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理論グループの研究

• 物質は究極的には何から出来ているのか？


• 相互作用の基本法則は何か？


　　　　　　　　密接に関係


• 宇宙は何でできているのか？


• 宇宙はどのように始まりそして進化して来たのか？


• 宇宙は今後どうなって行くのか？
これらの疑問に答える理論を考えるのが理論グループの研究です



物質の究極の理解 宇宙の探求

インフレーション 
宇宙モデル

暗黒物質 
ダークエネルギー

元素合成ニュートリノ物理
ニュートリノ宇宙論

超対称性理論

大統一理論

アクシオン模型
物質・反物質の 
非対称性の起源

素粒子的宇宙論
理論グループの研究

原始ブラックホール



•質量を与える素粒子 
•ヒッグス 
•2011年　LHCで発見

mH = 124� 126 GeV

標準模型が完成！

標準模型の背後に迫る時代に 
突入している！
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• Results using 80 fb-1

• Probing cross-sections of 
individual production modes

• Up to ~15% precision

• Exp. and theo. systematics play 
a key role
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See talk by F. Cerutti, e.g. for simplified template cross-section (STXS) results
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A.2 H! ZZ
⇤! 4`1269

Figure 20 shows the four-lepton invariant mass distribution for the Higgs boson candidates selected by the1270

H! Z Z⇤! 4` analysis, and Figure 20 the distributions of the BDT output in the analysis categories where1271

a BDT is used.1272
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Figure 20: Four-lepton invariant mass distribution for the Higgs boson candidates selected by the H! Z Z⇤! 4`
analysis in 79.8 fb�1 of data collected at

p
s = 13 TeV (black dots) together with the corresponding prediction obtained

from simulation (solid histograms). The uncertainty in the prediction is shown by the hatched band.
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7 Interpretation of results in the  framework693

For a measurement of Higgs boson coupling strengths, production cross sections �i, decay branching694

fractions B f and the signal-strength parameters µ f
i

defined in Eq. 3 cannot be treated independently, as695

each observed process involves at least two Higgs boson coupling strengths. Scenarios with a consistent696

treatment of coupling strengths in Higgs boson production and decay modes are presented in this section.697

7.1 Framework for coupling-strength measurements698

Coupling strength modifiers  are introduced to study modifications of the Higgs boson couplings related699

to BSM physics, within a framework [27] (-framework) based on the leading-order contributions to each700

production and decay process. Within the assumptions made in this framework, the Higgs boson production701

and decay can be factorized, such that the cross section times branching fraction of an individual channel702

�(i ! H ! f ) contributing to a measured signal yield are parametrised as703

�i ⇥ B f =
�i() ⇥ � f ()

�H
, (6)

where �H is the total width of the Higgs boson and � f is the partial width for Higgs boson decay to the704

final state f . For a given production process or decay mode j, the corresponding coupling strength modifier705

j is defined as706

2
j
=
�j

�SM
j

or 2
j
=
� j

�
j

SM

. (7)

The SM expectation, denoted by the label SM, by definition corresponds to j = 1. Modifications of the707

coupling scale factors also change the Higgs boson total width �H by a factor H , defined as 2
H
=
Õ

j B f

SM
2
j

708

and assumed to be positive without loss of generality.709

The total width of the Higgs boson increases beyond modifications of j due to contributions from two710

additional classes of Higgs boson decays: invisible decays, which are identified through an Emiss
T signature711

in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included in712

this combination are sensitive (for instance, Higgs boson decays to light quarks). Including a Higgs boson713

branching fraction to such invisible (Binv) or undetected (Bundet) decays, the Higgs boson total width is714

expressed as715

�H (,Binv,Bundet) =
2
H
()

(1 � Binv � Bundet)
�SM
H
. (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are716

included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production717

�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in718

order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest719

assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as720

predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [27]. A second721
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標準模型を越える物理？

• 標準模型は最終理論か？


• ヒッグスの質量の起源は？


• ニュートリノの質量の起源は？


• 宇宙の物質反物質非対称性の起源は？


• 暗黒物質は何か？


• CP対称性の起源？CP対称性の破れの起源？


• 標準模型では電磁力と弱い力が統一された。更なる統一は期待出来るか？


• 超対称性？

力の統一？ 

究極の理論への道は遠く、 
まだまだ考えることが沢山ある！



宇宙初期
• ビッグバン標準宇宙論


•宇宙が誕生して約１秒から現在までの宇宙の進化を正しく記述す
る


• インフレーション宇宙モデル


•さらに初期の宇宙を記述し標準モデルを補う


• 宇宙の平坦さ（宇宙が長生き）を説明


• 宇宙が因果律を超えて一様に見えることを説明


• 銀河の種（密度揺らぎ）を説明


•宇宙背景放射非等方性の観測からインフレーションの証拠


　誕生直後 (10-36 秒)の宇宙を理解できる時代になった



宇宙論の問題

http://map.gsfc.nasa.gov

• インフレーションを起こす素粒子モデル


• 宇宙の物質・反物質非対称性


• ダークマター・ダークエネルギー

量子ゆらぎ

インフレーション

40万年後 最初の星

137億年

宇宙論と素粒子論はもはや切り離せない！

http://map.gsfc.nasa.gov


宇宙論の問題

 

重力波観測を通じて太陽質量の数十倍の重いブラックホールが発見

EHT による M87 BH の画像 (質量 ~109M⨀)

銀河中心には 103−9M⨀ の巨大ブラックホールが存在

巨大ブラックホールの起源は未だ不明…

インフレーションなどの初期宇宙に起源？

http://map.gsfc.nasa.gov


研究例 1：Muon 異常磁気能率を説明する超対称標準模型
2021 MI, Kobayashi (D3), Nakayama (D1), Shirai (IPMU)

Muon 磁気能率 : [magnetic moment] = ⃗m =
1

2mμ
( ⃗L + g ⃗S )

量子補正によって g - 2 ≠ 0 となる

g = 2 @ Leading order (by covariant Dirac equation)

μ μ

γ

Loop diagrams

Loop diagrams には重くて実験で生成し難い
粒子の効果も効く

g - 2 ≠ 0 の測定は新物理探索の重要 channel !

BNL E821 実験 (2006) が標準模型予言と測定値が 3.7 σ 乖離していると報告

→ 新物理の兆候？



研究例 2：Muon 異常磁気能率を説明する超対称標準模型
2021 MI, Kobayashi (D3), Nakayama (D1), Shirai (IPMU)

7

Run !a/2⇡ [Hz] !̃
0
p/2⇡ [Hz] R0

µ ⇥ 1000
1a 229081.06(28) 61791871.2(7.1) 3.7073009(45)
1b 229081.40(24) 61791937.8(7.9) 3.7073024(38)
1c 229081.26(19) 61791845.4(7.7) 3.7073057(31)
1d 229081.23(16) 61792003.4(6.6) 3.7072957(26)
Run-1 3.7073003(17)

TABLE I. Run-1 group measurements of !a, !̃
0
p, and their

ratios R0
µ multiplied by 1000. See also Supplemental Mate-

rial [66].

COMPUTING aµ AND CONCLUSIONS

Table I lists the individual measurements of !a and
!̃
0
p, inclusive of all correction terms in Eq. 4, for the four

run groups, as well as their ratios, R0
µ (the latter multi-

plied by 1000). The measurements are largely uncorre-
lated because the run-group uncertainties are dominated
by the statistical uncertainty on !a. However, most sys-
tematic uncertainties for both !a and !̃

0
p measurements,

and hence for the ratios R0
µ, are fully correlated across

run groups. The net computed uncertainties (and cor-
rections) are listed in Table II. The fit of the four run-
group results has a �

2
/n.d.f. = 6.8/3, corresponding to

P (�2) = 7.8%; we consider the P (�2) to be a plausible
statistical outcome and not indicative of incorrectly esti-
mated uncertainties. The weighted-average value is R0

µ

= 0.0037073003(16)(6), where the first error is statistical
and the second is systematic [67]. From Eq. 2, we arrive
at a determination of the muon anomaly

aµ(FNAL) = 116 592 040(54)⇥ 10�11 (0.46 ppm),

where the statistical, systematic, and fundamental con-
stant uncertainties that are listed in Table II are com-
bined in quadrature. Our result di↵ers from the SM value
by 3.3� and agrees with the BNL E821 result. The com-
bined experimental (Exp) average[68] is

aµ(Exp) = 116 592 061(41)⇥ 10�11 (0.35 ppm).

The di↵erence, aµ(Exp)� aµ(SM) = (251± 59)⇥ 10�11,
has a significance of 4.2�. These results are displayed in
Fig. 4.

In summary, the findings here confirm the BNL exper-
imental result and the corresponding experimental aver-
age increases the significance of the discrepancy between
the measured and SM predicted aµ to 4.2�. This result
will further motivate the development of SM extensions,
including those having new couplings to leptons.

Following the Run-1 measurements, improvements to
the temperature in the experimental hall have led to
greater magnetic field and detector gain stability. An
upgrade to the kicker enables the incoming beam to be
stored in the center of the storage aperture, thus reducing
various beam dynamics e↵ects. These changes, amongst
others, will lead to higher precision in future publications.

Quantity Correction terms Uncertainty
(ppb) (ppb)

!
m
a (statistical) – 434

!
m
a (systematic) – 56

Ce 489 53
Cp 180 13
Cml -11 5
Cpa -158 75
fcalibh!0

p(x, y,�)⇥M(x, y,�)i – 56
Bk -27 37
Bq -17 92

µ
0
p(34.7

�)/µe – 10
mµ/me – 22
ge/2 – 0
Total systematic – 157
Total fundamental factors – 25
Totals 544 462

TABLE II. Values and uncertainties of the R0
µ correction

terms in Eq. 4, and uncertainties due to the constants in Eq. 2
for aµ. Positive Ci increase aµ and positive Bi decrease aµ.

FIG. 4. From top to bottom: experimental values of aµ

from BNL E821, this measurement, and the combined aver-
age. The inner tick marks indicate the statistical contribution
to the total uncertainties. The Muon g � 2 Theory Initiative
recommended value [13] for the standard model is also shown.
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BNL E821 で見られた乖離を確認し新物理の兆候は 4.2σ に上がった！
(ただし lattice simulation を用いた標準模型予言の計算に一部議論が残っている)



研究例 2：Muon 異常磁気能率を説明する超対称標準模型
2021 MI, Kobayashi (D3), Nakayama (D1), Shirai (IPMU)

どんな新物理模型で説明できるか？
超対称標準模型に注目

実は Higgs 粒子の質量の説明しつつ
観測と合わない CP 対称性の破れを生じさせないようにしつつ 

g-2 を説明するのは至難の技…

Higgs 質量 = 125 GeV Muon g-2 

(muon および weak gauge boson の
超対称 partner の質量が O(100) GeV)(quark の超対称 partner の質量が O(10)TeV)

   なんとか条件を全て満たす模型ができました → Collider search に強い予言
(g-2 と Higgs 質量を説明する我々の模型以外の模型は全て CP の問題は妥協している)

＋

＝ 模型の複雑化 

複雑な模型 (=相互作用の種類が多い) ほど CP の新たな破れの原因につながる…



研究例 2：Muon 異常磁気能率を説明する超対称標準模型
2021 MI, Kobayashi (D3), Nakayama (D1), Shirai (IPMU)

どんな新物理模型で説明できるか？
超対称標準模型に注目

   なんとか条件を全て満たす模型ができました → Collider search に強い予言
(g-2 と Higgs 質量を説明する我々の模型以外の模型は全て CP の問題は妥協している)
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Figure 5: The current collider constraints on the Higgsino-Wino system. The orange lines show the
rough upper limits on the left-handed slepton mass to explain the observed aµ.

measurement and the SM signature estimation at the LHC. At present, we cannot get a reliable

constraint from the precision measurement at the LHC.

In Fig. 5, we show the current LHC and LEP chargino constraints on the plane of the Wino

and Higgsino mass parameters M2 and µ with tan � = 40. We show the excluded regions by the

disappearing charged track in green, soft di-lepton in blue and tri-lepton in red.

In the present model, the dominant contributions to aµ|SUSY come from the left-handed slepton-

Wino-Higgsino loops. Thus, for given M2, µ and tan �, we can predict the left-handed slepton mass

to explain aµ. In Fig. 5, we also show the rough upper limit on the left-handed slepton mass to

explain the observed aµ by the Higgsino-Wino contribution at the one-loop level. The figure shows

that the LHC constraint, m˜̀
L
> 660GeV, favors the Higgsino-Wino mass within 100GeV–600GeV.

5.2 Scalar lepton constraint

To explain aµ, the scalar leptons should also be light. In the present model, the left-handed slepton

is typically lighter than the right-handed slepton since ⇤L

GMSB
⌧ ⇤D

GMSB
. Therefore the constraint on

the left-handed sleptons is relevant for the present model, where the left-handed sleptons dominantly

decay into the Wino-like chargino and neutralino.

If the Wino is the NLSP, we can directly apply the constraint on simplified model of ˜̀
L !

`�̃
0

1
(` = e, µ) provided by the ATLAS [119]. In this model, the ATLAS searches for the di-leptons

from the process pp ! ˜̀+ ˜̀� ! `
+
`
�
�̃
0

1
�̃
0

1
are relevant. If the mass of �̃0

1
is less than around 300GeV,

the current upper bound on the cross section of the slepton pair production in the simplified model

is around 0.3 fb.

In the case of ˜̀
L, ⌫̃ and Wino system, the sneutrino production also contributes the di-lepton

signature, as the sneutrino can decay into the charged Wino with a charged lepton. The branching

fractions are BF(˜̀� ! W̃
�
⌫) = 2BF(˜̀� ! W̃

0
`
�), and BF(⌫̃ ! W̃

+
`
�) = 2BF(⌫̃ ! W̃

0
⌫).
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Figure 1: Diagrams representing the two-lepton final state of (a) production of electroweakinos e�0
2 e�±1 with initial-state

radiation ( j), (b) VBF production of electroweakinos e�0
2 e�±1 , and (c) slepton pair (èè) production in association with

initial-state radiation ( j). The higgsino simplified model also considers e�0
2 e�0

1 and e�+1 e��1 production.

scenarios typically have very low cross-sections, but can complement the sensitivity of qq̄ annihilation
modes that dominate the inclusive higgsino and wino/bino cross-sections, especially for LSP masses above
a few hundred GeV [25]. An example of such a process is illustrated in Figure 1(b). The kinematic cuto�
of the m`` distribution is also used as the primary discriminant in this scenario, along with the presence of
two forward jets consistent with a VBF production mode.

The fourth scenario assumes the presence of scalar partners of the SM leptons (slepton, è) that are
slightly heavier than a bino-like LSP. Such models can explain dark-matter thermal-relic densities through
coannihilation channels, as well as the muon g � 2 anomaly [26, 27]. This process is illustrated in
Figure 1(c). This scenario exploits the relationship between the lepton momenta and the missing transverse
momentum through the stransverse mass, mT2 [28, 29], which exhibits a kinematic endpoint similar to that
for m`` in electroweakino decays.

Events with two same-flavor opposite-charge leptons (electrons or muons), significant missing transverse
momentum of size Emiss

T , and hadronic activity are selected for all scenarios. Signal regions (SRs) are
defined by placing additional requirements on a number of kinematic variables. The dominant SM
backgrounds are either estimated with in situ techniques or constrained using data control regions (CRs)
that enter into a simultaneous likelihood fit with the SRs. The fit is performed in bins of either the m``

distribution (for electroweakinos) or the mT2 distribution (for sleptons).

Constraints on these compressed scenarios were first established at LEP [30–40]. The lower bounds on
direct chargino production from these results correspond to m(e�±1 ) > 103.5 GeV for �m(e�±1 , e�0

1 ) > 3 GeV
and m(e�±1 ) > 92.4 GeV for smaller mass di�erences, although the lower bound on the chargino mass
weakens to around 75 GeV for models with additional new scalars and higgsino-like cross-sections [41].
For sleptons, conservative lower limits on the mass of the scalar partner of the right-handed muon, denotedeµR, are approximately m(eµR) & 94.6 GeV for mass splittings down to m(eµR) � m(e�0

1 ) & 2 GeV. For
the scalar partner of the right-handed electron, denoted eeR, LEP established a universal lower bound
of m(eeR) & 73 GeV that is independent of �m(eeR, e�0

1 ) [34]. Recent papers from the CMS [42–44] and
ATLAS [45] collaborations have extended the LEP limits for a range of mass splittings.

This paper extends previous LHC results by increasing the integrated luminosity, extending the search with
additional channels, and exploiting improvements in detector calibration and performance. The dedicated
search for production via VBF is also added and the event selection was reoptimized and uses techniques

3

[ATLAS : 1911.12606]

1 Introduction

Supersymmetry (SUSY) [1–6] predicts new particles that have identical quantum numbers to their Standard
Model (SM) partners with the exception of spin, with SM fermions having bosonic partners and SM
bosons having fermionic partners. The neutralinos e�0

1,2,3,4 and charginos e�±1,2 are collectively referred to as
electroweakinos, where the subscripts indicate increasing electroweakino mass. The electroweakino states
are formed via a mixing of the SUSY partners of the electroweak gauge fields, the bino for the U(1)Y , the
winos for the SU(2)L fields, and the higgsinos for the Higgs field.

In the minimal supersymmetric extension of the SM (MSSM) [7, 8], M1, M2 and µ, are the mass parameters
for the bino, wino, and higgsino states, respectively. In scenarios with large values of the ratio of the
vacuum expectation value of the two Higgs fields, tan(�), the phenomenology of the electroweakinos is
driven by these three mass parameters. If the e�0

1 is stable, e.g. as the lightest supersymmetric particle
(LSP) in R-parity-conserving SUSY models [9], it is a viable dark-matter candidate [10, 11].

This note presents a search targeting the direct pair production of the lightest chargino (e�±1 ) and the next-to-
lightest neutralino (e�0

2 ), with e�±1 and e�0
2 decaying into e�0

1 via a W boson and a Z boson (WZ-mediated)
or via a W boson and a Higgs boson (Wh-mediated), as illustrated in Figure 1. The analysis focuses on
final state signatures with exactly three light-flavour charged leptons - electrons or muons - and missing
transverse momentum p

miss
T of magnitude Emiss

T , where one lepton originates from a leptonic decay of a W
boson and two leptons come from the decay of a Z or Higgs boson. Additional jets originating from the
presence of initial-state radiation (ISR) are considered, and enhance the missing transverse momentum
signature component.

The signatures are inspired by a scenario where mass parameters |M1 | < |M2 | ⌧ |µ| are assumed such
that the produced electroweakinos have a wino and/or bino nature, with the e�±1 and e�0

2 being wino
dominated, and the e�0

1 LSP being bino dominated. Such hierarchy is typically predicted by either a class of
models in the framework of gaugino mass unification at the GUT scale (including mSUGRA [12, 13] and
cMSSM [14]), or MSSM parameter space explaining the possible discrepancy between the measured muon
anomalous magnetic moment and its SM predictions [15–17]. When the mass splitting between e�±1 and e�0

1
is 15-30 GeV, this hierarchy is also motivated by the fact that the LSP naturally can be a thermal-relic
dark-matter candidate that was depleted in the early universe through co-annihilation processes to match
the observed dark-matter density [18–23]. This scenario, often referred to as the bino-wino coannihilation
dark-matter scenario in the literature, is poorly constrained by dark-matter direct-detection experiments,
and collider searches constitute the only direct probe for |µ| > 800 GeV [22].
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Figure 1: Diagrams of the targeted simplified models: �̃±1 �̃
0
2 pair production with subsequent decays into two �̃0

1 ,
via leptonically decaying W , Z and Higgs bosons, three leptons and a neutrino. Diagrams are shown for (left)
intermediate WZ (W⇤Z⇤) as well as (right) intermediate Wh.

2

LEP chargino < 92GeV

[LEPSUSYWG/02-04.1]

[ ATLAS-CONF-2020-015 ]

This paper targets two production processes, the electroweak production of charginos and neutralinos,
and the strong production of gluinos where charginos are produced during the cascade decay of the
gluino, as shown in Figure 1. In both scenarios, the chargino is long-lived and reconstructed from energy
deposits in the ATLAS pixel detector. For the electroweak production process, a high momentum jet from
initial-state-radiation (ISR) is required to ensure significant missing transverse momentum allowing to
trigger on the events. The final state selections of the electroweak and strong production channels are
characterised by at least one and at least four jets, respectively, large missing transverse momentum, and at
least one disappearing track with large transverse momentum.
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q
q

(b) pp ! qqqq �̃±1 �̃
0
1

Figure 1: Example diagrams for the electroweak (a) and strong (b) production channel signal models. The signal
signature consists of a long-lived chargino, missing transverse momentum and quarks or gluons, which are observed
as jets, and which originate from initial state radiation (a) or in the cascade decay of the gluino (b).

Previous searches for long-lived charginos resulting in a disappearing track signature were performed by
ATLAS [14, 15] using 36.1 fb�1 of proton-proton collision data at a center-of-mass energy of

p
s = 13 TeV.

The previous ATLAS results benefited from the inclusion of the innermost pixel tracking layer installed at a
radius of approximately 33 mm during the LHC long shutdown between Run 1 and Run 2. The extra layer
of pixel detector allowed the previous analysis to reconstruct shorter tracks than the Run-1 analysis [16] and
to improve sensitivity to shorter chargino lifetimes. The previous ATLAS results excluded pure winos up
to chargino masses of 460 GeV and pure higgsinos up to chargino masses of 152 GeV. For the production
of gluinos, gluino masses were excluded up to 1.64 TeV for an assumed chargino mass of 460 GeV and
0.2 ns lifetime. The CMS Collaboration has searched for long-lived charginos [17] using 101 fb�1 of data
at a center-of-mass energy of

p
s = 13 TeV, excluding charginos in the wino-like models for masses below

884 (474) GeV for a lifetime of 3 (0.2) ns.

In this paper, the sensitivity to charginos with natural wino and higgsino lifetimes is significantly improved
due to the increase in the dataset luminosity and additional track quality criteria that enhance the rejection
of dominant backgrounds.

The paper is structured as follows. A brief overview of the ATLAS detector is given in Section 2. Section 3
provides details about the data samples, trigger, and simulated signal processes used in this analysis. The
reconstruction algorithms and event selection are presented in Sections 4 and 5 respectively. Backgrounds

3

Meta stable

[ ATLAS-CONF-2021-015 ]

   この模型と宇宙論の整合性については今後整理する予定



研究例 2：暗黒光子にまつわる位相欠陥
2021 MI, Hiramatsu, Suzuki, Yamaguchi (OB)

近年 Sub-GeV の質量の暗黒光子模型を含む暗黒物質模型が注目されている

暗黒光子は運動項を通じて通常の光子と混合している。

暗黒光子の質量が U(1) ゲージ対称性の自発的対称性の破れに
よるものであれば暗黒光子に暗黒宇宙ひもが生じる

暗黒光子の U(1) が非可換ゲージ群由来の場合暗黒モノポール
が生じる

暗黒モノポール周りで U(1) ゲージ対称性が破れるとモノポール
が宇宙ひもに繋がれたビーズ状の解が得られる

暗黒光子にまつわる位相欠陥

formation of the pseudo magnetic monopole. The final section is devoted to the conclusion.

II. GAUGE KINETIC MIXING AND STRINGS/MONOPOLES

In this section, we discuss how the SM sector is a↵ected by the dark cosmic string and

the dark monopole through the kinetic mixing. In the following, we focus on the e↵ects on

the QED gauge field, although the following discussion can be extended to the full SM. The

QED gauge field configuration in the presence of the bead solution is discussed in the next

section.

A. Cosmic String

First, let us consider the dark photon model based on the U(1)D gauge theory coupling

to the QED photon,

L = �
1

4
Fµ⌫F

µ⌫
�

1

4
F

0
µ⌫F

0µ⌫ +
✏

2
Fµ⌫F

0µ⌫ +Dµ�D
µ
�
⇤
� V (�) . (1)

Here, Fµ⌫ and F
0
µ⌫ represent the gauge field strengths of the U(1)QED and the U(1)D gauge

theories, respectively. The corresponding gauge fields are given by Aµ and A
0
µ. The parame-

ter ✏ is the kinetic mixing parameter.6 The gauge coupling constants of U(1)QED and U(1)D

are denoted by e and g, respectively. Throughout this paper, we assume that the charge

assignment of the U(1)QED and the U(1)D is exclusive in the basis defined in Eq. (1). That

is, all the SM fields are neutral under U(1)D, while all the U(1)D charged fields are neutral

under U(1)QED.

To break the U(1)D, we introduce a complex scalar field � with the U(1)D charge 1. The

covariant derivative of � is given by

Dµ� = (@µ � igA
0
µ)� . (2)

6 The kinetic mixing parameter to U(1)Y of the SM, i.e., ✏Y FY
µ⌫F

0µ⌫
/2, is related to ✏ by ✏ = ✏Y cos ✓W

with ✓W being the weak mixing angle.
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研究例 3：暗黒光子にまつわる位相欠陥
2021 MI, Hiramatsu, Suzuki, Yamaguchi (OB)

これらの位相欠陥は混合した光子からどのように見えるか？

暗黒宇宙ひも内部に
暗黒光子の磁束密度

混合効果で光子
の磁束密度

×
ε
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Fµ⌫ = ✏F 0
µ⌫

暗黒磁気モノ
ポール

×
ε

光子側には何も
生じない

ビーズ解
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暗黒磁気モノポール周りの磁束が宇宙
ひもに閉じ込められた状態

∼(��
� ) -�

F
igu

re
3.

A
sch

em
atic

p
ictu

re
of

th
e
Q
E
D

m
agn

etic
fl
u
x
in
d
u
ced

by
th
e
b
ead

solu
tion

th
rou

gh
th
e

kin
etic

m
ixin

g
term

(b
lu
e
solid

lin
es).

T
h
e
d
ark

m
agn

etic
fl
u
x
is
sh
ow

n
by

th
e
green

d
ash

ed
lin

es.
In

th
e
Q
E
D

m
agn

etic
fl
u
x
follow

s
th
e
d
ark

m
agn

etic
fl
u
x
in
sid

e
th
e
strin

gs.
T
h
e
Q
E
D

m
agn

etic
fl
u
x
leaks

ou
t
from

arou
n
d
th
e
d
ark

m
agn

etic
m
on

op
ole,

i.e.,
|z
|
⇠

(
g
v
2 ) �

1,
so

th
at

it
satisfi

es
th
e

B
ian

ch
i
id
entity

of
th
e
U
(1)

gau
ge

th
eory.

region
,
th
e
d
ark

anti-strin
g
in
d
u
ces

th
e
Q
E
D

m
agn

etic
fl
u
x,

F
N
=

✏
F

03N
=

�
✏g

d
f
(
⇢)

d
⇢

d
⇢
^
d
'
,

(85)

at
z
�

(
g
v
2 ) �

1
(see

E
q.(14)).

S
im

ilarly,
th
e
d
ark

strin
g
in
d
u
ces

th
e
Q
E
D

m
agn

etic
fl
u
x,

F
S
=

✏
F

03S
=

✏g

d
f
(
⇢)

d
⇢

d
⇢
^
d
'
.

(86)

at
z
⌧

�
(
g
v
2 ) �

1.
T
h
erefore,

w
e
fi
n
d
th
at

th
e
Q
E
D

m
agn

etic
fl
u
x
alon

g
th
e
strin

g
(in

th
e

n
orth

h
em

isp
h
ere

of
th
e
d
ark

m
on

op
ole)

an
d
th
e
anti-strin

g
(in

th
e
sou

th
h
em

isp
h
ere)

fl
ow

s

into
th
e
region

r
<

O
((
g
v
2 ) �

1),
w
h
ich

am
ou

nts
to

1
3

Z
F
��|z|�

(g
v
2 ) �

1
=

�
✏ I

A
3N
i d
x
i+

✏ I
A

03S
i d
x
i
=

4
⇡
✏

g
,

(87)

1
3
T
h
e
sign

of
th
e
integration

of
th
e
su
rface

integration
is

fl
ip
p
ed

from
th
e
on

e
in

E
q.(74)

sin
ce

w
e
are

interested
in

th
e
fl
u
x
fl
ow

in
g
into

z
⇠

(
g
v
2 ) �

1.

23

<latexit sha1_base64="DOiyKM4kJsail+D6ZPizlCKuvZ0=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSQi6kUo9eKxgv2AJpTNdtMu3WzC7kQooeDFv+LFgyJe/RPe/Ddu2hy09cHA470ZZuYFieAaHOfbWlpeWV1bL22UN7e2d3btvf2WjlNFWZPGIladgGgmuGRN4CBYJ1GMRIFg7WB0k/vtB6Y0j+U9jBPmR2QgecgpASP17ENPkkAQ7NF+DF5EYBiEWX2Cr7HTsytO1ZkCLxK3IBVUoNGzv7x+TNOISaCCaN11nQT8jCjgVLBJ2Us1SwgdkQHrGipJxLSfTX+Y4BOj9HEYK1MS8FT9PZGRSOtxFJjO/Eo97+Xif143hfDKz7hMUmCSzhaFqcAQ4zwQ3OeKURBjQwhV3NyK6ZAoQsHEVjYhuPMvL5LWWdW9qLp355VavYijhI7QMTpFLrpENXSLGqiJKHpEz+gVvVlP1ov1bn3MWpesYuYA/YH1+QO305bq</latexit>r ·B = 0

×
ε

ひもに光子の磁束密度が誘導され閉じ込め
られた暗黒磁気モノポール周りから光子の
磁束がモノポール状に放射される

 pseudo monopole



研究例 3：暗黒光子にまつわる位相欠陥
2021 MI, Hiramatsu, Suzuki, Yamaguchi (OB)

これらの位相欠陥は混合した光子からどのように見えるか？

右下のビーズ解周りの QED magnetic flux
赤：cosmic string に沿って monopole に流入
青：monopole から外に向かって流出

数値シミュレーションの結果
(SU(2) —> U(1) —> Z2 への自発的破れ)



理論グループの成果
•多岐にわたる
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理論グループの特徴
•素粒子・宇宙の研究室が一体的に運営

•セミナーは共通、学生は同じ部屋　 
(水曜日:ジャーナルクラブ、金曜日: コロキウム)


•素粒子と宇宙の両方に興味がある学生に最適

•閑静な柏キャンパス
•数物連携宇宙研究機構(IPMU) 


• IPMUの人々との積極的に共同研究しています。 


•サブコース：川崎（宇宙論）A5、 伊部（素粒子論）A1



進学後の道のり
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•基礎勉強 （とても大事）　場の理論、宇宙論

•講義（本郷）

•教科書や論文を読むゼミ＠柏 or 本郷

•興味のある分野の論文を読む

•修士論文の研究開始   　　      12月完成
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•独立した研究者になる

•博士論文を完成

hep-ph, astro-phをチェック

自ら研究課題を見つけ研究を
遂行する

M1前半は本郷での講義が中心の生活 

修士論文の内容は学術雑誌に発表
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Anisotropies in Cosmological 21 cm
Background by Oscillons/I-balls of
Ultra-light Axion-like Particle

Masahiro Kawasaki,a,b Kazuyoshi Miyazaki,a Kai Murai,a Hiromasa
Nakatsuka,a and Eisuke Sonomotoa

aICRR, The University of Tokyo, Kashiwa, 277-8582, Japan
bKavli IPMU(WPI), UTIAS, University of Tokyo,Kashiwa,277-8583, Japan

E-mail: kawasaki@icrr.u-tokyo.ac.jp, kmiyazak@icrr.u-tokyo.ac.jp,
kmurai@icrr.u-tokyo.ac.jp, hiromasa@icrr.u-tokyo.ac.jp

Abstract. Ultra-light axion-like particle (ULAP) with mass m ⇠ 10�22 eV has recently
been attracting attention as a possible solution to the small-scale crisis. ULAP forms quasi-
stable objects called oscillons/I-balls, which can survive up to a redshift z ⇠ 10 and a↵ect
the structure formation on a scale ⇠ O(0.1) Mpc by amplifying the density fluctuations. We
study the e↵ect of oscillons on 21 cm anisotropies caused by neutral hydrogen in minihalos.
It is found that this e↵ect can be observed in a wide mass range by future observations such
as Square Kilometer Array (SKA) if the fraction of ULAP to the total dark matter density
is O(0.01–0.1).

Keywords: Axion-like particle, 21 cm line, Oscillon
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Free Streaming Length of Axion-Like
Particle After Oscillon/I-ball Decays
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Abstract. Axion-like particles (ALPs) are pseudoscalar bosons predicted by string theory.
The ALPs have a shallower potential than a quadratic one, which induces the instability and
can form the solitonic object called oscillon/I-ball. Although the lifetime of oscillons can be
very long for some type of potentials, they finally decay until the present. We perform the
numerical lattice simulations to investigate the decay process of oscillons and evaluate the
averaged momentum of ALPs emitted from the oscillon decay. It is found that, if oscillons
decay in the early universe, the free-streaming length of ALPs becomes too long to explain
the small-scale observations of the matter power spectrum. We show that oscillons with
long lifetimes can change the density fluctuations on small scales, which leads to stringent
constraints on the ALP mass and the oscillon lifetime.

Keywords: Axion-like particle, Free streaming length, Matter power spectrum, Oscillon,
Small-scale crisis
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Chiral composite asymmetric dark matter
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Abstract: The asymmetric dark matter (ADM) scenario solves the baryon-dark matter
coincidence problem when the dark matter (DM) mass is of O(1)GeV. Composite ADM
models based on QCD-like strong dynamics are particularly motivated since the strong
dynamics naturally provides the DM mass of O(1)GeV and the large annihilation cross-
section simultaneously. In those models, the sub-GeV dark photon often plays an essential
role in transferring the excessive entropy in the dark sector into the visible sector, i.e., the
Standard Model sector. This paper constructs a chiral composite ADM model where the
U(1)D gauge symmetry is embedded into the chiral flavor symmetry. Due to the dynamical
breaking of the chiral flavor symmetry, the model naturally provides the masses of the dark
photon and the dark pions in the sub-GeV range, both of which play crucial roles for a
successful ADM model.
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卒業後の進路　

修士 H23 H24 H25 H26 H27 H28 H29 H30 R1 R2 R3

進学 1 2 1 2 2 2 2 3 1 1 1

就職 0 0 0 1 0 0 2 0 0 1 2

博士 H23 H24 H25 H26 H27 H28 H29 H30 R1 R2 R3

研究
職 0 1 2 0 1 1 1 1 2 0 0

就職 0 1 1 0 0 0 1 1 0 2 2



•大学院で何を学び、研究するかは人生における重要な
選択なのでよく調べて決めてください

•興味のある方は午後のオンライン研究室訪問にお越し
ください。


