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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？

• 宇宙は何で出来ているのか？ 

• 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？

我々が存在している自然が何故そのようになっているのかを解明
し、それを記述する基本原理を理解したい。

理論グループの研究



インフレーション 
宇宙モデル

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

原始ブラックホール

物質の究極の理解
素粒子的宇宙論

宇宙の探求

理論グループの研究

暗黒物質
ダークエネルギー

対称性の破れと 
相転移

場の量子論を駆使してこれらの問題に挑む！
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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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and ATLAS [20], respectively, µ = 1.06 ± 0.07 and µ = 1.02+0.07
�0.06, one can set the 95%

C.L. bounds:

dyd < 400 , dyu < 820 , dys < 19 (ATLAS)
dyd < 450 , dyu < 930 , dys < 22 (CMS)

(2)

Figure 1. Measurements of Higgs Yukawa couplings confronted with the SM prediction. Plot
extracted from the ATLAS study in Reference [9].

Considering the expectation for the high-luminosity LHC of measuring the total Higgs
signal strength with an error of order 2–3% [3], these bounds from global fits could be
improved up to

dyd . 340 , dyu . 700 , dys . 17 (HL-LHC). (3)

Note that the different partonic content of the proton has a significant impact on the
limits, and the improvement at HL-LHC might depend on the knowledge of the parton
distribution functions (PDFs) at that time. Complementary alternative strategies have been
proposed to test the light quark Yukawas. These include the study of rare Higgs decays
into vector mesons, which gives limits dyq . 106 [21], the analysis of the W

±
h charge

asymmetry, with a sensitivity dyd . 1300 [22] and, in particular, the study of the double
Higgs production channel [23] and of the Higgs kinematics (pT and rapidity) [24], which
show competitive sensitivities with those from global fits at the HL-LHC:

dyd . 850 , dyu . 1200 (double Higgs prod.)
dyd . 380 , dyu . 640 (Higgs kinematics)

(4)

All of these techniques represent on-shell Higgs probes. We instead discuss novel strate-
gies which rely on the study of off-shell Higgs channels, following the idea of “measuring
the Higgs couplings without the Higgs” [25]. The key observation behind this approach
relies on the fact that modifications to the Higgs couplings affect the delicate cancellations,
which avoid violation of perturbative unitarity at high energy in scatterings involving
electroweak gauge bosons. This leads to measurable energy-growing effects.

素粒子論の現状
素粒子標準模型：  ゲージ理論SU(3)c × SU(2)L × U(1)Y

2012年に Higgs 粒子の発見によって完成

現在ではHiggs 粒子の精密測定を通じて 
Higgs 粒子の背後に迫ろうとしている !

ATLAS Preliminary
Run 1:

p
s = 7-8 TeV, 25 fb°1, Run 2:

p
s = 13 TeV, 140 fb°1

Total Stat. only Combination

Total (Stat. only)

Run 1 H ! ∞∞

Run 2 H ! ∞∞

Run 1+2 H ! ∞∞

Run 1 H ! 4`

Run 2 H ! 4`

Run 1+2 H ! 4`

Run 1 Combined

Run 2 Combined

Run 1+2 Combined

Figure 2: Summary of <� measurements from the individual � ! WW and � ! //⇤ ! 4✓ channels and their
combination presented in this note. The uncertainty bar on each point corresponds to the total uncertainty; the
shaded bands represents the statistical component of the uncertainty; the vertical red line and gray band represent the
combined result presented in this note with its total uncertainty.

incorporated following the approach that yields the most conservative result. In the combinations of the
Run 1 and Run 2 measurements of the � ! WW and � ! //⇤ ! 4✓ individual channels, the correlation
of the experimental systematic uncertainties follows what was done in Refs. [16] and [17] respectively.
The correlation scheme between the Run 1 � ! WW and � ! //⇤ ! 4✓ measurements is unchanged
relative to the published Run 1 combination [14]. The choice of correlation model between the Run 2
� ! WW and � ! //⇤ ! 4✓ measurements reflects the improvements in the photon calibration adopted
by the � ! WW analysis not being mirrored in the calibration of the electrons used in the � ! //⇤ ! 4✓
analysis; only the electron and photon resolution systematic uncertainties and those associated with the
⇢T-independent component of the electron and photon in-situ energy scale are considered as correlated.
Other sources of correlated systematic uncertainty between the two channels are the theory uncertainties on
the prediction of the various Higgs production modes, the modelling of additional ?? collisions, and the
luminosity. The choice of correlation model is also tested by using different approaches (e.g. correlating
the muon calibration systematic uncertainties in Run 1 and Run 2, correlating all sources of photon and
electron calibration systematic uncertainties between the � ! WW and � ! //⇤ ! 4✓ channels) and is
shown to have negligible impact on the result. Signal yield normalizations in the channels are treated as
independent free parameters in the fit to minimize model-dependent assumptions in the measurement of
<� .

The combined value measured using Run 2 data is <� = 125.10±0.11 GeV. The uncertainty is compatible
with the expected error assuming a SM Higgs boson mass of 125 GeV. The statistical component of
the uncertainty is ± 0.09 GeV. The corresponding profile likelihood, for the two channels and for their
combination, is shown in Figure 1 (left) as a function of <� . If the small interference predicted by the SM
between the Higgs boson and the non-resonant di-photon background was considered for the � ! WW
signal parameterization, the <� value measured by the combination would increase by 15 MeV. This
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•そもそもヒッグスの質量の起源は？ 

• 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？ 

• ニュートリノの質量の起源は？ 

• 暗黒物質は何か？ 

• インフレーションを記述する素粒子模型？ 

• 宇宙の物質反物質非対称性の起源は？ 

• CP対称性の起源？CP対称性の破れの起源？ 

• Higgs やインフレーションの背後に超対称性？ 

• 真空の安定性？

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！

標準模型を超える物理？



• 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(CMB) の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

素粒子論の現状



•インフレーション模型 

•密度揺らぎのスペクトル 

•宇宙の物質・反物質非対称性 

•暗黒物質、ダークエネルギー 

• CMB vs 大規模構造 (Hubble Tension ?) 

• Big-Bang Nucleosynthesis の再検討？ 

•宇宙のニュートリノの実効的世代数？ 

•原始ブラックホール ((超)巨大ブラックホール起源）？

素粒子と宇宙の起源を同時に探る研究が求められている！

宇宙論の問題



超対称性インフレーション模型における 
準安定安定な宇宙ひもからの統計的重力波

Akifumi Chitose, Shunsuke Neda, MI , Satoshi Shirai

研究例：

当時 D1 IPMU教員当時 D1



パルサータイミングアレイ実験 : 背景重力波発見?

• ミリ秒パルサー：宇宙では信じられないほど安定した時計。 
•時空を通過するGWがパルスの到着時刻をわずかに変化させる。 
•タイミング分析： PTAは、GWを示す多くのパルサーからの到着時刻の観測値と
予測値の差の相関を検出することができる。 

•   [NANOGravは67個のパルサーからの電波を15年間～5×108 秒観測している。］

Figure taken from  https://nanograv.github.io/metronomedemo/

(Credit: NASA/DOE/Fermi LAT Collaboration via Nature)

背景重力波に特徴的な角度相関

Helling-Downs curve: 

This may be utilized to obtain the power spectrum of stochastic gravi-
tational wave background (SGWB), namely stohastic, isotropic gravitational
waves which is a superposition of GWs from many sources. Since Eq. (3.2.12)
is linear in h, actual ∆ν/ν is the superposition of Eq. (3.2.12) is the sum of
contributions from all the sources. If one takes the cross-correlation over the
observation time T

⟨fg⟩
∣∣∣∣
τ

:=
1

T

∫ T −τ

−(T −τ)
dt f(t)g(t+ τ) (3.2.13)

of Eq. (3.2.12) between two pulsars i and j, we have

Cij(τ) :=

〈
∆νi
νi

∆νj
νj

〉
(3.2.14)

= αiαj

〈
h2
〉
+ αi ⟨hnj⟩+ αj ⟨hni⟩+ ⟨ninj⟩ . (3.2.15)

Realistically, the observation span T is several ten years. The distances to
the pulsar are typically much longer [37] and thus, the terms in Eq. (3.2.15)
involving n’s are expected to vanish because of the stochastic nature of the
GWs. Therefore, Cij(τ) for SWGB is the sum of the first term of Eq. (3.2.15).
Moreover, since the GWB is isotropic, we should average αiαj over all possible
direction and polarization. This yields

Cij = αij

〈
h2
〉

(3.2.16)

αij :=
1− cos ξij

2
ln 1− cos ξij

2
− 1

6

1− cos ξij
2

+
1

3
, (3.2.17)

where ξij is the angle between the two pulsars. Thus, the autocorrelation of the
GWB

〈
h2
〉

is factored out.
Equation (3.2.17) yields Fig. 3.3. It is called the Hellings-Downs curve after

the authors of Ref. [36]. The overall shape can also be seen qualitatively. The
correlation becomes large when the two pulsars are close or nearly opposite on
the celestial sphere, which is exactly when the lines of sight receives the same
modulation from GWs. For ξij ∼ π/2, the distances receive the modulation in
the opposite sign and αij forms the dip.

3.3 Recent Results and Cosmic Strings
Recently, multiple PTA experiments evidenced stochastic gravitational waves [6,
7]. For instance, Fig. 3.4 shows the angular correlation observed at the North
American Nanohertz Observatory for Gravitational waves (NANOGrav) [6] and
the Hellings-Downs curve. In the following, we discuss the results from this
group as a representative.

NANOGrav [38] is a pulsar timing array experiment that consists of mul-
tiple telescopes in North America. The latest data release [6] contains signals
collected for about 15 years from 68 pulsars in total.

39

C(ζ ) = Cij /⟨h2⟩

PTA 実験はランダムな重力波を発見出来る！

https://www.nature.com/news/2010/100113/full/463147a/box/1.html


Hint of Metastable String?
[NANOGrav, 2306.16219]

8

[NANOGrav 2306.16219]

3.3 The gravitational-wave spectrum

For our study, we compute the GW spectrum observed today generated from CS as
follows (see app. B for a derivation)

⌦GW(f) ⌘ f

⇢c

����
d⇢GW

df

���� =
X

k

⌦(k)
GW(f), (26)

where

⌦(k)
GW(f) =

1

⇢c
·2k
f
· F↵ �(k)Gµ2

↵(↵ + �Gµ)

Z
t0

tosc

dt̃
Ce↵(ti)

t4
i


a(t̃)

a(t0)

�5 
a(ti)

a(t̃)

�3
⇥(ti�tosc)⇥(ti�

l⇤
↵
),

(27)
with

⇥ ⌘ Heaviside function,

µ, G, ⇢c ⌘ string tension, Newton constant, critical density,

a ⌘ scale factor of the universe

(we solve the full Friedmann equation for a given energy density content),

k ⌘ proper mode number of the loop (e↵ect of high-k modes are discussed in App. B.6.

For technical reasons, in most of our plots, we restrict to 2⇥ 104 modes),

� ⌘ gravitational loop-emission e�ciency, (� ' 50 [158])

�(k) ⌘ Fourier modes of �, dependent on the loop small-scale structures,

(�(k) / k�4/3 for cusps, e.g. [37]),

F↵ ⌘ fraction of loops formed with size ↵ (F↵ ' 0.1), c.f. Sec. 3.2,

Ce↵ ⌘ loop-production e�ciency, defined in Eq. (34),

(Ce↵ is a function of the long-string mean velocity v̄ and correlation length ⇠,

both computed upon integrating the VOS equations, c.f. Sec. 4)

↵ ⌘ loop length at formation in unit of the cosmic time, (↵ ' 0.1)

(we consider a monochromatic, horizon-sized loop-formation function, c.f. Sec. 3.2),

t̃ ⌘ the time of GW emission,

f ⌘ observed frequency today

(related to frequency at emission f̃ through f a(t0) = f̃ a(t̃),

related to loop length l through f̃ = 2k/l,

related to the time of loop production ti through l = ↵ti � �Gµ(t̃� ti)),

ti ⌘ the time of loop production,

(related to observed frequency and emission time t̃ through

ti(f, t̃) =
1

↵ + �Gµ


2k

f

a(t̃)

a(t0)
+ �Gµ t̃

��
,

t0 ⌘ the time today,

tosc ⌘ the time at which the long strings start oscillating, tosc = Max[tfric, tF ],

tF is the time of CS network formation, defined as
p
⇢tot(tF ) ⌘ µ where ⇢tot is

the universe total energy density. In presence of friction, at high temperature,

the string motion is damped until the time tfric, computed in app. D.4,

l⇤ ⌘ lc for cusps and lk for kinks in Eq. (16) and Eq. (17)

(critical length below which the emission of massive radiation

is more e�cient than the gravitational emission, c.f. Sec. 3.1).
17

準安定な宇宙ひも由来の重力波が
結果をよく再現する！

4 The NANOGrav Collaboration
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Figure 1. Summary of the main Bayesian and optimal-statistic analyses presented in this paper, which establish multiple lines
of evidence for the presence of Hellings–Downs correlations in the 15-year NANOGrav data set. Throughout we refer to the
68.3%, 95.4%, and 99.7% regions of distributions as 1/2/3� regions, even in two dimensions. (a): Bayesian “free-spectrum”
analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings–Downs-correlated stochastic process
at frequencies i/T , with T the total data set time span. The blue represents the posterior median and 1/2� posterior bandsa

for a power-law model; the dashed black line corresponds to a � = 13/3 (SMBHB-like) power-law, plotted with the median
posterior amplitude. See §3 for more details. (b): Posterior probability distribution of GWB amplitude and spectral exponent
in a HD power-law model, showing 1/2/3� credible regions. The value �GWB = 13/3 (dashed black line) is included in the 99%
credible region. The amplitude is referenced to fref = 1yr�1 (blue) and 0.1 yr�1 (orange). The dashed blue and orange curves
in the log

10
AGWB subpanel shows its marginal posterior density for a � = 13/3 model, with fref = 1yr�1 and fref = 0.1 yr�1,

respectively. See §3 for more details. (c): Angular-separation–binned inter-pulsar correlations, measured from 2,211 distinct
pairings in our 67-pulsar array using the frequentist optimal statistic, assuming maximum-a-posteriori pulsar noise parameters
and � = 13/3 common-process amplitude from a Bayesian inference analysis. The bin widths are chosen so that each includes
approximately the same number of pulsar pairs, and central bin locations avoid zeros of the Hellings–Downs curve. This binned
reconstruction accounts for correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black
line shows the Hellings–Downs correlation pattern, and the binned points are normalized by the amplitude of the � = 13/3
common process to be on the same scale. Note that we do not employ binning of inter-pulsar correlations in our detection
statistics; this panel serves as a visual consistency check only. See §4 for more frequentist results. (d): Bayesian reconstruction
of normalized inter-pulsar correlations, modeled as a cubic spline within a variable-exponent power-law model. The violins plot
the marginal posterior densities (plus median and 68% credible values) of the correlations at the knots. The knot positions are
fixed, and are chosen on the basis of features of the Hellings–Downs curve (also shown as a dashed black line for reference): they
include the maximum and minimum angular separations, the two zero crossings of the Hellings–Downs curve, and the position
of minimum correlation. See §3 for more details.

[NANOGrav 2306.16213]

Approx. 3σ excess compared  
with uncorrelated noise

パルサータイミングアレイ実験 : 背景重力波発見?



宇宙ひもとは？

自発的対称性の破れ  (Higgs Mechanism)

Re�

Re�

V (⇢)
Im ϕ

宇宙の各点で期待値の“方向”が等しい 
＝単純な真空

U(1) 位相回転対称性の場合 自発的な破れは複素場  が 0 では 
ない真空期待値を持つことで生じる

ϕ



Re�

Re�

V (⇢)
Im ϕ

単連結でない真空構造を持つ理論の場合、 
方向が異なる破れに囲まれた点は対称性が
回復してしまう

宇宙の離れた場所で対称性の破れの 
向きが異なることがある

対称性が 
破れない場所

宇宙ひもとは？

自発的対称性の破れ  (Higgs Mechanism)

U(1) 位相回転対称性の場合

対称性が破れない場所　=   位相欠陥



３次元の宇宙に位相欠陥ができると 
１次元のひも状の物体を形成する

宇宙ひも！

宇宙ひもは様々な新物理模型に現れる 
非常にポピュラーな存在

標準模型を超えた理論に新たな U(1) 対称性があると 
初期宇宙の相転移での対称性の破れに伴って宇宙ひもが生じる！

宇宙ひもとは？



宇宙ひもの性質のまとめ

宇宙ひもの中には新物理の磁力線が通っている

中に新物理の磁場が入っている

長い宇宙ひもは切れずに安定 ( c.f. 磁力線は途切れない)

長く宇宙ひもは繋ぎ変わりながら宇宙に留まり続ける
宇宙ひものループは重力波を放出して縮んで行く

(繋ぎ変わることはできる : 磁力線と同様)

GW GW GW GW

主にループから重力波を発生長いひもの繋ぎかわり

LoopLoop



[Buchmüller et al., 2023]

なぜ準安定な宇宙ひも？

安定な宇宙ひもだと重力波のスペクトルが合わない…

late emission early emission←

Dotted ~ 安定な宇宙ひも,  
Solid ~ 準安定な宇宙ひも,  
Dashed ~ more fragile

宇宙後期 ( t = 103 ~ 106sec ) 以降に長いひも ( = ループの源 ) 
自体が消えてしまえばよい

(特に宇宙の後期になって生じた宇宙ひものループの寄与が邪魔)

→ 準安定な宇宙ひも

PTA signal



宇宙ひもは安定なのでは？

Key : 磁力線
U(1) 対称性を持つ新物理に磁気単極子が含まれている場合 
  →   磁気単極子は磁力線の端点となり得る 
  →  宇宙ひもの内部に 磁気単極子 と 反磁気単極子 が対生成されれば 
　　宇宙ひもは断裂する！ [Vilenkin 1982]

string
antimonopole monopole

Figure 4: Cosmic string breaking through monopole-antimonopole pair production.

disappear from the Universe.

3 String Breaking

In this section, we discuss the breaking process of cosmic strings in our model. They are spon-

taneously cut via a monopole-antimonopole creation inside, which is a tunneling process. In the

following, we compare two kinds of estimates of the bounce action: the conventional one that ne-

glect the soliton sizes and the one based on the Ansätze proposed in Ref. [21] which takes them into

account.

3.1 Breaking of Infinitely Thin String

Here, we briefly review the conventional estimate of the string breaking rate in the infinitely thin

cosmic string limit [20]. As discussed in the previous section, a cosmic string can end with a

monopole in our setup. This means that a cosmic string can be cut by a monopole-antimonopole

pair production as a tunneling process (see Fig. 4).

To calculate the tunneling factor, we use the Euclidean path integral method (t = �itE). In

the infinitely thin string limit, the string breaking process may be regarded as a vacuum decay in

1+1 dimensions. That is, the string corresponds to the false vacuum and the absence of string

corresponds to the true vacuum. The monopole plays the role of the domain wall separating the two

vacua (see Fig. 5).

In the Minkowski space, the cosmic string is invariant with respect to Lorentz boosts along the

string, on which we place the z(= x3) axis. Lorentz boosts in the (t, z) plane correspond to rotations

in the Euclidean (tE, z) plane.4 We assume that the bounce solution preserves this symmetry, and

hence, the domain wall separating the two vacua (i.e. monopole worldline) is a circle on the (tE, z)

plane.

The bounce action of the bubble is given by,

SB = mM

Z

worldline

dx� µ

Z

hole

d2S (3.1)

= 2⇡⇢⇤
E
mM � ⇡⇢⇤

E

2µ , (3.2)

4The magnetic field along the cosmic string corresponds to FU(1)12
6= 0, which is invariant under either Lorentz

boosts in the (t, z) plane or SO(2) rotations in the (tE, z) plane.
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長いひもが単極子 
対生成で切れる

長いひも

このタイプの模型は SO(10) ゲージ群を使った大統一模型によく現れる！

磁気単極子 反磁気単極子 



先にモノポールが出来てすぐに紐ができる。

37 / 52

Metastable String?

3 At phase transition SU(2) ! U(1) at T ⇠ [SU(2) breaking scale]

! Monopole-Animonopole pairs are created

3 At phase transition of U(1) breaking at T ⇠ [U(1) breaking scale]

! Cosmic strings are generated between monopole antimonopole

3 Monopoles and antimonopoles annihilate and nothing left

consistent with ⇡1,2(S
3) = [ empty ] !

37 / 52

Metastable String?

3 At phase transition SU(2) ! U(1) at T ⇠ [SU(2) breaking scale]

! Monopole-Animonopole pairs are created

3 At phase transition of U(1) breaking at T ⇠ [U(1) breaking scale]

! Cosmic strings are generated between monopole antimonopole

3 Monopoles and antimonopoles annihilate and nothing left

consistent with ⇡1,2(S
3) = [ empty ] !@ SU(2) breaking 

= many monopoles
@ U(1) breaking 
= strings are formed 

短いひもだらけになってしまう？

PTA 信号を説明するには

SU(2)  の破れのエネルギースケール ~  U(1) の破れのエネルギースケール



PTA 信号を説明するには
ちゃんと長い準安定ひもが作れるインフレーション模型は可能か？

超対称性を持つ New (Hilltop) Inflation 模型
超対称性　→　インフレーションに必要なフラットポテンシャルを実現
SU(2) を破る場をインフラトンに用いることでインフレーション後の宇宙
にモノポールが残らないようにする！

• CMB 非等方性と整合する揺らぎ

• 物質反物質の起源として非熱的 
レプトジェネシス機構が機能 

• U(1) の破れはインフレーション後
→ 長い準安定ひもが形成可能！

H,X, Y

�3

V

'start

'end

'⇤

Figure 2: A schematic picture of the scalar potential of the inflaton sector. The new inflation starts
from a small field value 'start and ends at 'end where the slow-roll condition is violated. Unlike in
the hybrid inflation, the other fields are stabilized about their origins and start rolling down the
potential well after the end of inflation.

3 Inflation Dynamics

In the previous section, we have discussed the vacuum structure and the mass spectrum. In this

section, we discuss the dynamics of the new inflation.

In Fig. 2, we show the inflaton sector potential schematically. The field �3 plays the role of the

inflaton of the new inflation starting from a small field value. We also assume that H, H̄, X and

Y are stabilized at around the origin by the Hubble induced mass terms during inflation. Unlike in

the hybrid inflation, H, H̄, X and Y start to roll down the potential well after the end of inflation.

3.1 Inflaton Potential

The Kähler potential terms relevant for the inflation dynamics are as follows:

K =�
†
⇤ �+H

†
⇤H + H̄

†
⇤ H̄ +X

†
X + Y

†
Y

+
X

4

(X†
X)2

M
2
Pl

+
Y

4

(Y †
Y )2

M
2
Pl

+ XY

(Y †
Y )(X†

X)

M
2
Pl

+ k�
(X†

X)(�†
⇤ �)

M
2
Pl

+ kH
(X†

X)(H†
⇤H)

M
2
Pl

+ kH̄

(X†
X)(H̄†

⇤ H̄)

M
2
Pl

+ f�
(Y †

Y )(�†
⇤ �)

M
2
Pl

+ fH
(Y †

Y )(H†
⇤H)

M
2
Pl

+ fH̄

(Y †
Y )(H̄†

⇤ H̄)

M
2
Pl

. (3.1)

Here, “⇤” implicitly includes e
�2V , where V is the SU(2) vector superfield. The parameters ’s,

k’s and f ’s are O(1) coe�cients. In Eq. (3.1), we omitted several possible terms where X and Y
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Inflation

SU(2)はインフレ
ション中に破れて
いる

U(1) の破れの方向
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Figure 12: The GW energy density spectrum for the META-LS scenario is shown for TR = 105 GeV
(blue) and TR = 102 GeV (red). The gray violin plots represent the reconstructed NANOGrav
signal [9], while the green arrow indicates the LVK constraints on the power-law GW spectrum
f
�1/3 at 25Hz [29]. The band width of each spectrum corresponds to the 95% credible region of

the posterior distribution for (log10 GNµstr,
p
), as shown in Fig. 11a. For the segment contribution,

modes are summed up to kmax = 105.

6 Conclusions and Discussions

In this paper, we discussed a supersymmetric new inflation model that can generate a metastable

string network through two-step symmetry breaking, SU(2) ! U(1)G ! nothing. In this model,

the inflaton corresponds to the field responsible for the first step of two-step symmetry breaking.

Accordingly, the first symmetry breaking occurs at the onset of inflation, while the second breaking

takes place after inflation. This set up allows the formation of the string network without monopole

production. We also find that the model can successfully provide the GUT scale breaking scales

favored by the metastable string interpretation of the PTA GW signal.

We have also discussed the decay processes of the inflaton sector fields in detail. Then, we found

that the model requires rather low reheating temperature to avoid the gravitino overproduction from

the decays of the inflaton sector fields. Interestingly, this low reheating temperature enables the GW

spectrum to be consistent with LVK constraints for a relatively high string tension GNµstr ⇠ 10�5.

The characteristic stochastic GW spectrum predicted by this model presented in Fig. 12 can be tested

by future PTA experiments [104–106] and interferometer experiments [107–124] (see also Ref. [125]

for theoretical study of the future sensitivities).

To provide a working example for the successful cosmology, we also discussed the non-thermal

leptogenesis as well as the LSP dark matter scenario. Our model proved consistent with these

scenarios with PeV-scale gravitino/sfermion masses and the anomaly-mediated gaugino masses in

the TeV range.

Notice that several challenges remain unexplored. Firstly, in this work, we assumed that the

36

インフレーション後の再加熱温度 TR が 103 GeV 程度とすると 
LIGO-VIRGO-KAGRA からの制限 @ f ~ 25Hz を回避できる

近い将来の PTA 実験 (@ f ~10-9Hz) や重力波干渉実験 
(@ f~O(1-100)Hz) さらに検証可能！

初期宇宙からの GW→← 現在に近い宇宙からの GW

超対称性を持つ New (Hilltop) Inflation 模型

• 最終的な重力波スペクトル



インフレーション 
宇宙モデル

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

原始ブラックホール
暗黒物質

ダークエネルギー

対称性の破れと 
相転移

この研究以外にも様々な理論研究を行っています。 
興味がある方は午後の LAB TOUR に聞きに来てください。



•素粒子・宇宙を両方学べる環境 

•毎週水曜日：ジャーナルクラブ  

•金曜日：コロキウム  

•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。  

• IPMUのセミナーでは理論グループのメンバーの興味とオー
バーラップの高いセミナーが行われています 

•理学系研究科物理学専攻では A1 サブコースに属します。

理論グループの特徴



進学後の道のり
• M1~M2 

•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 

•M1の秋からプロジェクト　→  M2 の春頃までに論文にする 
•修士論文の研究開始   　　                

• Ｄ1~D3 

•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



最近の修士過程の学生の研究例

More on Dark Topological Defects

Akifumi Chitose1, ⇤ and Masahiro Ibe1, †

1ICRR, The University of Tokyo, Kashiwa, Chiba 277-8582, Japan

(Dated: March 21, 2023)

Abstract

We consider a model of dark photon which appears as a result of the successive symmetry

breaking SU(2)!U(1)! Z2, where various types of topological defects appear in the dark sector.

In this paper, we study the interactions between QED charges and the dark topological defects

through mixing between QED photon and dark photon. In particular, we extend our previous

analysis by incorporating the magnetic mixing and ✓-terms. We also consider the dyons and

dyonic beads in the dark sector. Notably, dark magnetic/dyonic beads are found to induce a QED

Coulomb potential through the magnetic mixing despite finite mass of the dark photon.

⇤ e-mail: achitose@icrr.u-tokyo.ac.jp
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Clustering of Primordial Black Holes

from QCD Axion Bubbles
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Abstract. We study the clustering of primordial black holes (PBHs) and axion miniclus-
ters produced in the model proposed to explain the LIGO/Virgo events or the seeds of the
supermassive black holes (SMBHs) in Ref. [1]. It is found that this model predicts large
isocurvature perturbations due to the clustering of PBHs and axion miniclusters, from which
we obtain stringent constraints on the model parameters. Specifically, for the axion decay
constant fa = 1016 GeV, which potentially accounts for the seeds of the SMBHs, the PBH
fraction in dark matter should be fPBH . 7 ⇥ 10�10. Assuming that the mass of PBHs in-
creases by more than a factor of O(10) due to accretion, this is consistent with the observed
abundance of SMBHs. On the other hand, for fa = 1017 GeV required to produce PBHs of
masses detected in the LIGO/Virgo, the PBH fraction should be fPBH . 6⇥10�8, which may
be too small to explain the LIGO/Virgo events, although there is a significant uncertainty
in calculating the merger rate in the presence of clustering.

Keywords: primordial black holes, axions, physics of the early universe
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Revisiting Metastable Cosmic String Breaking
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ICRR, The University of Tokyo, Kashiwa, Chiba 277-8582, Japan

b
Kavli Institute for the Physics and Mathematics of the Universe (WPI),

The University of Tokyo Institutes for Advanced Study,

The University of Tokyo, Kashiwa 277-8583, Japan

Abstract

Metastable cosmic strings appear in models of new physics with a two-step symmetry break-
ing G ! H ! 1, where ⇡1(H) 6= 0 and ⇡1(G) = 0. They decay via the monopole-antimonopole
pair creation inside. Conventionally, the breaking rate has been estimated by an infinitely
thin string approximation, which requires a large hierarchy between the symmetry breaking
scales. In this paper, we reexamine it by taking into account the finite sizes of both the cosmic
string and the monopole. We obtain a robust lower limit on the tunneling factor e�SB even
for regimes the conventional estimate is unreliable. In particular, it is relevant to the cosmic
string interpretation of the gravitational wave signals recently reported by pulsar timing array
experiments.
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Abstract.We study a modification of the primordial black hole (PBH) formation model from
axion bubbles. We assume that the Peccei-Quinn scalar rolls down in the radial direction
from a large field value to the potential minimum during inflation, which suppresses the axion
fluctuations and weakens the clustering of PBHs on large scales. We find that the modified
model can produce a su�cient number of PBHs that seed the supermassive black holes
while avoiding the observational constraints from isocurvature perturbations and angular
correlation of the high-redshift quasars.

Keywords: primordial black holes, axions, physics of the early universe
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Small Instanton E↵ects on Composite Axion Mass
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Abstract

This paper investigates the impact of small instanton e↵ects on the axion mass in the
composite accidental axion (CAA) models. These models are designed to address the axion
quality problem, where QCD gauge symmetry is embedded as an unbroken diagonal subgroup of
a product gauge group. These models contain small instantons not included in low-energy QCD,
which could enhance the axion mass significantly. However, in the CAA models, our analysis
reveals that these e↵ects on the axion mass are non-vanishing but are negligible compared
to the QCD e↵ects. This highlights the important role of anomalous but non-spontaneously
broken U(1) symmetries in restricting the impact of small instantons on the axion mass. Our
study provides crucial insights into the dynamics within CAA models and suggests broader
implications for understanding small instanton e↵ects in other composite axion models.
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卒業後の進路　

修士 H25 H26 H27 H28 H29 H30 R1 R2 R3 R4 R5

進学 1 2 2 2 2 3 1 1 1 1 2

就職 0 1 0 0 2 0 0 1 2 1 0

博士 H25 H26 H27 H28 H29 H30 R1 R2 R3 R4 R5

研究
職 2 0 1 1 1 1 2 0 0 1 0

就職 1 0 0 0 1 1 0 2 2 0 1


