f - m a s s e n e r g i e s o f 3 5 0 t o 5 0 0 G e V , a s s o c i a t e d w i t h t h e a b s e n c e o f p h o t o n 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 , m a y p r o v i d e a p r o m i s i n g o p p o r t u n i t y t o e x t e n d t h e s e n s i t i v i t y o f s u c h s i n g l e - p h o t o n
s e a r c h e s f o r d a r k m a t t e r .

T h e a b s e n c e o f n e w p h e n o m e n a a t t h e L H C s o f a r h a s r e d u c e d t h e p r o s p e c t s f o r d i r e c t n e w p h y s i c s
d i s c o v e r y i n e + e − c o l l i s i o n s b e l o w 1 T e V i n t h e c e n t r e o f m a s s ( w i t h f e w e x c e p t i o n s l i k e t h e a f o r e m e n -
t i o n e d p o s s i b l e o b s e r v a t i o n o f l i g h t d a r k m a t t e r ) . T h e n e x t L H C r u n a t 1 3 - 1 4 T e V , t o s t a r t i n 2 0 1 5 , w i l l
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Table 1-24. Expected per-experiment precision on the triple-Higgs boson coupling. ILC numbers include

bbbb and bbWW
⇤

final states and assume (e
�

, e
+
) polarizations of (�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at

1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not including any 1000 GeV running. ILC1000-

up is the luminosity upgrade with a total of 1600 fb
�1

at 500 GeV and 2500 fb
�1

at 1000 GeV. CLIC numbers

include only the bbbb final state and assume 80% electron beam polarization. HE-LHC and VLHC numbers

are from fast simulation [102] and include only the bb�� final state.
‡
ILC luminosity upgrade assumes an

extended running period on top of the low luminosity program and cannot be directly compared to CLIC

numbers without accounting for the additional running period.

HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000 HE-LHC VLHC
p

s (GeV) 14000 500 500 500/1000 500/1000 1400 3000 33,000 100,000R
Ldt (fb

�1
) 3000/expt 500 1600

‡
500+1000 1600+2500

‡
1500 +2000 3000 3000

� 50% 83% 46% 21% 13% 21% 10% 20% 8%

Table 1-25. Expected precision on the triple-Higgs boson coupling for combined facilties, assuming the

final states, polarizations, and integrated luminosities assumed above in Table 1-24. Here “ILC-up” refers to

ILC1000-up, and “CLIC” refers to CLIC3000 with the two numbers shown assuming unpolarized beams or

80% electron beam polarization, respectively. TLEP is in parantheses since it would not contribute to the

measurement of the self-coupling, but could be a step along the way to the higher-energy hadron colliders.

LHC HL-LHC
+ILC +ILC-up +(TLEP) +ILC-up +CLIC

+CLIC +HE-LHC +VLHC +HE-LHC +VLHC +HE-LHC +VLHC
21% 12.6% 15.2/9.8% 18.6% 7.9% 10.9% 6.8% 12.5/8.9% 7.2/6.2%

Community Planning Study: Snowmass 2013



Electroweak Resonances: Z’,W’ Colored Resonances:

New Particle Searches 

~ 6x over LHC

Excited Quark
Black 100 TeV
Red 14 TeV
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g
Ø
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M ~ 40 – 50 TeV!



An exciting journey ahead! 

Conclusions

- Precision Higgs@LHC: couplings~10%;  λHHH ~ (20-50)%

     Future Higgs factory/SppC: 
     Couplings~0.1%;  λHHH < 10%  à the EW phase transition!
       Dark matter coupling ~ 2%   Search for the dark sector
- FCChh / SppC New physics reach:
    New particles~10 – 30 TeV à probe fine-tune < 10-4
    (WIMP) DM mass reach ~ 1 – 5 TeV !
- Neutrino, flavor physics / Dark matter searches
     complementary.
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• With ~ 50 year’s un-interrupted success, 
the field remains vibrant.

• The future collider program promises 
definitive answers to some key questions. 


