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Every discovery in science answers old questions and
opens new ones. The discovery of the Higgs boson is no

exception.
We no longer need to ask:
How is electroweak symmetry broken ?

EWSB occurs because of the expectation value of the
field associated with this particle.

But there a question that is more pressing that ever:
Why is electroweak symmetry broken ?

The Standard Model is no help here; we must go deeper.



Nambu, Higgs, Brout and Englert invented the
Higgs mechanism by studying condensed matter
physics.

There, each ordered state or phase transition
occurs for a reason. There are new forces and
mechanisms (always derived from atomic physics)
responsible for the ordering. These mechanisms
provide the most interesting physics of condensed
matter systems.

Why should it be different in elementary particle
physics ?
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Landau-Ginzburg phenomenology of supersymmetry

V(g) = p’lel” + M|
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Any explanation of SSB requires new forces between
Standard Model particles.

This also necessarily requires new particles:

supersymmetry:

Little Higgs: $t’ T
H



Whatever these new particles are, they are essential
to address other central questions of physics:

origin and pattern of
quark and lepton masses

CP violation

baryogenesis

maybe also, dark matter.

m

Where are these particles ? Okun
How can we learn their properties ?



In the Snowmass 2013 Energy Frontier study, we spent
much time thinking about these questions. We
enunciated a 3-part strategy:

1. We must study the Higgs boson itself in as much
detail as possible, searching for signs of a larger Higgs
sector and the effects of new heavy particles.

2. We must search for the imprint of the Higgs boson
and its possible partners on the couplings of the W and
/ bosons and the top quark.

3. We must search directly for new particles with TeV
masses that can address important problems in
fundamental physics.



These goals set an agenda for future high-energy
colliders, including the proposed program in China.

In this talk, | will discuss three aspects of this program
that seem to me especially relevant:

1. Precision measurement of Higgs boson couplings
2. Precision measurement of top quark couplings

3. Importance of accessing the 10 TeV scale of
new particle masses.



1. Precision measurement of Higgs boson couplings

The discovery of the Higgs boson gives us a new tool to
probe for new particles and forces.

The good news: New particles responsible for creating
the Higgs potential must couple to the Higgs boson.

The bad news: New particles of mass M affect the Higgs
boson by corrections of the order of

ms | M?
so, generically, we expect modifications of the Higgs
couplings -- with a characteristic pattern for each new
physics model -- but only at the few-percent level.



Snowmass Higgs group estimates of Higgs coupling
modifications (M =1 TeV)

Model Ky Kb Ky
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Deccoupling MSSM ~ —0.0013% ~ 1.6% < 1.5%
Composite ~ —3% ~—B83-9% ~ —9%
Top Partner ~ —2% ~ —2% ~ +1%

Note that, if the LHC experiments will measure
Higgs couplings to 5% and 50 discovery is needed,
they are not in the game. An e+e- collider is
needed.
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There are many models of new physics, and so it is
necessary to measure the pattern of Higgs couplings in
a model independent way.

That is, we need to
measure as many Higgs BRs as possible (at best, all).

measure the total width of the Higgs, so that we can
normalize

I'(h — AA) =T} - BR(h — AA)

and extract the absolute couplings.



Measurement of the process e e~ — Zh at 250 GeV is
an important part of this program:

240-250 GeV maximizes the Higgs c z
production cross section in e+e- M
below 500 GeV. . 7
Higgs bosons come tagged by a Z boson at a fixed
energy. This not only allows searches for invisible Higgs
decay modes but also gives sensitivity to any exotic
Higgs decay.

The benign environment allows precise heavy flavor
tagging and b/c/g separation.
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However, there are disadvantages to experimentation
only at 250 GeV:

No access to the ¢fh and h° couplings, which are very
important parts of the Higgs story.

Very small cross section for W fusion production of
Higgs. This is a clean reaction whose cross section
rises quickly above 500 GeV.

Difficulty in determining the total width in a model-
independent way. The obvious method

- I'(h— ZZ%) o(ete” — Zh)
" BR(h— ZZ*)  BR(h — ZZ*)
requires very high statistics, since BR(h — ZZ*) ~ 2%

L'y,




To understand this issue, it is instructive to compare
the capabilities of the CEPC and ILC to make precise,
model-independent, Higgs coupling measurements.

| will attempt this comparison, using full-simulation
estimates of uncertainties in the measurement of
Higgs reactions (from ILC studies) and putting these
into a 10-parameter fit, which also determines the
total width. | will assume (appropriately to e+e-) that
there is an experimental limit on exotic Higgs decays,
equal but independent of the limit on invisible Higgs
decays.



Comparison of ILC and CEPC:

ILC250:  TDR sample
250 GeV, L =0.75 x 10°* for 1 cal. yr.

ILC 250/350:
250 GeV, L = 0.75 x 10°* for 1/2 cal. yr.

350 GeV, £ = 1.0 x 10°* for 1/2 cal. yr.

CEPC: same running period
240 GeV, L =2 x 1.77 x 10°* for 1 cal. yr.

ILC 250/500: TDR sample
250 GeV, L =0.75 x 10°* for 1 cal. yr.
500 GeV, £ = 1.5 x 10°* for 1 cal. yr.



| assume the same detector performance at the two
colliders. (Note that h — cc requires excellent
charm tagging.)

If CEPC has no polarization (as | assume), there is a
penalty of 1.4 in the rate for e"e™ — hZ

ILC can in principle operate at a luminosity 4 x higher
at 250, 3 x higher at 350, 2 x higher at 500. The total
power in all cases stays below 204 MW. This is
validated in the TDR but not proposed except as an
upgrade. See Harrison, Ross, Walker, arXiv:1308.3726.
| ignore this here. You shouldn’t ignore it in your
thinking.



coupling ILC250 ILC250/350 CEPC ILC250/500
W 4.6 1.1 2.5 0.53
Z 0.79 0.63 0.43 0.94
b 4.6 1.5 2.5 1.0
g 5.8 3.8 3.2 2.0
T 5.1 3.0 2.8 2.0
C 0.3 3.4 3.4 2.0
BR(inv.)  0.54 0.74 0.27 0.53
Iy, 8.9 3.3 4.8 2.1

expected 1o errors in %



Both facilities will make excellent measurements of the
Higgs boson couplings. But ILC has an advantage from
working at higher energy. This also gives more room for
improvement in the long term.

For the “ultimate” ILC capabilities, and further discussion
of these estimates, including comparison with LHC,

see M. E. Peskin, arXiv:1312.4974.



2. Precision measurement of top quark couplings

Much of the thinking on precision measurement of
the top quark centers on measurement of the top
quark mass. This is a very important goal, because
the top quark mass is a fundamental parameter for
both for the Standard Model and for models of new
physics.

After 100 fb at the top threshold, error is limited, by
the slow convergence of perturbation theory for the
conversion to  m;(MS) , to about 100 MeV. This is

still a factor of 5 improvement over the expectation
for LHC.



However, there is another top quark coupling that is
much more interesting for the study of EWSB.

In models in which the Higgs boson is composite, the
top quark is typically also partially composite. This
leads to nontrivial form factors in the top quark
coupling to gauge bosons.

If the composite Higgs resonances are heavy, the ¢+t A
and ttg form factors are constrained to be 1 at ¢° = 0
by gauge invariance. The form factor effects are then
of order s/M3 and might be difficult to see at e+e-
colliders. However, the ttZ form factors can receive
nonzero corrections at ¢* = 0, and we can search for
these in precision top quark experiments.



These effects can be large, of order 10%. In Randall-
Sundrum theories:
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In Little Higgs theories (from t mixing with T):
Littlest Higgs
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These form factors can be measured in a model-
independent way at an e+e- collider. The observables

o(eref — tt) o(epel — tt)
Arp(e;ef, — tt) Arp(epef — tt)
hi(ep e — tt) hi(eper — tt)

separate the form factors Fiar, Fiar, Fizr, Fizr .

Polarization is needed to access the full set of
observables. Also, the LR discriminators are
proportional to 5 = (1 —4m?/s)'/? | so it is
important to be above the top quark threshold.



At the ILC at 500 GeV, all of the relevant asymmetries
are large, and the form factor measurements can be

made with high precision.
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Quantitative comparison:
with 500 fb;, ' 2-parameter fit to the ttZ couplings

500 GeV, with +0.8%/-0.3% polarization
500 GeV, with 0 polarization
360 GeV, with 0 polarization

coupling 500 500 - no pol. 360 - no pol
Fizr 0.67 0.68 4.2
Fizr 1.2 8.0 11.8

expected 1o errors in %
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3. Importance of accessing the 10 TeV scale

If there are new particles at the TeV mass scale - and |
have argued that there must be - their discovery is only
the beginning of the exploration of a new set of
fundamental interactions. We will need to go to
higher energies to see the full picture of new particles
and forces.

If new particles are not discovered at the LHC, the
problem of EWSB will not have gone away. It will be
imperative to search for new physics at higher
energies.



In 2008, it was possible that the entire story of EWSB
would be found at the LHC, with a “desert” up to
energies of 10'° GeV

The new physics scenarios consistent with LHC

observations all push important aspects of the physics to
higher masses:

Natural Supersymmetry:
squarks and sleptons at multi-TeV masses

Extra dimensions:
first state of the KK spectrum above 2 TeV

Randall-Sundrum/composite Higgs
strong interaction spectrum beginning at 3 TeV
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v M M, M,
300 TeV 2.5 TeV 1.0 TeV 530 GeV
M mi 5 miy, my,
(1.2 TeV)? | (5 TeV)? | —(220 GeV)? | (300 GeV)?
v b, My tan 3
220 GeV | - 0.030 GeV% | 135 GeV 4.2

Cohen, Hook, Torroba, arXiv:1204.1337
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do[fb)/dm, [GeV]
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pp — ,u+,u_ X graviton resonances
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The first studies for a 100 TeV pp collider show a great
ability to access these heavy particles.

Luminosity is a premium: 103° /cm?sec  is adequate,
but can we work at  10°° /cm“sec ?

Luminosity is limited by detector capabilities, but also
by synchrotron radiation. A bigger tunnel is better.
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5o, what should China’s strategy be ?
China’s advantages:

Optimism for the future
Belief in HEP as a spur to technological advancement
Ability to create huge conventional construction projects

China’s disadvantages:

Largest present accelerator fits in this building
Small HEP and accelerator community

Remoteness from major centers (except Japan)
Need to be #1



CEPC cannot make China #1. The problem of EWSB
calls for experiments beyond its energy reach.

However, EWSB also calls for a hadron collider with
energy far above LHC. |[f this is the goal, why not
today make the first step a hadron collider ?

Solution:

A 30 TeV pp collider in a 100-150 km tunnel, using a
conventional, proven technology for SC magnets.

This can be built with current technology. It can be
completed by 2030. It will vault China above LHC.



(very naive) cost considerations:
tunnel: 10BRMB ($ 1.6 B) /100 km (J. Gao)
magnets: (no need to fill the whole tunnel)

RHIC solution: 4.1 T NDbTi (4.5 K)
E. Willen (1998): S 1561 / T-m (1993 $)
(scaling to 2x length, 1/2 x aperture)
for 30 TeV, 2014S: 10BRMB (S 1.6 B)
expected cost savings from this estimate:

20% for 2-in-1 ; 10% for block coil not cos 6

These are the main cost drivers; say, 70% of the project

total: 28 BRMB (S 4.5B) for a 125 km tunnel



DESY adopted a very similar technology for the HERA
proton ring magnets. This is a successful example of
an electron lab constructing a high-energy proton ring.

When R&D converges on a technology for 20 T dipoles,
this facility can host a 200 TeV pp collider, using the
15 TeV proton rings as injectors.

Earlier stages of the injector complex could host
synchrotron radiation sources. A 3 km (500 GeV p)
ring would be ideal for very hard X-rays (10-30 keV).
The HERA tunnel has now been converted to this
purpose.



The whole world of particle physics is excited by the
idea of a “Great Collider” in China. We wish you the
best of fortune for its realization.



