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A Long History

• Since Fermi and  Yukawa to the “Standard 
Model,” it took almost 40 years to build

• Since deep inelastic scattering and J/ψ to 
precision measurements and Higgs, it took 
almost 40 years to test

• Now most ingredients experimentally 
verified except for Higgs couplings



Renormalizable 
Quantum Field Theory
• SU(3)CxSU(2)LxU(1)Y gauge theory

Q d u L e B W g H G
SU(3)C 3 3 3 1 1 1 1 8 1 1
SU(2)L 2 1 1 2 1 1 3 1 2 1
U(1)Y +1/6 -1/3 +2/3 -1/2 1 0 0 0 -1/2 0

spin -1/2 +1/2 +1/2 -1/2 +1/2 1 1 1 0 2

flavor 3 3 3 3 3 1 1 1 1 1
seen? Y Y Y Y Y Y Y Y Y N



Anomaly Cancellation
• U(1)3

• U(1)(gravity)2

• U(1)(SU(2))2

• U(1)(SU(3))2

• (SU(3))3

• (SU(2))3,(SU(3))2SU(2),SU(3)(SU(2))2 ,grav3

• non-perturbative SU(2) 3+1=even

Non-trivial connection between q & l
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General

• The most general renormalizable 
Lagrangian with the given particle content
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Parameters

• 3 gauge coupling constants + θQCD

• 2 parameters in the Higgs potential (GF, mH)
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g’~0.36, g~0.65, gs~1.2
GF~(300 GeV)-2, mH=125 GeV, θQCD<10-10



Parameters

• 3x3 complex Yuij, Ydij, Ylij: 54 real params

• reparameterization SU(3)5xU(1)=41
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Masses and Mixings

• Choose masses and mixings as observed
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Standard Model is 
extreeemely successful
• Take Particle Data Group “Reviews of 

Particle Physics” with 400+ pages

• With only a few exceptions, all numbers in 
the book are consistent with the Standard 
Model with suitably chosen 19 parameters

• Some of them tested at 10-9 –10-12 level

• Many at 10-3 level



Standard Model is 
extreeemely successful
• baryon and lepton number conserved 

(apart from anomaly ∝e-8π2/g2 giving rise to 
3He→e+µ+ντ)

• flavor approximately conserved (apart from 
small mixing in VCKM)

• especially flavor-changing neutral current 
small (e.g. s→d vanishes at tree-level, 
suppressed by mc2/mW2 at one-loop)

_



So, what’s the problem?



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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�18HM, Outlook, Lepton Photon 2003



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?

�19HM, 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

�20HM, Outlook, Lepton Photon 2003



Standard Model is fragile

• The minute you allow for additional fields 
and/or gauge groups, much of the success is 
destroyed

• suppressed flavor-changing neutral currents
• no proton decay
• no neutrino mass either (good&bad)
• consistency with precise electroweak data
• no excessive CP violation (e/n EDM)
• no charge/color breaking



Standard Model is fragile

• The minute you allow for parameters to 
vary, it exhibits very different physics

• take md<mu, all protons decay to neutrons 
and there are no atoms

• take me>4mp-mα, Sun doesn’t burn
• if mH2>0, EWSB still occurs by QCD, but 

the world is too radioactive to live
• If mc~mt, no J/ψ before the end of cold war 

and no high-energy physics funding by now



Higgs



Mystery

• Weak force is basically 
the same kind as the 
electromagnetism

• But then why is its range 
much shorter than the 
size of nuclei?



Higgs is frozen in our Universe
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宇宙のあらゆる場所，あなたの眼の前
にすら，「ヒッグス粒子」が満ちている
　素粒子物理学の標準モデルでは，もう一つ未発見の素粒子
の存在が予言されています。それが「ヒッグス粒子」です。

　標準モデルによると，宇宙空間のあらゆる場所，真空や物
質の内部にさえ，ヒッグス粒子が満ちていると言います＊。
魚が周囲に満ちている水の存在に気づかないであろうよう
に，ヒッグス粒子はあらゆる場所に満ちているため，私たち
はその存在に気づいていないのです。

　ヒッグス粒子は，あらゆる素粒子の「重さ（質量）」を生
みだす源だと考えられています。標準モデルによると，本来，
あらゆる素粒子は質量がゼロだと考えられているのです。質
量とは，「物体の動かしにくさ」（より正確には「加速のしに
くさ」）を意味します。質量の小さな（軽い）ピンポン球は，
小さな力でも，いきおいよく動かすことができます。しかし
質量の大きな（重い）砲丸は，大きな力を加えないと，いき
おいよく投げることはできません。

　ヒッグス粒子が空間に満ちているため，素粒子が動こうと
すると，ヒッグス粒子と衝突してしまうことがあります。こ
れを素粒子の質量，すなわち，動かしにくさの起源だと考え
るわけです。質量が大きい（重い）素粒子ほど，ヒッグス粒
子と頻

ひん
繁
ぱん
にぶつかることになります。

ヒッグス粒子がなかったら，私たちは存在できない
　一方，光子のような質量ゼロの素粒子は，ヒッグス粒子と
衝突しません。光が自然界の最高速度（光速，秒速約 30万
キロメートル）で進めるのは，このためです。

　逆にいえば，光子は真空中を光速以下で進むことはできま
せん。光子は，生まれた瞬間から光速で動きつづける運命な
のだといえます。ヒッグス粒子がなければ，私たちの体をつ
くっている電子などの素粒子も，光速で進んでしまい，その
場に留まっていられなくなります。物体の構造が保たれてい
るのは，真空にヒッグス粒子が満ちているおかげなのです。

59

●●●●
●●●

Part 2 素粒子論入門
ヒッグス粒子①

＊： 真空に満ちているのは「ヒッグス場」で，加速器を使ってヒッグス場から
たたき出される（次ページ参照）のが「ヒッグス粒子」と使い分ける方が，
より正確ですが，この記事では「ヒッグス粒子」で統一することにします。
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真空に満ちたヒッグス粒子

The whole Universe is a kind of superconductor 
This is why weak interaction is short-ranged 

All elementary particles masses come from Higgs

Without Higgs, our body evaporates in a nanosecond!
 25



Higgs boson decays into two photons



theory：1964
design：1984

construction：1998

discovery of Higgs boson
2012.7.4



superconductors
Other ways of Shaking:
Hit the supercond. with femotsec. pulse
of Terahz. radiation and probe
the recovery of the gap by another optical pulse.
Watch oscillations as function of time at the Higgs freq.

Higgs Amplitude Mode in BCS Superconductors Nb1-xTixN 
induced by Terahertz Pulse Excitation

Ryusuke Matsunaga et al. (2013)
Other ways of Shaking:
Hit the supercond. with femotsec. pulse
of Terahz. radiation and probe
the recovery of the gap by another optical pulse.
Watch oscillations as function of time at the Higgs freq.

Higgs Amplitude Mode in BCS Superconductors Nb1-xTixN 
induced by Terahertz Pulse Excitation

Ryusuke Matsunaga et al. (2013)
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THz pulse

Ryo Shimano



Mikko Laine (Bern)

for mh=126GeV, it is crossover
No phase transition in the Minimal Standard Model

<H>=0 from gauge invariance (Elitzur)
<H†H> is not an order parameter



Higgs is too testy
3141592653589793238462643383279503

–3141592653589793238462643383279378
=125

7(8)The Nobel Prize in Physics 2008 � The Royal Swedish Academy of Sciences � www.kva.se

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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I still take it seriously



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?



By A Pomarol

preferred

preferred

Supersymmetry



Nima’s anguish

mH=125 GeV seems almost maliciously designed 
to prolong the agony of BSM theorists….
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dream case 
for experiments

stupid not to do this!
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Summary
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that explains Higgs!
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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
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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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Figure 3: Next-to-leading order prediction for the Higgs mass mh in High-Scale Supersymmetry

(blue, lower) and Split Supersymmetry (red, upper) for tan � = {1, 2, 4, 50}. The thickness of

the lower boundary at tan � = 1 and of the upper boundary at tan � = 50 shows the uncertainty

due to the present 1� error on ↵3 (black band) and on the top mass (larger colored band).

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



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 ???



Another staged path

• Start with 250 GeV
• guaranteed precision Higgs and top physics
• extendable 500 GeV to 1 TeV
• TDR exists





D
ev

ia
tio

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

D
ev

ia
tio

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15
Standard Model

%

%

%

%

%

%

%
c τ b t W Z

only one

D
ev

ia
tio

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

D
ev

ia
tio

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15
 = 700 GeV)A = 5, MβMSSM (tan

%

%

%

%

%

%

%
c τ b t W Z

has siblings

D
ev

ia
tio

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

D
ev

ia
tio

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15
= 1.5 TeV)fMCHM5 (

%

%

%

%

%

%

%
c τ b t W Z

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”

 49

hidden
sector

Higgs
sector

SU(3)CxSU(2)LxU(1)Y

quarks
leptons

L = OhiddenH
†
H



Roni Harnik, JHU workshop 2017 in Budapest



In Mirror Twin Higgs models, the one loop quadratic divergences that 
contribute to the Higgs mass are cancelled by twin sector states that carry no 
charge under the SM gauge groups. 

Discovery of these states at LHC is therefore difficult. May explain null results. 
Roni Harnik and Zackaria Chacko, JHU workshop 2017 in Budapest



holistic

• Fully exploit energy-momentum 
conservation


• Don’t lose information along the 
beam line


• Can use all final states

• Can “see” invisible states

• holistic use of all information

m2
recoil = m2

Z + s� 2
p
sEZ

ILC
e+ e-

!52

Higgs decays invis
ibly



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



Multiverse



Dark Matter





cluster of galaxies

Abell 2218
2.1B lyrs





image invisible dark matter

 61more than 80% of matter in the Universe is not atoms



two clusters collided at 4500km/sec
4B lyrs away



Dark Matter



Dark Matter 
is our Mom

without dark matter with dark matter

10–5



largest 3D map ever

8 Billion lyrs1 Billion lyrs

25
0 

M
illi

on
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Indeed,  
dark matter is our Mom!

3D map of dark matter

3D map of galaxies

3D map of galaxies

2D map of galaxies



Reenacting the Big Bang with Cal Marching Band



Miracles
DM

DM

SM

SM

nDM

s
= 4.4⇥ 10�10 GeV

mDM

WIMP miracle2 

h�2!2vi ⇡
↵2

m2

↵ ⇡ 10�2

m ⇡ 300 GeV

We wanted new particles at this energy scale
to address the naturalness problems anyway.

Supersymmetry
Extra dimensions

Composite models



10 7 Interpretation
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.

Figure 6: Observed limits on the mediator mass divided by coupling, M/pgcgq, as a function
of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling p

gcgq.

K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-

XENO
N1t

γ from dSph

direct detection

e+

LHC



sociology

• in 1980s, dark matter was not as clear
• people tried to solve big problems in 

particle physics, i.e. naturalness, strong CP
• dark matter was optional, i.e. WIMP
• in 2010s, dark matter is a glaring problem
• but no sign of solution to naturalness
• perhaps naturalness is optional?
• rethinking: be more open-minded



Search for MACHOs
(Massive Compact Halo Objects)

Large Magellanic Cloud

Not enough of them!

Dim Stars? Black Holes?
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Best limit on Black Hole dark matter

• a

Niikura, Takada et al., Nature 
Astronomy

observe Andromeda for one night
read out CCDs every 2 min

No detection ⇒ more stringent 
upper bound,  than 2yr Kepler data 
(Griest et al.)
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• Clumps to form structure

• imagine 

• “Bohr radius”: 

• too small m ⇒ won’t “fit” in a galaxy!

• m >10−22 eV “uncertainty principle” bound 
(modified from Hu, Barkana, Gruzinov, astro-ph/0003365)

V = GN
Mm

r
rB =

�2

GNMm2

Mass Limits 
“Uncertainty Principle”
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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, µµ

• dark matter: open mind, broad search
• cosmology, direct, indirect, collider
• “table top” experiments



theorist

experiments



astrophysics
cosmology

LHC
theorists

underground
experiments

healthy field!
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What to choose?

• We need a broad experimental search
• for me, I need some guidance from data
• the only one astrophysical data that points 

to nature of dark matter is issue with small-
scale structure
➡self-interacting dark matter (Spergel & 

Steinhardt 2000)
• still controversial
• baryonic feedback?



DDO 154 dwarf galaxy

DDO 154

Stars

Gas

0 2 4 6 8
0

10

20

30

40

50

60

Radius (kpc)

V
ci
r
(k
m
/s
)

����

Core

0.1 0.5 1 5 10

106

107

108

109

Radius (kpc)

D
ar
k
M
at
te
rD
en
si
ty

(M
⊙
/k
pc
3
)

FIG. 4: Left: Observed rotation curve of dwarf galaxy DDO 154 (black data points) [167] compared to
models with an NFW profile (dotted blue) and cored profile (solid red). Stellar (gas) contributions indicated
by pink (dot-)dashed lines. Right: Corresponding DM density profiles adopted in the fits. NFW halo
parameters are rs ⇡ 3.4 kpc and ⇢s ⇡ 1.5 ⇥ 107 M�/kpc3, while the cored density profile is generated
using an analytical SIDM halo model developed in [116, 118].

Recent high-resolution surveys of nearby dwarf galaxies have given further weight to this dis-
crepancy. The HI Near Galaxy Survey (THINGS) presented rotation curves for seven nearby
dwarfs, finding a mean inner slope ↵ = �0.29 ± 0.07 [96], while a similar analysis by LITTLE
THINGS for 26 dwarfs found ↵ = �0.32 ± 0.24 [167]. These results stand in contrast to ↵ ⇠ �1
predicted for CDM.

However, this discrepancy may simply highlight the inadequacy of DM-only simulations to
infer the properties of real galaxies containing both DM and baryons. One proposal along these
lines is that supernova-driven outflows can potentially impact the DM halo gravitationally, soft-
ening cusps [78, 168], which we discuss in further detail in §II E. Alternatively, the inner mass
density in dwarf galaxies may be systematically underestimated if gas pressure—due to turbulence
in the interstellar medium—provides radial support to the disk [169, 170]. In this case, the ob-
served circular velocity will be smaller than needed to balance the gravitational acceleration, as
per Eq. (5), and purported cores may simply be an observational artifact.

In light of these uncertainties, LSB galaxies have become an attractive testing ground for DM
halo structure. A variety of observables—low metallicities and star formation rates, high gas
fractions and mass-to-light ratios, young stellar populations—all point to these galaxies being
highly DM-dominated and having had a quiescent evolution [171]. Moreover, LSBs typically
have larger circular velocities and therefore deeper potential wells compared to dwarfs. Hence,
the effects of baryon feedback and pressure support are expected to be less pronounced.

Rotation curve studies find that cored DM profiles are a better fit for LSBs compared to cuspy
profiles [54, 58, 59, 63, 64]. In some cases, NFW profiles can give reasonable fits, but the required
halo concentrations are systematically lower than the mean value predicted cosmologically. Al-
though early HI and long-slit H↵ observations carried concerns that systematic effects—limited
resolution (beam-smearing), slit misalignment, halo triaxiality and noncircular motions—may cre-
ate cores artificially, these issues have largely been put to rest with the advent of high-resolution HI
and optical velocity fields (see Ref. [148] and references therein). Whether or not baryonic feed-
back can provide the solution remains actively debated [67, 172, 173, 174]. Cored DM profiles
have been further inferred for more luminous spiral galaxies as well [65, 175, 176].

14



DDO 154 dwarf galaxy

DDO 154

Stars

Gas

0 2 4 6 8
0

10

20

30

40

50

60

Radius (kpc)

V
ci
r
(k
m
/s
)

����

Core

0.1 0.5 1 5 10

106

107

108

109

Radius (kpc)
D
ar
k
M
at
te
rD
en
si
ty

(M
⊙
/k
pc
3
)

FIG. 4: Left: Observed rotation curve of dwarf galaxy DDO 154 (black data points) [167] compared to
models with an NFW profile (dotted blue) and cored profile (solid red). Stellar (gas) contributions indicated
by pink (dot-)dashed lines. Right: Corresponding DM density profiles adopted in the fits. NFW halo
parameters are rs ⇡ 3.4 kpc and ⇢s ⇡ 1.5 ⇥ 107 M�/kpc3, while the cored density profile is generated
using an analytical SIDM halo model developed in [116, 118].

Recent high-resolution surveys of nearby dwarf galaxies have given further weight to this dis-
crepancy. The HI Near Galaxy Survey (THINGS) presented rotation curves for seven nearby
dwarfs, finding a mean inner slope ↵ = �0.29 ± 0.07 [96], while a similar analysis by LITTLE
THINGS for 26 dwarfs found ↵ = �0.32 ± 0.24 [167]. These results stand in contrast to ↵ ⇠ �1
predicted for CDM.

However, this discrepancy may simply highlight the inadequacy of DM-only simulations to
infer the properties of real galaxies containing both DM and baryons. One proposal along these
lines is that supernova-driven outflows can potentially impact the DM halo gravitationally, soft-
ening cusps [78, 168], which we discuss in further detail in §II E. Alternatively, the inner mass
density in dwarf galaxies may be systematically underestimated if gas pressure—due to turbulence
in the interstellar medium—provides radial support to the disk [169, 170]. In this case, the ob-
served circular velocity will be smaller than needed to balance the gravitational acceleration, as
per Eq. (5), and purported cores may simply be an observational artifact.

In light of these uncertainties, LSB galaxies have become an attractive testing ground for DM
halo structure. A variety of observables—low metallicities and star formation rates, high gas
fractions and mass-to-light ratios, young stellar populations—all point to these galaxies being
highly DM-dominated and having had a quiescent evolution [171]. Moreover, LSBs typically
have larger circular velocities and therefore deeper potential wells compared to dwarfs. Hence,
the effects of baryon feedback and pressure support are expected to be less pronounced.

Rotation curve studies find that cored DM profiles are a better fit for LSBs compared to cuspy
profiles [54, 58, 59, 63, 64]. In some cases, NFW profiles can give reasonable fits, but the required
halo concentrations are systematically lower than the mean value predicted cosmologically. Al-
though early HI and long-slit H↵ observations carried concerns that systematic effects—limited
resolution (beam-smearing), slit misalignment, halo triaxiality and noncircular motions—may cre-
ate cores artificially, these issues have largely been put to rest with the advent of high-resolution HI
and optical velocity fields (see Ref. [148] and references therein). Whether or not baryonic feed-
back can provide the solution remains actively debated [67, 172, 173, 174]. Cored DM profiles
have been further inferred for more luminous spiral galaxies as well [65, 175, 176].
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can be explained if dark matter scatters against itself
Need σ/m ~ 1b / GeV

only astrophysical information beyond gravity
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compact stellar disk extended stellar disk

Diversity in stellar distribution

 

Similar outer circular velocity and stellar mass, 
but different stellar distribution

- compact → redistribute SIDM significantly
- extended → unchange SIDM distribution

AK, Kaplinghat, Pace, and Yu, PRL, 2017

Ayuki Kamada
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Self interaction
classical regime

• (semi-)long-range force with light mediator

• analog of Rutherford scattering (classical 
regime)

• cross section can be large with many 
partial waves

• but annihilation of dark matter into light 
mediator

• asymmetric dark matter?



Self interaction
quantum regime

• low-energy scattering typically dominated 
by S-wave (σ~k2l)

• unitarity limit σ0≤4π/k2~4π/(mv)2 

(quantum regime)
• to have σ0/m~1cm2/g for v~100km/s, we 

need m<30 GeV
• typically light dark matter with strong 

interaction preferred
• a new strongly interacting sector?
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SIMPlest Miracle

• SU(2) gauge theory with four doublets

• SU(4)=SO(6) flavor symmetry

• ⟨qi qj⟩≠0 breaks it to Sp(2)=SO(5)

• coset space SO(6)/SO(5)=S5

• 5 stable pions 

• π5(S5)=Z ⇒ Wess-Zumino term

• LWZ=εabcde εμνρσ πa∂μπb∂νπc∂ρπd∂σπe

Yonit Hochberg, Eric Kuflik, HM, Tomer Volansky, Jay Wacker

SIMP miracle3 



Wess-Zumino term

• SU(Nc) gauge theory

• π5(SU(Nf))=ℤ (Nf ≥3)

• Sp(Nc) gauge theory

• π5(SU(2Nf)/Sp(Nf))=ℤ (Nf≥2)

• SO(Nc) gauge theory

• π5(SU(Nf)/SO(Nf))=ℤ (Nf≥3)

E. Witten / Global aspects of current algebra 

(a) (b) (c) 

Fig. 1. A particle orbit 3' on the two-sphere (part (a)) bounds the discs D (part (b)) and D' (part (c)). 
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D or D' (the curve 7 could continuously be looped around the sphere or turned 
inside out). Working with D' we would get 

ia A i d x  i = , (9) exp(  ) exp( ) 
where a crucial minus sign on the right-hand side of (9) appears because ~, bounds D 
in a right-hand sense, but bounds D' in a left-hand sense. If we are to introduce the 
right-hand side of (8) or (9) in a Feynman path integral, we must require that they 
be equal. This is equivalent to 

1 = e x p ( i a f D + D F ~ j d Y ~ i J ) .  (10) 

Since D + D' is the whole two sphere S 2, and fs2F~jdE ij = 4~r, (10) is obeyed if and 
only if c~ is an integer or half-integer. This is Dirac~s quantization condition for the 
product of electric and magnetic charges. 

Now let us return to our original problem. We imagine space-time to be a very 
large four-dimensional sphere M. A given non-linear sigma model field U is a 
mapping of M into the SU(3) manifold (fig. 2a). Since 7r4(SU(3)) = 0, the four-sphere 
in SU(3) defined by U(x) is the boundary of a five-dimensional disc Q. 

By analogy with the previous problem, let us try to find some object that can be 
integrated over Q to define an action functional. On the SU(3) manifold there is a 
unique fifth rank antisymmetric tensor w~jkt m that is invariant under SU(3)L × 
SU(3)R*. Analogous to the right-hand side of eq. (8), we define 

F = fQwijkt m d.Y ijkt" . ( 11 ) 

* Let us first try to define w at U = 1; it can then be extended to the whole SU(3) manifold by an 
SU(3)L × SU(3)R transformation. At U =  1, w must be invariant under the diagonal subgroup of 
SU(3)L × SU(3) R that leaves fixed U = I. The tangent space to the SU(3) manifold at U = 1 can be 
identified with the Lie algebra of SU(3). So ~0, at U = 1, defines a fifth-order antisymmetrie invariant 
in the SU(3) Lie algebra. There is only one such invariant. Given five SU(3) generators A, B, C, D 
and E, the one such invariant is Tr A B C D E  - Tr BA CDE + permutations. The SU(3)I~ × SU(3) R 
invariant w so defined has zero curl (c~iwjk/.,.+_ permutat ions=0)  and for this reason (11) is 
invariant under infinitesimal variations of Q; there arises only the topological problem discussed in 
the text. 

Witten

also vector SIMP Soo-Min Choi, Yonit Hochberg,, Eric Kuflik,
Hyun Min Lee,Yann Mambrini, Hitoshi Murayama, Mathias Pierre
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in a right-hand sense, but bounds D' in a left-hand sense. If we are to introduce the 
right-hand side of (8) or (9) in a Feynman path integral, we must require that they 
be equal. This is equivalent to 
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Since D + D' is the whole two sphere S 2, and fs2F~jdE ij = 4~r, (10) is obeyed if and 
only if c~ is an integer or half-integer. This is Dirac~s quantization condition for the 
product of electric and magnetic charges. 

Now let us return to our original problem. We imagine space-time to be a very 
large four-dimensional sphere M. A given non-linear sigma model field U is a 
mapping of M into the SU(3) manifold (fig. 2a). Since 7r4(SU(3)) = 0, the four-sphere 
in SU(3) defined by U(x) is the boundary of a five-dimensional disc Q. 

By analogy with the previous problem, let us try to find some object that can be 
integrated over Q to define an action functional. On the SU(3) manifold there is a 
unique fifth rank antisymmetric tensor w~jkt m that is invariant under SU(3)L × 
SU(3)R*. Analogous to the right-hand side of eq. (8), we define 

F = fQwijkt m d.Y ijkt" . ( 11 ) 

* Let us first try to define w at U = 1; it can then be extended to the whole SU(3) manifold by an 
SU(3)L × SU(3)R transformation. At U =  1, w must be invariant under the diagonal subgroup of 
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in the SU(3) Lie algebra. There is only one such invariant. Given five SU(3) generators A, B, C, D 
and E, the one such invariant is Tr A B C D E  - Tr BA CDE + permutations. The SU(3)I~ × SU(3) R 
invariant w so defined has zero curl (c~iwjk/.,.+_ permutat ions=0)  and for this reason (11) is 
invariant under infinitesimal variations of Q; there arises only the topological problem discussed in 
the text. 



The Results

Sp(2), Nf = 2
Sp(4), Nf = 2
Sp(8), Nf = 2
Sp(16), Nf = 2

10-2 10-1 1 100

2

4

6

8

10

10-2

10-1

1

10

102

mπ [GeV]

m
π
/f π
SU(2Nf ) / Sp(2Nf )

σ
sc
at
te
r/m

π
[c
m
2 /g

]

m⇡ . 2⇡f⇡

m⇡

f⇡
/ m3/10

⇡

�scatter

m⇡
/ m�9/5

⇡

Solid curves: solution to Boltzmann eq.

Dashed curves: along that solution



The Results

m⇡ . 2⇡f⇡

m⇡

f⇡
/ m3/10

⇡

�scatter

m⇡
/ m�9/5

⇡

Solid curves: solution to Boltzmann eq.

Dashed curves: along that solution

SU(3), Nf = 3

SU(5), Nf = 3

SU(10), Nf = 3

10-2 10-1 1 10
0

2

4

6

8

10

10-2

10-1

1

10

102

mπ [GeV]

m
π
/f π

SU(Nf )×SU(Nf ) / SU(Nf ) (SU(Nf ) broken)

σ s
ca
tte
r/m

π
[c
m
2 /g

]

can be a part of twin QCD with Nf=4
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vector mesons help enlarge parameter space



need couplings to SM

Tdm

Tsm

Carlson,	Hall	and	Machacek,		
Astrophys.	J.	398,	43	(1992)	

dark QCD
with SIMP

Standard Model
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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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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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Unified description
of SIDM

• Hans Bethe: effective 
range theory

• only two parameters to 
describe scattering at low 
velocities

• fully unitary and non-
perturbative

• covers bound state, 
resonance, virtual level

• one more parameter 
accommodates continuum, 
anti-resonance

• ideal for simulations!
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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.
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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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Rare effects from  
high energies

• Effects of high-energy physics mostly 
disappear by power suppression

• can be classified systematically
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unique role of mν
• Lowest order effect of physics at short 

distances
• tiny effect: (mν/Eν)2≈(0.1eV/GeV)2≈10–20!
• interferometry (e.g. Michaelson-Morley)
• need a coherent source
• need a long baseline
• need interference (i.e. large mixing angle)

• Nature was kind to provide them all!
• neutrino interferometry (a.k.a. oscillation) a 

unique tool to study physics at very high E
• probing up to Λ≈1014 GeV
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BBN & CMB
• At T>MeV, the soup of 

e+, e–, ν, ν
• small amount of p, n
• they start to fuse, 

forming light elements
• abundance of light 

elements depends on 
amount of baryon

• baryon asymmetry 
consistent with T~MeV 
and T~0.3eV

20. Big-Bang nucleosynthesis 3
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of big-bang nucleosynthesis — the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).

In recent years, high-resolution spectra have revealed the presence of D in high-
redshift, low-metallicity quasar absorption systems (QAS), via its isotope-shifted Lyman-α
absorption [23–28]. It is believed that there are no astrophysical sources of deuterium [29],
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Beginning of Universe

1,000,000,001 1,000,000,001

matter anti-matter



fraction of second later

1,000,000,002 1,000,000,000

matter anti-matter

1

turned an anti-matter out of a billion to matter



Universe Now

2

This must be how we survived the Big Bang!

us

matter anti-matter



Seesaw
• Seesaw mechanism explains


• small but finite neutrino masses mν ~ v2 / MR


• baryon asymmetry of the Universe through 
leptogenesis


• the dominant paradigm in neutrino physics


• probe to very high-energy scale


• notoriously difficult to test

�(N1 ! ⌫iH)� �(N1 ! ⌫̄iH
⇤) / =m(h1jh1kh

⇤
lkh

⇤
lj)
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Anomaly!

• W and Z bosons 
massless at high 
temperature

• W field fluctuates just 
like in thermal plasma

• solve Dirac equation in 
the presence of the 
fluctuating W field

Δq=Δq=Δq=ΔL
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Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results for Mmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4 × 108 GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 ≪ 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].
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Buchmüller



How do we test it?

build a 1014 GeV collider



how do we test it?
• possible three 

circumstantial evidences
• 0νββ
• CP violation in 

neutrino oscillation
• other impacts e.g. LFV 

(requires new 
particles/interactions 
< 100 TeV)

• archeology
• any more circumstantial 

evidences?
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Excitement
• CP violation in neutrino sector may be 

observable with conventional technique
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sinδCP=0 exclusion

δCP 1σ error

• Exclusion of sinδCP=0 

• 8σ for δ=-90° (T2K best fit) 

• 80% coverage of δ 
parameter space for CPV 
discovery w/ >3σ 

• Test of CPV origin 

• δCP precision measurement 

• 22° for δ=-90° 

• 7° for δ=0°
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anarchy θ23

θ12

θ13

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

random mass matrices

no direct connection to CP violation in oscillation
but a plausibility test

N1(+2), N2(+1), N3(0)

L1(0), L2(0), L3(0)

✏(�1) ⇡ 0.1



Can anti-matter turn into 
matter?

• proton is positively charged, 
anti-proton negatively


• can never turn into each other

• But neutrinos or anti-neutrinos 

do not have electric charge

• neutrinoless double beta 

decay: nn→ppe–e–

• can we look for anti-matter 

turning into matter?



Not easy
• anarchy prefers normal hierarchy
• quite difficult to reach the sensitivity levels
• but if LBL discovers inverted hierarchy, it is 

in a much better shape!



14 14. Neutrino masses, mixing, and oscillations

neutrinos are predicted to be of Majorana nature by the see-saw mechanism of neutrino
mass generation [3]. The observed patterns of neutrino mixing and of neutrino mass
squared differences can be related to Majorana massive neutrinos and the existence of an
approximate flavour symmetry in the lepton sector (see, e.g., Ref. 96). Determining the
nature of massive neutrinos νj is one of the fundamental and most challenging problems
in the future studies of neutrino mixing.
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KamLAND-Zen

GERDA-II

CUORE+CUORICINO

Figure 14.1: The effective Majorana mass |<m>| (including a 2σ uncertainty),
as a function of min(mj). The figure is obtained using the best fit values and
the 1σ ranges of allowed values of ∆m2

21, sin2 θ12, sin2 θ13 and |∆m2
31(32)| from

Ref. 58 (see Table 14.1), propagated to |<m>| and then taking a 2σ uncertainty.
The phases α21 and (α31 − 2δ) are varied in the interval [0,2π]. The predictions
for the NH, IH and QD spectra as well as the GERDA-II, KamLAND-Zen and the
combined CUORE+CUORICINO limits, Eq. (14.20) and Eq. (14.21), are indicated.
The black lines determine the ranges of values of |<m>| for the different pairs of
CP conserving values of α21 and (α31 − 2δ): (0, 0), (0, π), (π, 0) and (π, π). The red
regions correspond to at least one of the phases α21 and (α31 − 2δ) having a CP
violating value, while the blue and green areas correspond to α21 and (α31 − 2δ)
possessing CP conserving values. (Update by S. Pascoli of a figure from Ref. 112.)

The Majorana nature of massive neutrinos νj manifests itself in the existence of
processes in which the total lepton charge L changes by two units: K+ → π− + µ+ + µ+,
µ− + (A, Z) → µ+ + (A, Z − 2), etc. Extensive studies have shown that the only

June 5, 2018 19:50
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Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results for Mmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4 × 108 GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 ≪ 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].
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U(1)B–L

• νR < 1015 GeV for leptogenesis is much below MPl


• Consider <φ>≠0


• MR from <φ>νRνR or <φ2>νRνR/MPl


• U(1) breaking produces cosmic strings because 
π1(U(1))=Z



cosmic strings

Gµ ~ v2/MPl2

v~1015GeV

https://www.ligo.org/science/Publication-S5S6CosmicStrings/index.php



GSM×Z4 GSM×U(1)B–L SU(3)×SU(2)L×SU(2)R×U(1)B–L SU(5)×U(1)XSU(4)PS×SU(2)L×U(1)R

GSM GSM×Z2

symmetries that forbid right-handed neutrino mass
Inflation

cosmic strin
g

domain walls

texture

thermal leptogenesis

none

probably MRνRνR forbidden
⟨φ⟩νRνR or ⟨φ⟩2νRνR/MPl

Jeff Dror,Takashi Hiramatsu, Kazunori Kohri, HM, Graham White
arXiv:1908.03227



GSM×Z4 GSM×U(1)B–L SU(3)×SU(2)L×SU(2)R×U(1)B–L SU(5)×U(1)XSU(4)PS×SU(2)L×U(1)R

SO(10)

SU(4)PS×SU(2)L×SU(2)R

GSM GSM×Z2

Semi-simple unified groups

symmetries that forbid right-handed neutrino mass
Inflation that wipes out magnetic monopoles

one m
onopoletwo monopoles

cosmic strin
g

domain walls

texture

thermal leptogenesis

none



intermediate gauge 
symmetry

• intermediate gauge 
symmetry G protects νR 

mass
• breaks either with or 

without matter parity
• matter parity always 

leads to stable Z2 string
• U(1)B–L string breaks by 

monopole creation if 
embedded in SO(10)

3

the string, which shrinks and disappears. We explore
these e↵ects further below.

We now study the stochastic gravitational wave back-
ground predicted by breaking patterns which induce cos-
mic strings. The gravitational wave spectrum has been
studied in [20] as a consequence of GB�L, including hy-
brid inflation based on the same gauge group as well as
supersymmetry, in particular the gravitino problem. As
we noted here, the cosmic string network is far more gen-
eral. On the other hand, the consequences of inflation
and supersymmetry are more model-dependent, and we
focus on the symmetry breaking alone.

GRAVITATIONAL WAVES FROM STRINGS

The stochastic gravitational wave prediction from a
cosmic string network has been highly controversial. A
conventional estimate relies on Nambu–Goto string, an
approximation where the string is infinitely thin with
no couplings to particles [21]. In this case, the numer-
ical simulations are tractable over a large range of dis-
tance scales and hence frequencies of gravitational waves.
There is additional uncertainty in the loop length (li) at
the time of formation (ti) which is normally taken to
be a linear relation: li = ↵ti. The parameter ↵ has a
peaked distribution in both radiation and matter domi-
nation ranging from 0.01� 0.1 [22].

Unfortunately, there has been major disagreements
whether the particle production dominates the energy
loss over that from gravitational wave emission. Simula-
tions based on Nambu–Goto strings cannot address this
question. If particle production dominates [23], the re-
sulting stochastic gravitational wave background is sup-
pressed by the quadratic power in Gµ [20] (where G is
Newton’s constant and µ is the string tension and roughly
given by the square of the symmetry breaking scale,
µ ⇠ v2). Recent work in [24] did extensive numerical
simulations with the abelian Higgs model and found that
the particle production is only important for extremely
small loops, and hence the gravitational wave is the dom-
inant mechanism for most situations. The present study
is only for the BPS string (the critical point where the
gauge boson mass is equal to the Higgs mass of the sym-
metry breaking scalar) but we suspect there is no quali-
tative change for non-BPS strings, as both the Higgs and
gauge bosons are massive. On the other hand, the grav-
itational wave emission may be further enhanced if the
di↵erence between the gravitational radiation scale and
gravitational back reaction scale is considered (see, e.g.,
[25]). This possibility is under active study [26]. We as-
sume the dominance of the gravitational wave emission
in this paper, but emphasize that the discrepancy among
various estimates needs to be settled before concrete pre-
dictions can be made.

To estimate the gravitational wave emission we follow

H = GSM H = GSM ⇥ Z2

G defects Higgs defects Higgs

Gdisc domain wall⇤ B � L = 1 domain wall⇤ B � L = 2

GB�L abelian string⇤ B � L = 1 Z2 string† B � L = 2

GLR texture⇤ (1,1,2, 1
2 ) Z2 string (1,1,3, 1)

G421 none (4,1, 1) Z2 string (15,1, 2)

Gflip none (10, 1) Z2 string (50, 2)

Table I: Extended gauge symmetry and topological defects
for di↵erent symmetry breaking patterns, G ! H. Whether
the matter parity Z2 remains unbroken depends on the choice
of the Higgs representations, and here we show examples for
each case. The defects with asterisks ⇤ are unstable against
tunneling e↵ects if G is embedded into a semi-simple group
such as SO(10) or Pati-Salam GPS . The Z2 string with a
dagger † is an abelian string whose Z2 string is stable even
with the embedding. See the body of the Letter for more
details.

the strategy employed in [27] which assumes large loops
are produced with a spectrum sharply peaked at a given
↵, which we fix to be 0.05, and a fraction of energy re-
leased in the form of GW of F↵ ' 0.1. The energy density
(⌦GW) per unit log f (where f is the frequency) can be
derived for each string normal-mode, k (see [27] for more
details),

⌦GW =
1X

k=1

⌦(k)
GW(f) , (6)

⌦(k)
GW = ⌦(k)

0 (f)

Z ⌧0

1
d⌧

Ce↵(⌧i)

⌧4i

a2(⌧)a3(⌧i)

a50
⇥(⌧i � ⌧F ) ,

(7)

⌦(k)
0 (f) =

1

⇢c

2k

2f

F↵�(k)Gµ2

↵2t3F
, (8)

⌧i(⌧) =
1

↵


2k

ftF

a(⌧)

a0
+ �Gµ⌧

�
, (9)

where ⌧a ⌘ ta/tF , tF is the time the cosmic string net-
work reaches the scaling regime (shortly after symmetry
breaking), Ce↵ = 0.5 (5.7) in matter (radiation) dom-
ination, �(k)

' �k�4/3/3.6 is a dimensionless constant
which parameterizes the emission rate per mode, � ' 50,
⇥ is the Heaviside theta function which restricts string
production till after formation of the scaling regime, a is
the scale factor, and ⇢c is the critical density.
We present the stochastic gravitational wave back-

ground for di↵erent symmetry breaking scales assuming
a simple radiation domination to matter domination cos-
mology in Fig. 2. The flat scale invariant contribution
arises from radiation domination and remains all the
way up to frequencies beyond expected future capabil-
ities. The additional bump at lower frequencies arises
during matter-domination. Interestingly for lower break-
ing scales future detectors tend to be most sensitive to

2

the seesaw mechanism rely on circumstantial evidence,
such as neutrino-less double beta decay [12], CP viola-
tion in neutrino oscillation [13, 14], structure in the mix-
ing matrix [15], or indirect constraints relying on vacuum
meta-stability [16, 17]. It is therefore highly desirable to
find other evidence to test the neutrino sector.

For the seesaw mechanism to have at least one neutrino
with mass m⌫ & 0.1 eV and the Yukawa coupling re-
maining perturbative below the grand unification (GUT)
scale, the right handed neutrino masses cannot be arbi-
trarily large giving the rough bound: MR . 1015 GeV.
This scale is parametrically lower than the Planck scale
or a possible GUT scale (typically chosen to be V ⇠

1016 GeV) and suggests a possible symmetry that for-
bids the mass of the right-handed neutrinos. Assum-
ing there are no large mass hierarchies among the right
handed neutrinos, leptogenesis requires the Hubble scale
during inflation to be above this scale and hence pre-
dicts a phase transition. If this phase transition leads
to formation of topological defects, we expect stochastic
gravitational wave from dynamics of the defect network
(See Fig. 1 for an illustration).

In this Letter, we point out that the stochastic gravi-
tational waves from the cosmic string network is quite a
generic prediction of the seesaw mechanism. We enumer-
ate all possible symmetries that could protect the right
handed neutrino mass and point out their predicted de-
fect structure. A common possibility seen in di↵erent
breaking structures is the persistence of a cosmic string
network. We compute the gravitational wave spectrum
and compare with projections from future space missions,
finding that such experiments could probe most of the
parameter space necessary for thermal leptogenesis.

SYMMETRY BREAKING PATTERNS

We begin by showing that the cosmic string network
is a generic prediction of the seesaw mechanism when
B�L is broken spontaneously, rather than explicitly. For
this purpose, we classify all possible symmetry breaking
patterns.

We require that there is an extended gauge symme-
try G which forbids the mass for the right-handed neu-
trinos, is flavor-blind, and is broken below the Hub-
ble scale during inflation to allow for leptogenesis. As
a minimalist approach, we consider gauge symmetries
that are at most rank 5 and are non-anomalous with
only the standard-model fermions and right-handed neu-
trinos. We also require that the symmetry breaking

temperature is below the seesaw scale [7] and lower again if there
is a mass degeneracy [8] or a fine tuning [9]. The scale of super-
symmetric leptogenesis can also be lower [10, 11].

from G to the Standard Model gauge group, GSM =
[SU(3)C ⇥ SU(2)L ⇥ U(1)Y ]/Z6, does not lead to mag-
netic monopoles, allowing the symmetry breaking to oc-
cur below the inflationary scale. With these assump-
tions,we find that there is only a finite set of possible
gauge groups:

Gdisc = GSM ⇥ ZN , (1)

GB�L = GSM ⇥ U(1)B�L , (2)

GLR = SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L , (3)

G421 = SU(4)PS ⇥ SU(2)L ⇥ U(1)Y , (4)

Gflip = SU(5)⇥ U(1) . (5)

For the first case, ZN is a discrete subgroup of the
U(1)B�L gauge group, and the right handed neutrino
mass is forbidden for N � 3. For instance, it could
be the Z4 center of SO(10). GB�L is the extension of
the SM to B � L which forbids the right handed neu-
trino mass as they carry lepton number, and U(1)B�L

plays a similar role in GLR. SU(4)PS unifies SU(3)C and
U(1)B�L in a way that originally appeared in the Pati–
Salam theory, GPS = SU(4)PS ⇥ SU(2)L ⇥ SU(2)R [18],
where now the right handed neutrino mass term would
transform under the SU(4)PS. The last case is often
called flipped SU(5) [19] and here the right handed neu-
trinos are charged under the new U(1). Note that all of
the above can be embedded into a unified SO(10) gauge
group.

On the other hand, one can also ask the question
whether there can be a discrete gauge group below
the mass scale of right-handed neutrinos. By requiring
that the discrete gauge group is non-anomalous under
SU(3)C , SU(2)L, and gravity, one can show that the only
possibility is the matter parity Z2 that flips the signs of
all quarks and leptons but nothing else. Namely, the
symmetry breaking pattern is either G ! H = GSM or
G ! H = GSM⇥Z2. Whether the matter parity remains
unbroken depends on the representation of the Higgs field
that generates the mass of the right-handed neutrinos.2

When G is further embedded into larger groups such
as SO(10), topological defects may be unstable. For in-
stance, when GN is embedded into a connected group
such as SO(10) or GB�L, the domain wall is unstable
against the spontaneous creation of a string loop via
quantum tunneling. There, the string loop grows to de-
stroy the entire wall. Similarly, when GB�L is embed-
ded into a simply-connected group such as SO(10) or
GPS, the string is unstable due to the spontaneous pair-
creation of a monopole and an anti-monopole. This cuts

2 Note that the matter parity can be identified with the Z2 sub-
group of the Z4 center of SO(10). This is reminiscent of the
SO(10) origin of the R-parity in the Minimal Supersymmetric
Standard Model.



Schwinger
• Schwinger computed the production of e+e– pairs in a 

constant electric field in 3+1 dimension

• adopt it to 1+1 dimension

• dualize it to magnetic field

• cross section of the string A~(g v)–2

• B A~2π/(g Q)

• length of the string L~H–1

• strings get cut when H~Γ/L × L~Γ/L × H–1

• string network persists until H2~(Γ/L)~(g v)2 exp(-πm2/gB)

• monopole mass m~V/g

• survives to date if v < 1015GeV

�

L
=

eE

4⇡2

1X

n=1
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n
e�⇡m2n/eE
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covers pretty much the entire range for leptogenesis!
based on Jose J. Blanco-Pillado, Ken D. Olum arXiv:1709.02693 

caveat: particle emission from cosmic strings

https://arxiv.org/search/astro-ph?searchtype=author&query=Blanco-Pillado%2C+J+J
https://arxiv.org/search/astro-ph?searchtype=author&query=Olum%2C+K+D


Inflation



fly-by simulation based on real data

about ten trillion times faster than light
practically the same no matter how far you go



How do they know 
each other?

• Like having discovered 
two remote islands in 
very different parts of 
the world, but people 
speak the same 
language

• we suspect they were 
together at some point



The Hot 
Big Bang

telescope

gravitational waves

            Inflation



vacuum is active

http://www.youtube.com/watch?v=uxlOMa6pdr4

http://www.youtube.com/watch?v=uxlOMa6pdr4


Seeds for structure

�E�x & ~c
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Foreground emission
From	Planck

Andromeda@NASA

We	are	living	in	the	Galaxy.

T.	Matsumura,	Kavli	IPMU



Foreground emission
From	Planck

Andromeda@NASA

We	are	living	in	the	Galaxy.

We need to observe in multiple bands to 
subtract the foreground reliably.

T.	Matsumura,	Kavli	IPMU



Why modulator for LiteBIRD?
● The goal is to measure the fluctuation of 

the polarization signal at nano-Kelvin 
level over the large angular scale. 

● The instrument is required to  
○ be stable enough to make a 

distinction between the fluctuation 
from the sky signal and fluctuation 
from the instrument.  

○ minimize the conversion from the 
temperature signal leaking into the B-
mode signal.

Signal band 
before 
modulation

Signal band 
after 
modulation

Planck T+pol 
map



polarization modulator@IPMU 
zero-contact mechanism



Development results
Broadest AR and achromatic HWP using 
sapphire

Univ. of Tokyo

Okayama Univ.

R. Takaku

K. 
Komatsu
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JAXA	
● Launch	
● Satellite	system	
● Low	frequency	telescope	(LFT)	

Kavli	IPMU	
● Polarization	modulator	for	LFT	
● Data	analysis	lead	in	Japan	

KEK	
● Ground	calibration	

Role of IPMU in LiteBIRD Europe	
● Middle	and		
high	frequency	
telescope	

● Sub-K	cooler	

US	
● Superconducting	

detector	(TES)	array	
● Sub-K	cooler	

Canada	
● Warm	readout	

electronics

JAXA	
H3	
rocket



Conclusions
• Particle Physics: exciting as ever!
• dark matter: open mind, broad search
• cosmology, direct, indirect, collider
• “table top” experiments
• may learn from astrophysical surveys PFS

• baryogenesis: leptogenesis?
• need many fossils to get convinced
• cosmic strings quite generic

• inflation: CMB B-mode
• LiteBIRD launch in 2027!



Dark Matter is Mom 
Inflation is Dad 

Neutrino is superhero


