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(1) 宇宙の物質 > 反物質の起源／ニュートリノ質量の起源 

(2) 暗⿊物質の正体・起源の解明 

(3) (1)(2) を含む、新たな素粒⼦模型・宇宙シナリオの構築 

3

メンバー 
(代表) 濱⼝幸⼀              (素粒⼦理論・東京⼤学)  
(分担) 松本重貴              (素粒⼦理論・東京⼤学IPMU) 
(分担) Melia Thomas     (素粒⼦理論・東京⼤学IPMU)  
(分担) 柳⽥勉                 (素粒⼦理論・東京⼤学IPMU & T.D.Lee Institute) 
(分担) ⻑峯健太郎           (理論天⽂学,宇宙物理・⼤阪⼤学) 

物質の起源を解明する新たな素粒⼦模型と初期宇宙進化の理論研究

E01



4

物質の起源を解明する新たな素粒⼦模型と初期宇宙進化の理論研究

E01

E01：物質の起源を解明する 
新たな素粒子模型と初期宇宙進化の理論研究

E02

D02 
極低温技術

B01, B02 
暗黒物質 
直接検出

A01, A02 
マヨラナ 
ニュートリノ

超新星ニュートリノ 
と核物理・宇宙化学 
進化の理論研究

インフレーション

(1) バリオン非対称性 
（ニュートリノ質量）

(2) 暗黒物質
銀河形成

超新星爆発

星形成
中性子星

模型・予言 
核行列要素

実験結果 
検証

実験結果 
検証

模型・予言 
暗黒物質分布

多様な暗黒物質 
シナリオ構築／ 
検証方法の提案

(3) 新たな素粒子・宇宙シナリオ
宇宙の進化

D01 
極低放射能

C01 
超新星ν



E01：物質の起源を解明する 
新たな素粒子模型と初期宇宙進化の理論研究

E02

D02 
極低温技術

B01, B02 
暗黒物質 
直接検出

A01, A02 
マヨラナ 
ニュートリノ

超新星ニュートリノ 
と核物理・宇宙化学 
進化の理論研究

インフレーション

(1) バリオン非対称性 
（ニュートリノ質量）

(2) 暗黒物質
銀河形成

超新星爆発

星形成
中性子星

模型・予言 
核行列要素

実験結果 
検証

実験結果 
検証

模型・予言 
暗黒物質分布

多様な暗黒物質 
シナリオ構築／ 
検証方法の提案

(3) 新たな素粒子・宇宙シナリオ
宇宙の進化

D01 
極低放射能

C01 
超新星ν

5

最近の研究から



[arXiv:2005.01039] (先⽉) 
Leptogenesis in the minimal gauged U(1)L_μ-L_τ model  
and the sign of the cosmological baryon asymmetry 
K. Asai, K. Hamaguchi, N. Nagata, S. Tseng

E01：物質の起源を解明する 
新たな素粒子模型と初期宇宙進化の理論研究

E02

D02 
極低温技術

B01, B02 
暗黒物質 
直接検出

A01, A02 
マヨラナ 
ニュートリノ

超新星ニュートリノ 
と核物理・宇宙化学 
進化の理論研究

インフレーション

(1) バリオン非対称性 
（ニュートリノ質量）

(2) 暗黒物質
銀河形成

超新星爆発

星形成
中性子星

模型・予言 
核行列要素

実験結果 
検証

実験結果 
検証

模型・予言 
暗黒物質分布

多様な暗黒物質 
シナリオ構築／ 
検証方法の提案

(3) 新たな素粒子・宇宙シナリオ
宇宙の進化

D01 
極低放射能

C01 
超新星ν

6

最近の研究から

レプトジェネシスによる「宇宙の物質＞反物質の符号」と、 
ニュートリノ振動での「Dirac 位相 δ」に相関がある。

 なら物質が残り 
 なら反物質が残る

δ > π
δ < π

⼀番軽い右巻きニュートリノの崩壊がdominantな場合  を破る場=インフラトンとなるminimalなインフレーション模型の場合U(1)μ−τ

T2K (global fit) 
は  を⽀持δ > π
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Tsutomu Yanagida 

[arXiv:2003.06332] Perfect Occam's razor for neutrino masses and leptogenesis 
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T. T. Yanagida, W. Yin, N. Yokozaki

http://arxiv.org/abs/2005.10415
spires-search://a%20choi,%20gongjun
spires-search://a%20suzuki,%20motoo
spires-search://a%20yanagida,%20tsutomu%20t.
http://arxiv.org/abs/2004.13966
spires-search://a%20kamada,%20ayuki
spires-search://a%20yamada,%20masaki
spires-search://a%20yanagida,%20tsutomu%20t.
http://arxiv.org/abs/2004.07863
spires-search://a%20choi,%20gongjun
spires-search://a%20suzuki,%20motoo
spires-search://a%20yanagida,%20tsutomu.t.
http://arxiv.org/abs/2003.10455
spires-search://a%20inomata,%20keisuke
spires-search://a%20kawasaki,%20masahiro
spires-search://a%20mukaida,%20kyohei
spires-search://a%20terada,%20takahiro
spires-search://a%20yanagida,%20tsutomu%20t.
http://arxiv.org/abs/2003.06332
spires-search://a%20barreiros,%20d.m.
spires-search://a%20joaquim,%20f.r.
spires-search://a%20yanagida,%20t.t.
http://arxiv.org/abs/2002.04204
spires-search://a%20evans,%20jason
spires-search://a%20han,%20chengcheng
spires-search://a%20yanagida,%20tsutomu%20t.
spires-search://a%20yokozaki,%20norimi
http://arxiv.org/abs/2002.00036
spires-open-journal://
spires-search://a%20choi,%20gongjun
spires-search://a%20suzuki,%20motoo
http://arxiv.org/abs/2001.07476
spires-search://a%20hertzberg,%20mark%20p.
spires-search://a%20schiappacasse,%20enrico%20d.
http://arxiv.org/abs/2001.02672
spires-search://a%20yanagida,%20tsutomu%20t.
spires-search://a%20yin,%20wen
spires-search://a%20yokozaki,%20norimi


JHEP 1907 (2019) 050 
Light Fermionic WIMP Dark Matter with Light Scalar Mediator 
S. Matsumoto, Y. S. Tsai, 

E01：物質の起源を解明する 
新たな素粒子模型と初期宇宙進化の理論研究

E02

D02 
極低温技術

B01, B02 
暗黒物質 
直接検出

A01, A02 
マヨラナ 
ニュートリノ

超新星ニュートリノ 
と核物理・宇宙化学 
進化の理論研究

インフレーション

(1) バリオン非対称性 
（ニュートリノ質量）

(2) 暗黒物質
銀河形成

超新星爆発

星形成
中性子星

模型・予言 
核行列要素

実験結果 
検証

実験結果 
検証

模型・予言 
暗黒物質分布

多様な暗黒物質 
シナリオ構築／ 
検証方法の提案

(3) 新たな素粒子・宇宙シナリオ
宇宙の進化

D01 
極低放射能

C01 
超新星ν

10

最近の研究から

Shigeki Matsumoto  

WIMP暗⿊物質の系統的・包括的研究 
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Hao Chen, Rupak Mahapatra, Glenn Agnolet, Michael Nippe, Minjie Lu, Philip C. 
Bunting, Tom Melia, Surjeet Rajendran, Giorgio Gratta, Jeffrey Long arXiv:2002.09409

2. New theoretical input needed to determine rate and 
nature of DM interaction — Effective Field Theory (EFT) 
of dark matter interactions in condensed matter

Searches for sub-GeV dark matter

1. New technologies under R&D, with broad 
applications

Magnetic bubble chambers

P. Bunting, G. Gratta, T. Melia, and S. Rajendran, Phys.Rev. D95 (2017) no.9, 
095001 

Chemical crystals: single molecule magnets

3 EXPERIMENTAL DESIGN FOR MAGNETIC AVALANCHE DETECTOR 6

3 Experimental Design for Magnetic Avalanche Detector

3.1 Experiment setup

To test the concept, we used Mn12-acetate crystal, as shown in Figure 5. The length of the crystals
range from a little more than 1 mm to about 3 mm, and the width range from 0.5 mm to 1 mm.
Figure 5 shows the sample holder made of oxygen-free high thermal conductivity (OFHC) copper.
Copper is chosen because it can transfer heat quickly and is non-magnetic material. The dimension
of sample space is 3 mm x 3 mm x 3 mm so we have more than a dozen of crystal in the sample
holder. The long side of the Mn12-acetate crystal is the easy axis of it. To maximize the magnetic
signal, all samples are aligned in the same direction of the external magnetic field we are going to
apply.

Figure 5: (a) Size the Mn12-acetate crystals Mn12-acetate crystals are synthesized by Phil Bunting from Je↵ery
Long’s group, (b) Shape of one of the crystals

The experiment was operated in a cryogenic fridge. The fridge was equipped with a supercon-
ducting magnet which could o↵er magnetic field up to 4 Tesla. The magnet comes with a control
box which can set the magnetic field at a certain value or scan it with cerain rate. The setup is
shown in Figure ??.

The copper sample holder with Mn12-acetate crystals are placed inside the vacuum can of the
fridge, a cryogenic hall sensor which is carefully located in a position very close to crystals but not
in touch with them. We want it to be close because we want the signal to be as big as we can, and
magnetic field drops fast with distance. In another way, we do not want the joule heat from the
hall sensor to be transferred to crystals, so we leave vacuum between them.

The sample holder and hall sensor are placed in a copper stage. This stage is attached with 1
K pot to reach temperature as low as 1.5 K for our preliminary test. It would be attached to 3He
pot to reach below 1 K in futur runs.

For the Mn12-acetate crystal we currently have, the avalanche would change the magnetic field
on top of the crystal by up to 100 Gauss. This signal can be easily caught by the hall sensor we
have, a test run proved it.

Both hall sensors are connected to external electronics through thin wires to reduce heat leak.
Current in hall sensors are set as 10 mA to reduce joule heat. Signals from them are read by
multimeters connected to labview to monitor and collect data.

In our recent run, an Am241 alpha source with alpha decay energy of 5.486 MeV was placed
close to the Mn12-acetate crystals. We have a control set without radiation source in the fridge as
well to reject signal from electronic noise.

3.2 Experimental Challenges

The long side of the Mn12-acetate crystal is the easy axis of it. To maximize the magnetic signal,
it is preferred to align all samples in the same direction.

Signal amplification occurs via a ‘magnetic 
avalanche’ in the crystal seeded by DM scatter, 
in principle sensitive to meV energy deposit

2 SINGLE MOLECULAR MAGNET DETECTOR CONCEPT 3

energy. This Zeeman energy must be large enough to release enough heat to trigger relaxation in
the adjoining spins. There is thus a minimum magnetic field B necessary for the system to produce
a magnetic avalanche. An avalanche will be produced as long as the total Zeeman energy released
in the region where the spin relaxation initially occurs is large enough to heat up the surrounding
region to a comparable temperature. The stored Zeeman energy per spin is ⇠ gJJB where gJ is
the Lande factor of the spin and J the total angular momentum of the transition metal complex
that sits in the center of the molecule. In a typical SMMs, J ⇠ 10. Performing the above analysis,
it can be seen that with B ⇠ 1 T, an avalanche can be sustained in a SMM once it is triggered by
an initial energy deposition.

A key reason why SMMs are well suited to search for dark matter is because the avalanches
in the SMMs have a low dark count rate. The metastable state in which the system is placed has
a long lifetime and the avalanche does not occur unless the energy deposited is larger than the
threshold. Lifetimes as long as several months can be attained when the sample is cooled well
below the barrier temperature Ue↵ ⇠ 10s of K. Thus, the setup in Figure 2 is placed in a cryogenic
fridge. An important way to establish the long lifetime of the metastable state is to ensure that
the Zeeman energy released by the relaxation of a single spin does not trigger an avalanche in the
system. This is because in a sample with ⇠ 1022 spins, even if the lifetime of the total sample is ⇠
several months, there will be continual random relaxations occurring throughout the material. If
the relaxation of a single spin triggers an avalanche, the system will have a high dark count rate.
However, by tuning the external magnetic field, the system can be operated so that the avalanche
requires the energy released by the relaxation of several adjoining spins. In this case, the dark count
rate will be low since even in a sample with ⇠ 1022 spins, there is an extremely low probability that
several nearby spins will all simultaneously (i.e. within ⌧0) relax. Controlled magnetic avalanches
that are triggered only by the deposition of heat supplied by an external heat source has been
demonstrated by many groups. As described in this proposal, we have also demonstrated such
controlled avalanches with energy deposition caused by the scattering of particles.

Figure 2: (a) Magnetic Bubble Chamber: A cryogenic sample of single molecular magnet crystals are first
polarized. The magnetic field is then reversed. At cryogenic temperatures, this metastable state of the crystal
is long lived. Energy deposited by particle scattering in the crystal causes localized heating which relaxes some
spins, releasing stored Zeeman energy. The extra energy released causes nearby spins to also relax, releasing more
energy and triggering a measurable magnetic avalanche in the crystal, (b) Mn-12 sample and hall sensors in fridge
in prototype experiment. This experiment has demonstrated particle induced avalanches.

The SMM detector concept o↵ers unique capabilities to discriminate signals from backgrounds
in a dark matter experiment. First, to ignite an avalanche, the temperature in a certain local area
within the SMM needs to be increased by a fixed amount. Energy deposited in a nuclear recoil
is localized and is thus e�cient in increasing the temperature of the local region, whereas energy
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1. As soon as the vacuum can was installed, it is pumped to and kept vacuum.

2. Crystals used in experiment were fixed in silver epoxy which can transfer heat well and protect
crystals from moving by magnetic force or damaged by water vapor.

3. Crystals are kept in a vacuum box which is located in a dry tent.

3.3 Experiment procedure

The experiment procedure was as follow:

1. Cool down the fridge to lowest temperature we could.

2. Turn on the heat so temperature rises to 3K, turn on the superconducting magnet to mag-
netize the sample.

3. Turn o↵ the magnet before cooling down to the lowest temperature possible (around 1.7 K).

4. Switch the superconducting manget current to the other direction, then either scan the mag-
netic field from 0 to 1 Tesla slowly or fix it at certain value and wait for signals.

3.4 Preliminary result

We tested the case when the reversed field was increasing from zero and the case when the reversed
field was fixed as a constant. In both cases we was able to see avalanches in the sample with
Am241 source and at the same time there is no avalanche in the one without source. As shown in
Figure 7 and Figure 8. In both cases, after a signal is detected, both sets are warmed up above
their blocking temperature to relax the magnetization. This test confirmed that the magnetization
of Mn12-acetate crystals close to radiation source is reversed meanwhile those far from radiation
source remain the same direction.

Figure 7: Increasing reversed field Figure 8: Contant reversed field
To confirm what we observed is actually avalanche instead of quantum tunneling, we compare

the time scale between our data and some data from literature. The magnetization jump in our data
took less than one second, meanwhile quantum tunneling take around 1 minute to only partially
demagnetize the crystal, as shown in the Figure 9.

The radiation source we tested is quite strong as mentioned, but it did show avalanches could
be triggered by incoming particles, which is the essential idea of this project.

Observe alpha particle induced 
avalanche

Manganese-12 Acetate

e.g.

We are used to characterising DM via its interaction with 
particles. Here, DM doesn’t resolve individual nuclei/
atoms…

At these energies in materials, phonons (crystal/
molecule vibrations) are the relevant (EFT) particle 
description

DM de Broglie wavelength > interatomic spacing

P. Cox, T. Melia, and S. Rajendran; Phys.Rev. D100 (2019) 
no.5, 055011 

最近の研究から

Tom Melia 
sub-GeV 暗⿊物質の 

新たな検出⽅法の可能性 



E01：物質の起源を解明する 
新たな素粒子模型と初期宇宙進化の理論研究

E02

D02 
極低温技術

B01, B02 
暗黒物質 
直接検出

A01, A02 
マヨラナ 
ニュートリノ

超新星ニュートリノ 
と核物理・宇宙化学 
進化の理論研究

インフレーション

(1) バリオン非対称性 
（ニュートリノ質量）

(2) 暗黒物質
銀河形成

超新星爆発

星形成
中性子星

模型・予言 
核行列要素

実験結果 
検証

実験結果 
検証

模型・予言 
暗黒物質分布

多様な暗黒物質 
シナリオ構築／ 
検証方法の提案

(3) 新たな素粒子・宇宙シナリオ
宇宙の進化

D01 
極低放射能

C01 
超新星ν

12

最近の研究から

中性子星

bmax ∼ 800 R

R ≃ 10 km

capture rate   
for 

≃ 1

σχN ≳ 10−45cm2

 対消滅 
 χχ → f f̄

DM χ

単位時間あたりのエネルギー流入 
  

(DM mass に依らない)

LWIMP→NS ∼ πb2
maxρχvχ ≃ 3 × 1022erg/s

[ C. Kouvaris,0708.2362 ]→ 中性子星を暖める！

ほぼ
光速
に

Phys.Lett. B795 (2019) 484-489 
Dark Matter Heating vs. Rotochemical Heating in Old Neutron Stars 
K. Hamaguchi, N. Nagata, K. Yanagi
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中
性
子
星
の
表
面
温
度

中性子星の年齢
暗黒物質なしの理論計算

観測

暗黒物質ありの理論計算

暗黒物質

中性子星

中性⼦星の内部加熱機構と 
暗⿊物質による加熱を 
同時に考慮した理論計算を 
初めて⾏い、暗⿊物質の兆候が 
⾒えるための条件 
（特に初期回転速度など） 
を明らかにした。

Phys.Lett. B795 (2019) 484-489 
Dark Matter Heating vs. Rotochemical Heating in Old Neutron Stars 
K. Hamaguchi, N. Nagata, K. Yanagi

spires-open-journal://
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この新学術での新たな連携 
E01 (素粒子理論)  E02 (超新星理論) 
アクシオンの物理などで重要な先行研究多数あり。 
領域内での連携により新たな共同研究を目指す。 

第一回 E01-E02 合同勉強会を 5/27 に開催。 
→ 今後にご期待下さい。

×


