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Cosmic Rays

Protons come from outer space.
They make muons  in the atmosphere.
About a thousand of them go through 

our body every minute like X-ray.



How did the Universe begin?
What is its fate?

What is it made of?
What are its fundamental laws?

Where do we come from?

now in the realm of science!



Outline

1. Where the elements come from

2. How the stars were born

3. Where the matter comes from



nuclei

neutron
proton

？

atoms



“Wall” @ 13.8 Blyrs

You can never “see” beyond this wall
with a telescope



telescope

Big Bang made H:He ~ 3:1
agrees with observations

accelerators

380Kyrs
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only hydrogen and helium 
right after the Big Bang
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the Sun is getting
lighter by

4 million tons
every second

a hundred trillion
neutrinos go through

our body every second

Why does the Sun shine?

proton

4He

+ 2e+ + 2ne + 25MeV

E=mc2



evidence

SuperKamiokande

burning atoms in the Sun produces neutrinos
trillions through our body every second

in pitch darkness
1000 meters underground



Feb 23
1987

160,000 light years

noise
too high

mandatory
retirement

distant stars also
burn atoms

tremendous 
luck



hydrogen
helium

carbon
nitrogen
oxygen

iron

neutrinos

160,000 light years

We are star dust
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Hyper-Kamiokande
10x Super-K

history supernova of 
explosions

• need to understand the 
history of supernova 
explosions over the whole 
cosmic history

• Putting gadolinium into 
Super-K enhances the 
sensitivity

• can “see” neutrinos from 
billions of light years away

• Eventually even bigger 
experiment!

SuperKamiokande



matter of comparison in Fig. 1(b) we repeat the same procedure, but in the opposite case

in which the Universe is SCDM, and hence dV/dz is calculated accordingly. In both cases

one can see that the curve of the predicted flux based on the correct cosmology tracks the

observed one while the predicted flux based on the wrong cosmology deviates by a significant

amount from the observations. In practice we expect the curves of the predicted flux will be

replaced by histogram bins based on the observation of O(5000) CC SNe and the observed

flux will be based on the observation of O(1000) electron anti-neutrino events. Up to now

we have demonstrated that our proposal works in the idealized case. Below we will discuss

how in practice our method can be applied in more realistic cases.
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FIG. 1: The neutrino differential event number vs. the predicted one using the future-observed

supernova rates. The observed differential event number is plotted in green and corresponds to the

differential flux folded with the cross section using our above projection. The red (blue) curves

correspond to the predicted differential flux assuming ΛCDM, ΩM = 0.3 and w = −1, (SCDM,

ΩM = 0.3 and w = 0) cosmology. The true cosmology is ΛCDM in (a) and SCDM in (b). Normal

hierarchy is assumed and the input values for the neutrino fluxes are given in Table II.

III. MEASURING THE CORE COLLAPSE RATE VIA SN OBSERVATORIES

Before considering the details of the direct observation of core collapse rate, we first

compare the present and future methods of SN-rate determination and explain why we

7

even dark energy!
ΩM=0.3,  ΩΛ=0.7

ΩM=0.3,  ΩΛ=0

Hall, HM, Papucci, Perez, hep-ph/0607109
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supernovae

dark matter



Earth revolves around the Sun at 30 km/s

solar 
system

v / 1p
r



21cm line

p e
hydrogen



Vera
Rubin

1970’s



true nature of galaxies
100k lyrs

>M lyrs

dark matter

stars



cluster of galaxies

Abell 2218
2.1B lyrs



�✓ =
4GNm

c2rc

deflection angle
by a point lens

©LSST



image invisible dark matter

24more than 80% of matter in the Universe is not atoms



two clusters collided at 4500km/sec

Good not to be here

4B lyrs away



Dark Matter



we wouldn’t exist 
without dark matter

without dark matter with dark matter

10–5



Reenacting the Big Bang with Cal Marching Band



Search for MACHOs
(Massive Compact Halo Objects)

Large Magellanic Cloud

Not enough of them!

Dim Stars?

MACHO
95% cl

0.2

−6 −2−8 −4 0 20.0

0.4

0.6

f =
−7

EROS−2 + EROS−1
upper limit (95% cl)

logM= 2log( /70d)tE

EROS collaboration
astro-ph/0607207



HSC result: Constraint on PBH

• a

Niikura, MT et al., to submit soon
started from conversation with Hitoshi 
and Masahiro Kawasaki

A dense cadence HSC obs. of M31
to search for microlensing due to 
PBHs (just one night in Nov, 2015)
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(Griest et al.)

MH@ ⇠TeV

Masahiro Takada

Microlensing Constraints on Primordial Black Holes with HSC Observation of M31 17
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HSC-M31 constraint (95% C.L.) 

Figure 20. The 95% C.L. upper bound on the PBH mass fraction to DM in the halo regions of MW and M31, derived from our microlensing search of M31
stars with one-night HSC data, superposed on Fig. 3 in Carr et al. (2016) in order to make comparison with other constraints. The solid or dashed curves show
the upper bounds if we include or exclude the one-remaining microlensing candidate in Fig. 13 in the upper bound (see Eqs. 29). For the number counts of M31
stars, we used the number of HSC peaks as a (largely) conservative estimate. Other observational constraints are: extragalactic �-rays from PBH evaporation
(EG) (Carr et al. 2010), microlensing search of stars from the satellite 2-years Kepler data (K) (Griest et al. 2014), MACHO/EROS/OGLE microlensing of stars
(ML) (Tisserand et al. 2007) and quasar microlensing (overlaid dashed line) (ML) (Mediavilla et al. 2009), millilensing of quasars (mLQ) (Wilkinson et al. 2001),
generation of large-scale structure through Poisson fluctuations (LSS) (Afshordi et al. 2003), and accretion e↵ects on the CMB observables (WMAP) (Ricotti
et al. 2008). The theoretically-speculated upper bounds are: white-dwarf explosions (WD) (Graham et al. 2015), neutron star capture (NS) (Capela et al. 2013),
wide binary disruption (WB) (Quinn et al. 2009), survival of a star cluster in Eridanus II (E) (Brandt 2016), and dynamical friction on halo objects (DF) (Carr &
Sakellariadou 1999).

becomes

P(k = 1|Nexp) + P(k = 0|Nexp)  0.05. (28)

These intervals read the following 95% C.L. upper limits

Nexp 
⇢ 3 w/o the PBH candidate

4.74 w the PBH candidate . (29)

These translate to the upper bound on the PBH fraction,
⌦PBH/⌦DM.

Fig. 20 shows our result for the upper bound on the abun-
dance of PBH contribution to DM as a function of PBH mass,
compared to other observational constraints and theoretically-
speculated bounds. Here as a largely conservative estimate,
we employ the number of HSC peaks for the number counts
of source stars in M31, to translate the upper bounds on ex-
pected number of PBH microlensing events into a limit on
the PBH abundance for each mass scale of PBH. The fig-
ure shows that our constraints are tightest for a wide range of
PBH masses, MPBH ' [10�13, 10�6]M�. Because of the low

number of observed events, the upper bounds do not depend
significantly upon our treatment of the remaining candidate
(Fig. 13) as real or fake. When combined with other obser-
vational constraints labeled as “EG”, “F”, “K”, “ML”, “LSS”
and “WMAP” 11, almost all the range of PBH masses is now
ruled out for scenarios which result in PBHs of a single mass
scale and makes up all the DM in the halo regions of MW and
M31. In particular, we stress that our constraint of one-night
HSC data is tighter than the constraint from the Kepler data
that had monitored an open cluster containing 105 stars, with
about 15 or 30 min cadence over 2 years (Griest et al. 2014).
The constraints labeled as “WD” and “NS” are theoretically-
speculated bounds in Capela et al. (2013); e.g., they discussed
that the existence of neutron stars in globular clusters can be
used to constrain the PBH abundance, as those can be cap-

11 Note that the WMAP bound due to the accreting PBHs are currently
under discussion, because the bound in Ricotti et al. (2008) is derived as-
suming too high accretion rate as discussed in Bird et al. (2016) (also see
Ali-Haı̈moud & Kamionkowski 2016).



MACHO ⇒ WIMP
• It is probably WIMP 

(Weakly Interacting 
Massive Particle)

• Stable heavy particle 
produced in early 
Universe, left-over from 
near-complete 
annihilation

• Will focus on WIMPs for 
the rest or the lecture



• thermal equilibrium when 
kT>mχc2

• Once kT<mχc2, no more 
χ created

• if stable, only way to lose 
them is annihilation

• but universe expands and 
χ get dilute

• at some point they can’t 
find each other

• their number in comoving 
volume “frozen”

G. Jungman et al. JPhysics Reports 267 (1996) 195-373 221 

Using the above relations (H = 1.66g$‘2 T 2/mpl and the freezeout condition r = Y~~(G~z~) = H), we 
find 

(n&)0 = (n&f = 1001(m,m~~g~‘2 +JA+) 

N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 
The current entropy density is so N 4000 cmm3, and the critical density today is 
pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 
present mass density in units of the critical density is given by 

0,h2 = mxn,/p, N (3 x 1O-27 cm3 C1/(oAv)) . (3.4) 

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 
inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 
actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 
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Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 
the solid curve is the equilibrium abundance. From [31]. 

thermal relic



How do we look for it?

• maximum energy transfer 
to nucleus when mχ~MA

• energy of the nucleus 
leads to a combination of

• ionization

• phonon

• scintillation

DM nucleus

DM

nucleus

Ef =

1

2

m�v
2
�

m�MA

(m� +MA)
2
2(1� cos

ˆ✓)
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XMASS
1t liquid Xenon
in Kamioka mine
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380k yrs

13.8B yrs

CMB

陽子
ヘリウム

２陽電子

２ニュートリノ
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DM

ten-billionth sec
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Outline
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2. How the stars were born

3. Where the matter comes from

supernovae

dark matter

neutrinos?



Anti-matter!

Carl Anderson
1936 Nobel Prize in Physics



Dirac equation
• Dirac forced                     

a marriage between 
quantum mechanics and 
special relativity

• equation he discovered has 
negative energy solutions

• assume they are all 
occupied

• Then a hole would be a 
particle of opposite charge

E

p

oc
cu
pie
d

va
can
t

unoccupied



Anti-Matter

• for every particle, there is an anti-particle

• CPT theorem in Quantum Field Theory

• same mass, same lifetime

• opposite electric charge, helicity

• electron e– and positron e+

• proton p and anti-proton p 

• neutron n and anti-neutron n 

_

_



1933
first human-made anti-matter

e−
electron

e+
positron

γ
photon

Irène

Frédéric 
Joliot-
Curie



1955
anti-proton

matter and anti-
matter annihilate 
into pure energy

Berkeley

Emilio
Segrè

Owen
Chamberlain



Lawrence Berkeley
National Laboratory

anti-matter at use 
Positron Emission Tomography (PET)



• European Laboratory 
CERN

• A scientist produced a 
quarter gram of anti-
matter without the 
knowledge of the 
Director General

• falls into wrong hands!

billion trillion 
trillion dollars



Anti-Matter





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],

July 24, 2008 18:04
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Early Universe

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

matter anti-matter



Current Universe

2

We won!  But why?

us

matter anti-matter



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 a billionth of anti-matter to matter



Universe Now

2

This must be how we survived the Big Bang!

us

matter anti-matter

Can anti-matter really turn into matter?



theory built in 100 years

Neutrinos have no mass

（C）Particle Fever



• All neutrinos are left-handed
• If finite mass, they cannot go at speed of light

• If you look back, they appear right-handed

• Contradiction!  They cannot have mass

Neutrinos have no mass



Atmospheric neutrinos



1998

Only a half of
what should be!

Atmospheric
Neutrinos



Can taste only strawberry



Can taste only strawberry



Can taste only strawberry



Can taste only strawberry



Can taste only strawberry



Can taste only strawberry



Can taste only strawberry



Can taste only strawberry

Feel you’ve lost a half of them!



• Einstein’s Relativity
• Massive particles never reach speed of light
• Massless particles (e.g. photon) always go at speed 

of light
• Time slows down if running fast

• Time stops at speed of light
• Neutrinos sense time
• Then they are slower than light
• They must have mass!

Neutrinos have mass

�⌧ = �t

r
1� v2

c2
�⌧ = 0



• All neutrinos are left-handed
• If finite mass, they cannot go at speed of light

• If you look back, they appear right-handed

• Perhaps it is anti-neutrino?

A new puzzle



New Paradigm

• Maybe neutrinos could reshuffle the 
balance between matter and anti-matter

• Possible if neutrino can morph into anti-
neutrino and back

• Then we owe our existence to neutrinos!

FukugitaYanagida



Leptogenesis

• Presumably three νR

• One of them lives long and decays late

• Majorana: νR = νR

• @tree-level, decays 50:50 to νL+h, νL+h*

• @one-loop, 

_

_

�(⇥R ! ⇥L + h) / 1� �

�(⇥R ! ⇥̄L + h⇤) / 1 + �

ΔL≠0



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



What anomaly can do

• 1,000,000,000 q

• 1,000,000,000 q

• 1,000,000,000 ν

• 1,000,000,002 ν

_

_

• 1,000,000,001 q

• 1,000,000,000 q

• 1,000,000,000 ν

• 1,000,000,001 ν

_

_

B=0
L≠0

B≠0
L≠0



Non-trivial success!

m̃1 (eV)

M
1

(G
eV

)

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].

31

successful
region

m̃1 =
(m†

DmD)11
M1

di Bari, Plümacher,
Buchmüller



Turn anti-matter 
into matter

• Can anti-matter turn into 
matter?

• Maybe anti-neutrino can 
turn into neutrino 
because they don’t carry 
electricity

• 0νββ: nn→ppe–e– with 
no neutrinos

• doesn’t happen even once 
1026 (hundred trillion 
trillion) years

patience!



Need big underground 
experiments

KamLAND=1000t

ガスクリーン V
超高純度ガス用インラインフィルター
コンパクトで大流量（1200 NL/min）対応

PFSH065a

（注）ガスクリーンはポール社の登録商標です。（商標登録第2720960号）

特長
●低い圧力損失
●コンパクトな設計構造
●非常に小さい内容積
●Ｏ-リングのないシール構造
●出荷前のプレコンディショニング（VCRタイプ）

利点
●大流量処理が可能
●最小限の設置スペース
●優れたガス置換特性
●幅広い流体適合性、高温での使用が可能
●速やかなドライダウン、ガス純度の維持

■材質
構成部品 材  質

フィルターメディア
メディアサポート
コア、エンドキャップ
フィルターハウジング

PTFE
フッ素樹脂
PFA
316Ｌステンレススチール（VAR）

■仕様
定格ろ過精度（nm）＊1
最高使用圧力（140℃）
耐差圧（20℃）
耐逆差圧（20℃）

ヘリウムリーク率 （atm・cc/sec）＊3

最高使用温度
内面仕上げ
初期清浄度（プレコンディショニングオプション対応仕様）

3 nm ＊2
1 MPaＧ ＊3

0.7 MPa
0.3 MPa
＜1ｘ10 －9 （出荷前試験）
＜1ｘ10 －11 （設計値）
１40℃
≦0.18μm/7μin Ra
≦10 ppb （H 20、THC、O 2）

＊1 NaClエアロゾル試験による定格付け
＊2 CNCカウンター（TSI Model 3025）で計測した場合の検出限界値
＊3 本製品の設計圧力および製品上の表示は 750 PSIG 、5.26 MPaGであり、全品耐圧試験後 出荷しています。ただし、日本国内で使用する場合本製品は高圧ガス取締法

適合品ではありませんので、ガス用途に使用される場合、最高使用圧力は 1 MPaGとなります。高圧ガス取締法適合品に関しては、当社各営業所までお問い合わせくだ
さい。

“ガスクリーンＶ” は、半導体プロセス用高純度ガス用の最新
インラインフィルターです。フィルターメディアとサポート
材はすべてフッ素樹脂製で、ハウジング材質には高品位のス
テンレスを使用しています。
O-リングを使用していないシール構造は、ポール独自の特許
技術です。
最小限の設置面積で装着可能です。コンパクトなデザインで
大流量を処理できますので、ドライプロセスの大幅なコスト
ダウンを実現します。

• look for 

• dissolve gaseous xenon 
into liquid scintillator

• current 800kg of 
enriched xenon

136Xe ! 136Ba e�e�
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We can study the 
Cosmos from 
Underground!


