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• The discovery of the Higgs boson completes the 
Standard Model.

• However, there 
are still many 
unanswered 
questions left 
and there must 
be new physics 
beyond the 
Standard Model.

John Ellis’ opening talk:



• While some of them (e.g., 
quantum gravity, inflation) 
probably occur at very high 
energy scales beyond the 
future collider reaches, 
many other questions may 
be connected to TeV scale 
physics which will be 
probed at colliders in the 
future.



- Dark matter - WIMP 

- Matter-antimatter asymmetry - baryogenesis at 
electroweak phase transition 

- Neutrino masses - simplest type-I seesaw seems to 
indicate a high scale for the Majorana masses of 
the right-handed neutrinos. Many other models 
(type-II, type-III, loop induced) involve new physics 
at the TeV scale. 

The answers to these questions are not guaranteed to 
connect to the TeV scale, but the possibilities are 
interesting enough that we should verify or exclude them 
with our best efforts.



• The strongest theoretical arguments for new 
physics comes from the hierarchy problem.

γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.
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The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.
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• To avoid excessive fine-tuning, new physics should 
occur around the TeV scale to cut off the 
quadratically divergent contributions to mH2.



Solutions to the Hierarchy Problem
• Technicolor theories are ruled out by the discovery 

of the light Higgs boson. 

• Supersymmetry probably remains the most popular 
and well-motivated scenario.

John Ellis, 
opening talk



Solutions to the Hierarchy Problem
• An interesting alternative is the composite Higgs 

boson where Higgs is a pseudo-Nambu-Goldstone 
boson (PNGB) of a broken global symmetry.

See Ian Low’s talk



• In either case, there should be new states, in 
particular colored top partners, near the weak 
scale to cancel the quadratic divergence. 

• So far,we haven’t found any.



• These models seem to require percent-level fine 
tuning if they exist to address the hierarchy 
problem. 

• Fine-tuning is a probability statement. We could be 
just a bit unlucky. 10-4 tuning is still 100 times more 
unlikely than 10-2 tuning. Extending the energy 
reach by one order of magnitude (through direct 
searches or indirect measurements) would cover 
99% (in terms of probability) of the remaining 
unexplored (fine-tuned) territories.



• Another effort to save naturalness of the EW breaking 
is to construct models with uncolored top partners.

Neutral Naturalness

Chacko, Goh, Harnik 

Burdman, Chacko, Goh, Harnik Cai, HC, Terning

Table by David Curtin/Nathaniel Craig



• In Folded SUSY (also quirky little Higgs), the top 
partners carry EW charges, not completely hidden.

(Figure by Cohen, Craig, Lou, Pinner)

• The colored KK states are expected to have multi-
TeV masses, accessible at the 100 TeV collider

J. Fan, M. Reece, L.-T. Wang, 1412.3107



• In Twin Higgs, there is a mirror sector related to SM 
by an approximate Z2 symmetry. Mirror particles 
are SM singlets, hard to find at colliders.  

• The Higgs boson is a PNGB of the broken SU(4) 
approximate symmetry of the Higgs potential. Its 
couplings to SM particles are universally reduced 
by                    , difficult at LHC, but no problem at 
a Higgs factory. 

•  Higgs decays to the mirror sector give invisible 
decay width and/or interesting displaced vertex 
signals, which can be tested at future colliders.
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• The UV completion of Twin Higgs must contain 
colored states, not far above a few TeV.

Yellow: consistent with EWPO and Higgs mass 
Blue: theoretically inaccessible
Contino, Greco, Mahbubani, Rattazzi, Torre, to appear

Tuning

• These exotic colored states can be discovered 
beyond 10 TeV at a 100 TeV collider.

HC, Sunghoon Jung, Ennio Salvioni, and Yuhsin Tsai,1512.02647
HC, Ennio Salvioni, and Yuhsin Tsai,1612.03176



• Of course, not all new physics at TeV scale is necessarily 
related to the hierarchy problem. 

- New scalars (extended Higgs sector, …) 

- New fermions (dark matter, …) 

- New vectors (Z’, dark photon, …) 

- Hidden valley 

- … 

• They may be related to the other problems (DM, EW 
phase transition, neutrino masses, …), or belong to a 
grander theory waiting for us to figure out .



• Excellent overviews of physics at future lepton and 
hadron colliders have been given by LianTao Wang 
and Michelangelo Mangano is the past two days.



• The following is a brief account of the topics 
discussed in the theory parallel sessions. They 
represent a small fraction of the physics studies for 
the future colliders.



• Electroweak Precision Physics

Zhijun Liang

Fulvio Piccinini



• Precision QCD study

Huaxing Zhu



• EFT analysis of Higgs boson at Higgs factories

Wen Han Chiu



• Exotic and rare Higgs decays

Wei-Ming Yao Zhen Liu

Updated studies for CEPC



• Higgs self coupling and double Higgs production
Kingman Cheung; Gang Li; Ligong Bian (presented by Yun Jiang) 
Double Higgs production can probe Higgs self 
coupling and new physics coupled to Higgs



• Higgs self coupling is important to determine the 
type of EW phase transition, and hence the 
possibility of EW baryogenesis

Patrick Meade:
Nightmare scenario: SM+singlet, singlet 
doesn’t mix with the Higgs and is heavier than 
half of the Higgs mass.



Xiao-Gang He

• Dark photon



• Models and the corresponding phenomenologies

- Two Higgs doublet models- Jeremy Bernon
Higgs is SM-like ⇒ alignment or decoupling



- A family model - Fang Ye

Phenomenological constraints: EWPO, FCNC, 
Higgs data



- Axial vector Z’ - Wai-Yee Keung
Motivated by the DM direct detection constraints. 
Anomaly cancellation requires new fermions carrying 
SM and Z’ charges.



• Thanks to all speakers who contributed to this 
conference. You are also encouraged to contribute 
to the White paper. For details, see http://
iasprogram.ust.hk/hep/2017/white_papers.html 

• There are more studies to be done to realize the full 
potentials of future colliders, and help them to 
become realities.

http://iasprogram.ust.hk/hep/2017/white_papers.html

