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Big Questions 
–Horizontal–

Why are there three 
generations?
What physics determines 
the pattern of masses 
and mixings?
Why do neutrinos have 
mass yet so light?
What is the origin of CP 
violation?
What is the origin of 
matter anti-matter 
asymmetry in Universe? 
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Big Questions 
–Vertical–

Why are there three 
unrelated gauge forces?
Why is strong 
interaction strong?
Charge quantization
anomaly cancellation
quantum numbers 
Is there a unified 
description of all forces?
Why is                   ? 
(Hierarchy Problem)
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Big Questions 
–From the Heaven–

What is Dark Matter?
What is Dark Energy?
Why now? (Cosmic 
coincidence problem)
What was Big Bang?
Why is Universe so big? 
(flatness problem, 
horizon problem)
How were galaxies and 
stars created?

�4HM, Outlook, Lepton Photon 2003



Big Questions 
 –From the Hell–

What is the Higg boson?
Why does it have 
negative mass-squared?
Why is there only one 
scalar particle in the 
Standard Model?
Is it elementary or 
composite?
Is it really condensed in 
our Universe?

gravity

electric force

weak force
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theory：1964

design：1984

construction：1998

discovery of Higgs boson
2012.7.4



Minimal
• It looks very much like the 

Standard Model Higgs 
boson

• We’ve known the energy 
scale to probe since 1933

• now a UV complete theory 
of strong, weak, EM forces 
possibly valid up to even 
MPl

• cosmology also looks 
minimal single-field inflation 
(Planck)

Planck

Where do we go next?
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Nima’s anguish

mH=125 GeV seems almost maliciously designed 
to prolong the agony of BSM theorists….
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Scalar
• every elementary particles have spin
• electrons, photons, quarks, ....
• only Higgs boson doesn’t spin
• Faceless!  A spooky particle
• I had proposed “Higgsless theories”
• Is it the only one?
• does it have siblings? relatives?  
• Maybe it’s spinning in extra dimensions?
• maybe composite?
• why did it freeze in?



Higgs is too testy
3141592653589793238462643383279503

–3141592653589793238462643383279378
=125
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discovery that he is now awarded the Nobel Prize in Physics. To begin with, Nambu worked on 
theoretical calculations of another remarkable phenomenon in physics, superconductivity, when 
electric currents suddenly fl ow without any resistance. Spontaneous symmetry violation that 
described superconductivity was later translated by Nambu into the world of elementary partic-
les, and his mathematical tools now permeate all theories concerning the Standard Model.

We can witness more banal spontaneous symmetry violations in everyday life. A pencil standing on 
its point leads a completely symmetrical existence in which all directions are equal. But this sym-
metry is lost when it falls over – now only one direction counts. On the other hand, its condition has 
become more stable, the pencil cannot fall any further, it has reached its lowest level of energy. 

A vacuum has the lowest possible energy level in the cosmos. In fact, a vacuum in physics is pre-
cisely a state with the lowest possible energy. But it is not empty by any means. Since the arrival 
of quantum physics, a vacuum is defi ned as full of a bubbling soup of particles that pop up, 
only to immediately disappear again in ubiquitously present but invisible quantum fi elds. We 
are surrounded by many different quantum fi elds across  space; the four fundamental forces of 
nature are also described as fi elds. One of them, the gravitational fi eld, is known to us all. It is 
the one that keeps us down on earth and determines what is up and what is down.

Nambu realised at an early date that the properties of a vacuum are of interest for studies 
of spontaneous broken symmetry. A vacuum, that is, the lowest state of energy, does not cor-
respond to the most symmetrical state. As with the fallen pencil, the symmetry of the quantum 
fi eld has been broken and only one of many possible fi eld directions has been chosen. In recent 
decades, Nambu’s methods of treating spontaneous symmetry violation in the Standard Model 
have been refi ned; they are frequently used today to calculate the effects of the strong force.

Higgs provides mass 

The question of the mass of elementary particles has also been answered by spontaneous broken 
symmetry of the hypothetical Higgs fi eld. It is thought that at the Big Bang the fi eld was perfectly 
symmetrical and all the particles had zero mass. But the Higgs fi eld, like the pencil standing on its 
point, was not stable, so when the universe cooled down, the fi eld dropped to its lowest energy level, 
its own vacuum according to the quantum defi nition. Its symmetry disappeared and the Higgs fi eld 
became a sort of syrup for elementary particles; they absorbed different amounts of the fi eld and got 
different masses. Some, like the photons, were not attracted and remained without mass; but why 
the electrons acquired mass at all is quite a different question that no one has answered yet.

Spontaneous broken symmetry. The world of this pencil is completely  symmetrical. All directions are exactly 
equal. But this symmetry is lost when the pencil falls over. Now only one direction holds. The symmetry that 
existed  before is hidden behind the fallen pencil.

supersymmetry



Electron mass is natural 
by doubling #particles

• Electron creates a force 
to repel itself

• quantum mechanics and 
anti-matter
⇒ only 10% of mass even 

for Planck-size re~10–33cm
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Higgs mass is natural 
by doubling #particles?

• Higgs also repels itself

• Double #particles again   
⇒ superpartners

• only log sensitivity to UV

• Standard Model made 
consistent up to higher 
energies
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Summary
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LHC score card

• Higgs discovery! But only a partial answer

• None

• None

• No new CP violation

• Perhaps??? 750 GeV diphoton???

• origin of EWSB

• naturalness

• dark matter

• EW baryogenesis

• unexpected

Supersymmetry





been there before
Search All NYTimes.com

 

315 Physicists Report Failure In Search for
Supersymmetry
By MALCOLM W. BROWNE
Published: January 5, 1993

Three hundred and fifteen physicists worked on the experiment.

Their apparatus included the Tevatron, the world's most powerful
particle accelerator, as well as a $65 million detector weighing as
much as a warship, an advanced new computing system and a host of
other innovative gadgets.

But despite this arsenal of brains and technological brawn assembled
at the Fermilab accelerator laboratory, the participants have failed to
find their quarry, a disagreeable reminder that as science gets harder,
even Herculean efforts do not guarantee success.

In trying to ferret out ever deeper layers of nature's secrets, scientists are being forced to
accept a markedly slower pace of discovery in many fields of research, and the consequent
rising cost of experiments has prompted public and political criticism.

To some, the elaborate trappings and null result of the latest Fermilab experiment seem to
typify both the lofty goals and the staggering difficulties of "Big Science," a term coined in
1961 by Dr. Alvin M. Weinberg of Oak Ridge National Laboratory. Some regard such
failures as proof that high-energy physics, one of the biggest avenues of big science, is fast
approaching a dead end.

Others call the latest experiment a useful, though inconclusive, step toward gauging the
ultimate basis of material existence. The difficulty of science is increasing exponentially as
scientists grope toward ultimates, they point out, and particle physicists believe that
society must accept the smaller increments and higher costs of progress, if progress is to
continue.

The paper reporting results of the latest big experiment appeared Dec. 14 in the
prestigious journal Physical Review Letters. The names of the 315 scientists whose work
contributed to the paper, arranged in alphabetical order, occupied an entire page -- more
than one-fifth the overall length of the report. Following this top-heavy opening, the paper
concluded in essence that the scientists had failed to find what they were looking for.

The particle accelerator used in the hunt for whimsically-named squarks and gluinos,
hypothetical particles postulated by the popular but unproved theory of "supersymmetry,"
was the Fermilab Tevatron at Batavia, Ill. A conspicuous example of big science, this giant
instrument was completed in 1983 as a $130 million upgrade of an existing accelerator.

The Tevatron whirls counter-rotating bunches of protons and antiprotons around a ring
four miles in circumference, smashing protons and antiprotons together at a combined
energy of 1.8 trillion electron-volts.

But accelerating particles is useless unless the results of their collisions can be observed
and studied, and to do this, scientists associated with Fermilab built a gigantic accessory
for the Tevatron: the C.D.F., for "Collider-Detector at Fermilab," which itself cost more
than $65 million.

The 315 scientists taking part in the "C.D.F. Collaboration" use this detector in somewhat
the way a builder might use a succession of sieves to separate sand of varying degrees of
coarseness. Instead of sand particles, however, the detector is rigged to record the passage
of various kinds of elementary particles created by the collisions of protons and
antiprotons.
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Naturalness 
works!

• Why is the Universe big?
• Inflation
• horizon problem
• flatness problem
• large entropy

Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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type-I see-saw and fix the largest right-handed neutrino Yukawa coupling to its “minimal”

value, g⌫ =
p
matmM/v, where M is the right-handed neutrino mass and matm ⇡ 0.06 eV is

the light neutrino mass renormalized at M . Taking into account its RGE e↵ects at two loops,

we find that, for m̃ > M , the predicted Higgs mass in High-Scale Supersymmetry increases as

shown in fig. 4. The e↵ect is roughly equivalent to the following correction to the high-energy

matching condition:

��(m̃) '
Mm⌫

4⇡2v2
ln

m̃

M
for m̃ > M (29)

which is irrelevant if M <
⇠ 1014 GeV.

5.1 Implications of present Higgs searches at the LHC

Recent data from ATLAS and CMS provide a 99% CL upper bound on the SM Higgs mass of 128

GeV and a hint in favor of a Higgs mass in the 124�126GeV range [19]. The main implications

for the scale of supersymmetry breaking can be read from fig. 3 and are more precisely studied

in fig. 5, where we perform a fit taking into account the experimental uncertainties on the top

mass and the strong coupling.

The scale of Split Supersymmetry is constrained to be below a few 108 GeV. This implies

12

scalar top mass ≥ 10 TeV preferred

assumption: MSSM

Giudice and Strumia, arXiv:1108.6077



Better Late Than Never

Even mSUSY~10 TeV ameliorates fine-tuning
from 10–36 to 10–4



higher energies?
• Need to explore

• HL-LHC boosts reach

• We believe we should keep 
aiming at higher energies

• HE-LHC?

• 100 TeV pp would be great!

• Need to continue magnet 
R&D

• Possible first stage:     
FCCee from mZ upto 365 
GeV



Another staged path

• Start with 250 GeV
• guaranteed precision Higgs and top physics
• extendable 500 GeV to 1 TeV
• TDR exists
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not elementary

What is Higgs really?

Lumi 1920 fb-1, sqrt(s) = 250 GeV	
Lumi 2670 fb-1, sqrt(s) = 500 GeV

Only one?  (SM) 
has siblings?  (2DHM) 

not elementary?



Higgs as a portal

• having discovered the Higgs?

• Higgs boson may connect the Standard 
Model to other “sectors”

 25
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Higgs exotic decay

Complementary to hadron collider searches

Liantao Wang, GRC 2019



Timelines
Akira Yamamoto
@ Granada



Ursula Bassler @ Granada

FCC hh: 38.5 TeV 10 ab–1

3 TeV
5 ab–1

10 TeV?
10 ab–1



History of Colliders
1. precision measurements of neutral current 

(i.e. polarized e+d) predicted mW, mZ

2. UA1/UA2 discovered W/Z particles
3. LEP nailed the gauge sector
1. precision measurements of W and Z (i.e. 

LEP + Tevatron) predicted mH

2. LHC discovered a Higgs particle 
3. LC nails the Higgs sector?
1. precision measurements at LC predict ???
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“New particle” has 
spin 1/2

1+cos2θ
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θ
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“New particle” has 
spin 1

Corrected Data 1992

Vector Gluon, LO
Vector Gluon, LO + Fragment.
Scalar Gluon, LO
Scalar Gluon, LO + Fragment.
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Figure 8: 68% confidence level contour in the (x = CA
CF

,y = TR
CF

) plane, calculated from statistical plus systematic
uncertainties (shaded region). For comparison also the results from previous measurements are given, as well as
predictions for simple Lie groups.

The results are

x = 2.27± 0.09(stat)± 0.08(sys)
y = 0.38± 0.05(stat)± 0.07(sys)

(⇢xy)total = �0.15

for the pure QCD case, and

x = 2.26± 0.08(stat)± 0.07(sys)
y = 0.15± 0.06(stat)± 0.06(sys)

(⇢xy)total = �0.19

for the QCD+gluino hypothesis.

Figure 10 shows that these results exclude the existence of a massless gluino at more than
95% confidence level, since the measured colour factor ratios do not agree with the expectation of
SU(3) anymore.

In a previous publication by ALEPH [33] a similar analysis allowed to set a limit on the light
gluino mass. At that time only LO predictions existed for the four-jet angular correlations, both

23
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Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.

3

Five evidences 
for physics beyond SM
• Since 1998, it became clear that there are 

at least five missing pieces in the SM

• non-baryonic dark matter

• neutrino mass

• dark energy

• apparently acausal density fluctuations

• baryon asymmetry
We don’t really know their energy scales...
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small but detectable
effects of new physics on Bs?

Bs weak mixing angle ϕs 
Interference between mixing and decay 
 
SM: 
 
CPV modulated by high Δms 

but even untagged time-integrated analyses 
have significant sensitivity due to ΔΓs 

Bs→J/ψϕ(K+K-): high B, but CP-odd/even mixture 
    to disentangle with angular analysis 

Bs→J/ψf0(π+π-): smaller yields, but pure CP-odd 
  

2-fold ambiguity resolved from m(K+K-) 
dependence of phase: ΔΓs ≡ ΔΓH – ΔΓL > 0 
 
S-wave under ϕ±12MeV ~4±2% 
 
 
 

June 28, 2013 Lepton Photon 2013, San Francisco 10 

φs = 2arg
VtsVtb

*

VcsVcb
* = 0.036± 0.002

New,J,Phys,15,(2013),053021,

Δms=17.768±0.023±0.006ps81&&
&

PRL,108,(2012)241801,

PRL,108,(2012)101803,

Bs: Strangely Beautiful
• νμ and ντ mix a lot
• (νμ, sR), (ντ, bR) 

under GUT
• Perhaps big mixing 

between sR and bR?
• I had predicted 

O(1) effects of new 
physics on Bs

b to s transitions still very interesting!
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Excitement
• CP violation in neutrino sector may be 

observable with conventional technique
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θ23

θ12
θ13

Kolmogorov-Smirnov test (de Gouvêa, HM)
nature has 47% chance to choose this kind of numbers

Miriam-Webster: “A utopian society of individuals 
who enjoy complete freedom without government”

neutrinos

symmetrylarge mixing
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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new ideas

• heavy ion produces axion ~ Z4

• neutrino beams can be used for search for 
dark matter and light feebly coupled 
particles

• atomic clocks, interferometers for dark 
matter searches

• growing connection to astrophysics



Conclusions
• Particle Physics: exciting as ever!
• Higgs: need to understand it better
• HL-LHC, ILC, CEPC, FCCee

• naturalness: higher energies, precision
• HE-LHC, FCChh, CLIC, PWFA
• flavor physics, EDM, 0νββ, p-decay

• baryogenesis:
• B, K, LFV, neutrino oscillation

• dark matter: open mind, broad search
• cosmology, direct, indirect, collider
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