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銀河団の安定性の謎
かみのけ座銀河団内の銀河運動
ツビッキー：この銀河団が存在できるのはおかしい（1933）

NASA

光って⾒える物質の重⼒だけで安定にまとまるには，各銀河
の速度が速すぎる



銀河の回転曲線の謎
渦巻き銀河の周辺部の星の速さを観測

2.2. Evidence of Dark Matter 27

the galactic center as in Fig. 2.1. The flat rotation curves have now been observed

for almost all galaxies, including our galaxy, the Milky Way. If the galaxy contains

far more unknown mass than the luminous object, then this flat rotation curve can

be explained. It was found that more than 95% of the mass of galaxies consists of

unknown dark matter.

Figure 2.1: Galactic rotation curve for NGC 6503 dwarf spiral galaxy. Image credit:
Katherine Freese [38].

2.2.2 Gravitational Lensing and Bullet Cluster

The bending of light while it passes through the vicinity of a gravitating mass gives

rise to the lensing e↵ect. This phenomenon is known as gravitational lensing. If a

luminous object is present in the background of the gravitating mass at a suitable

distance, then the lensing e↵ect will create a distorted or multiple images. The

observance of such lensing e↵ects in the galaxies by unseen matter indicates the

presence of dark matter. The huge amount of unseen dark matter present in the

galaxies will produce ring images (Einstein’s rings) through strong gravitational

lensing e↵ect. Weak lensing by smaller astronomical objects such as planets, stars,

will produce distorted images. From the lensing e↵ect, the unseen dark matter mass

present in the galaxies can be estimated using the lens equation of Einstein’s general

NASA
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暗黒物質
光らない（電磁相互作⽤をしない）物質の存在を仮定す
ると，これらの問題には説明がつく�

”光らない物質”なので暗黒物質とよぶ�

銀河や銀河団を浸してとりまくハローとして存在する�

太陽系付近だと約0.3GeV/cm3

銀河



重⼒レンズによる観測

重⼒源

重⼒により光が曲げられることによる効果

光らない重⼒源の存在確認ができる



重⼒レンズによる観測



銀河団の衝突

NASA,�ESA,�STScI,�and�CXC



宇宙背景輻射の観測

8

Fig. 2.— Two estimates of the WMAP nine-year power spectrum along with the best-fit model spectra obtained from each; black - the
C

�1-weighted spectrum and best fit model; red - the same for the MASTER spectrum and model. The two spectrum estimates di↵er by
up to 5% in the vicinity of l ⇠ 50 which mostly a↵ects the determination of the spectral index, ns, as shown in Table 3. We adopt the
C

�1-weighted spectrum throughout the remainder of this paper.

Fig. 3.— 68% and 95% CL regions for the ⇤CDM parameters ns, 109�2

R, and ⌦bh
2. There is a modest degeneracy between these

three parameters in the six-parameter ⇤CDM model, when fit to the nine-year WMAP data. The contours are derived from fits to the
C

�1-weighted power spectrum, while the plus signs indicate the maximum likelihood point for the fit to the MASTER power spectrum.
As shown in Figure 2, the two model produce nearly identical spectra.

WMAP

暗黒エネルギー

暗黒物質

物質



MACHO

褐⾊矮星�

⽩⾊矮星�

中性⼦星�

ブラックホール

Massive�Compact�Halo�Object
要するにあまり光らない星たち

重⼒レンズを利⽤した観測で探索

必要な数には全然⾜りなさそう

残った可能性は，
何かしらの素粒⼦
原始ブラックホール



暗黒物質の性質
光らない(電気的に中性)�

質量を持つ�

安定に存在する �

少なくとも宇宙年齢程度よりも⻑い寿命の粒⼦�

バリオン数を持たない(元素合成に寄与しない)�

暗黒物質の性質が⼤規模構造に影響をおよぼす



素粒⼦標準模型

©higgstan.com

のゲージ理論
電弱理論QCD

http://higgstan.com


熱い暗黒物質＆冷たい暗黒物質

脱結合時の温度＞質量

脱結合時の温度＜質量

熱い暗黒物質

冷たい暗黒物質

速さ〜光の速さ

速さ≪光の速さ



⼤規模構造と暗黒物質



暗黒物質の性質
光らない(電気的に中性)�

質量を持つ�

安定に存在する �

少なくとも宇宙年齢程度よりも⻑い寿命の粒⼦�

バリオン数を持たない�

暗黒物質の性質が⼤規模構造に影響をおよぼす�

冷たい暗黒物質が⽰唆される
標準模型に該当する候補なし 未知の新粒⼦



暗黒物質の作られ⽅
暗黒物質は安定粒⼦である

この逆反応も起きない

対消滅・対⽣成は可能

宇宙にたくさんある光⼦が散乱する際に対⽣成される
ただし，対消滅が同じ頻度で起きるので，消えてしまう



暗黒物質の残存量
暗黒物質の対⽣成・対消滅 �+ �̄ $ X + X̄

暗黒物質 反粒⼦ 暗黒物質と�
相互作⽤する�
粒⼦・反粒⼦

暗黒物質は電荷を持たない

粒⼦と反粒⼦が同⼀の粒⼦と考えることが多い

ボゾンの場合は実スカラー粒⼦

フェルミオンの場合はマヨラナ粒⼦



ボルツマン⽅程式

共動体積中の粒⼦数の変化は

A+ i+ j + · · · $ k + `+ · · ·
という反応で粒⼦数が変化する粒⼦Aの数密度をnとする
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ボルツマン⽅程式
d(na3)

dt
= 2a3

Z
d⇧C

dn

dt
+ 3

ȧ

a
n = 2

Z
d⇧C

この式を使えば，粒⼦数密度の変化を定量的に議論できる



暗黒物質の脱結合

この反応によって⽣成・消滅する粒⼦の残存量を計算する

�+ �̄ $ X + X̄

Xは化学ポテンシャル０の熱平衡状態にあると仮定
nX = nX̄ = neq

X

暗黒物質は相互作⽤が弱い場合は，熱平衡でなくてもよい

ただし，粒⼦と反粒⼦で対称であると仮定する n� = n�̄

このときのボルツマン⽅程式は
dn�

dt
+ 3

ȧ

a
n� = �h�vi
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暗黒物質の脱結合
dn�
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暗黒物質の脱結合
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暗黒物質の脱結合

dY

dx
= � s

xH
h�vi

⇥
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2 � Y
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⇤

冷たい暗黒物質の場合を考える

簡単のため，h�vi / Tn となる場合に注⽬する
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暗黒物質の脱結合
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n=0の場合

� = 1010

� = 1011

� = 1012

h�vi が⼤きいと，残存量が減る



WIMP
Weakly�Interacting�Massive�Particle

宇宙の観測から分かっている残存量を再現する

100GeVくらいの質量を持ち，標準模型の粒⼦との結合が電弱
相互作⽤くらいの暗黒物質粒⼦を考える
h�vi ' 3⇥ 10�26cm3s�1

”⾃然”な暗黒物質として，WIMPシナリオは魅⼒的（だった）



暗黒物質の探索

残存量

物質との衝突



暗黒物質の直接探索
原⼦核と暗黒物質の衝突を，原⼦核の反跳によって観る



Liq. Xenon Time Projecting Chamber
•Energy depositions produce light and 
charge 

o Prompt scintillation (S1) 

o Proportional scintillation (S2): Measurement of 
the electrons extracted from the liquid to the gas 

•3D Position Reconstruction 
o Depth obtained from the time difference                                                                              

between S1 and S2 - called here drift time 

o XY reconstructed from the S2 light pattern 

•Ratio of charge to light (S2/S1) is a                                                   
discriminator against backgrounds (>99%): 

o Nuclear Recoil (NR): WIMPs and neutrons 
interact with nuclei - short, dense tracks 

o Electronic Recoil (ER): axions, !s and e- interact 

with the electrons - longer, less dense tracks 

•TPCs are scalable with improvement of 
performance

6
talk�by�C.�Silva



The LUX Experiment
•370 kg Liquid Xenon 
Detector (59 cm height, 
49 cm diameter) 

o 250 kg in the active 
region (with field)

7

Active region defined by PTFE 
reflectors (high reflectivity 

>97%) - high light collection)

122 ultra low-
background PMTs (61 
on top, 61 on bottom) 

observe both S1 and S2 

49 cm 
59 cm 

Construction materials 
chosen for low radioactivity 

(Ti, Cu, PTFE)

~47 cm 
(cath.-surface)

talk�by�C.�Silva



LUX AT SURF                                                    
(Sanford Underground Research Facility)

9

Raymond Davis 
(Nobelpriset i fysik 2002)

•Sanford Underground Research 
Facility Lead, South Dakota, USA. 

•Former Home of the Homestake Solar 
Neutrino Experiment 1970-1994 

•1478 m deep (4300 m.w.e.) 

• μ flux reduced x10-7 compared to 
sea level) 

talk�by�C.�Silva
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accidental coincidences, facc, is taken to be separable,
that is, facc(S1, log10S2) = f1(S1) ⇥ f2(log10 S2). The
individual di↵erential rates of isolated S1 pulses (f1) and
isolated S2 pulses (f2) are measured from WIMP-search
data. Because of their uncorrelated nature, these events
are modeled as uniform in {xS2, yS2, zS2}.

A protocol for blinding the data to potential NR
WIMP signatures, to reduce analysis bias, began on De-
cember 8th, 2014 and was carried through the end of
the exposure. Artificial WIMP-like events (“salt”) were
manufactured from sequestered 3H calibration data and
introduced into the data at an early stage in the data
pipeline, uniform in time and position within the fiducial
volume. Individual S1 and S2 waveforms from this data
set were paired to form events consistent with a nuclear
recoil S2 vs S1 distribution. Some S2-only salt events
were added as well. The nuclear recoil energy distribu-
tion of these events had both an exponential (WIMP-
like) and flat component. The four parameters describing
these distributions (the exponential slope, the flat popu-
lation’s end point, the total rate, and the relative ratio of
exponential vs. flat rates) were chosen at random within
loose constraints and were unknown to the data analyz-
ers. The salt event trigger times were sequestered by an
individual outside the LUX collaboration until formally
requested for unblinding, after defining the data selection
criteria, e�ciencies, and PLR models.

Following the removal of salt events, two populations
of pathological S1+S2 accidental coincidence events were
identified in which the S1 pulse topologies were anoma-
lous. In the first of these rare topologies, ⇠80% of the
collected S1 light is confined to a single PMT, located in
the edge of the top PMT array. This light distribution
is inconsistent with S1 light produced in the liquid, but
is consistent with light produced outside the field cage
and leaking into the TPC. A loose cut on the maximum
single PMT waveform area as a fraction of the total S1
waveform area is tuned on ER and NR calibrations to
have >99% flat signal acceptance. The second popula-
tion of anomalous events also features a highly clustered
S1 response in the top array, as well as a longer S1 pulse
shape than typical of liquid interactions; these pulses are
consistent with scintillation from energy deposited in the
gaseous xenon. A loose cut on the fraction of detected
S1 light occurring in the first 120 ns of the pulse is simi-
larly tuned on ER and NR calibration data to have >99%
signal acceptance across all energies. These two cuts, de-
veloped and applied after unblinding, feature very high
signal acceptance, are tuned solely on calibration data,
and only eliminate events that clearly do not arise from
interactions in the liquid.

The result presented here includes the application of
these two postunblinding cuts, and additionally includes
31.82 live days of nonblinded data, collected at the be-
ginning of the WS2014–16 exposure before the start of
the blinding protocol.

WIMP signal hypotheses are tested with a PLR statis-
tic as in [9], scanning over spin-independent WIMP-
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% C.L. The solid gray curves show
the exclusion curves from LUX WS2013 (95 live days) [9] and
LUX WS2014–16 (332 live days, this work). These two data
sets are combined to give the full LUX exclusion curve in
solid black (“LUX WS2013+WS2014–16”). The 1– and 2–�
ranges of background-only trials for this combined result are
shown in green and yellow, respectively; the combined LUX
WS2013+WS2014–16 limit curve is power constrained at the
–1� level. Also shown are limits from XENON100 [44] (red),
DarkSide-50 [45] (orange), and PandaX-II [46] (purple). The
expected spectrum of coherent neutrino-nucleus scattering by
8B solar neutrinos can be fit by a WIMP model as in [47],
plotted here as a black dot. Parameters favored by SUSY
CMSSM [48] before this result are indicated as dark and light
gray (1– and 2–�) filled regions.

nucleon cross sections at each value of WIMP mass.
Nuclear-recoil energy spectra for the WIMP signal are
derived from a standard Maxwellian velocity distribution
with v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3GeV/cm3,
average Earth velocity of 245 km/s, and a Helm form fac-
tor. Detector response nuisance parameters, describing
all non-negligible systematic uncertainties in the signal
and background models, are listed with their constraints
and observed fit values in Table I. Systematic variation of

TABLE I. Model parameters in the best fit to WS2014–16
data for an example 50GeV c�2 WIMP mass. Constraints
are Gaussian with means and standard deviations indicated.
Fitted event counts are after cuts and analysis thresholds.

Parameter Constraint Fit Value

Lindhard k [11] 0.174± 0.006 -

Low-z-origin � counts 94± 19 99± 14

Other � counts 511± 77 590± 34

� counts 468± 140 499± 39
8B counts 0.16± 0.03 0.16± 0.03

PTFE surface counts 14± 5 12± 3

Random coincidence counts 1.3± 0.4 1.6± 0.3

LUX�collaboration,�Phys.�Rev.�Lett.�118,�021303
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Instrumentation 
conduits

120 outer 
detector 

PMTs
(Main Detector) 
2-phase XeTPC 

494 (131) TPC (Xe skin) PMTs

Existing 
water tank

Gd-loaded liquid 
scintillatorLXe heat 

exchanger 
tower

n tubes

The LUX-ZEPLIN Experiment
•Turning on by 2020 with 
1,000 initial live-days plan 

•In the same location of LUX 

•10 tons total, 7 tons active, 
~5.6 ton fiducial 

•Unique triple veto system

talk�by�C.�Silva



The LUX-ZEPLIN Experiment
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H.�Han�and�S.�Zheng,�JHEP1512,�044

Simplest�Higgs�portal�DM�model



暗黒物質間接探索

http://www.jaxa.jp

銀河中⼼や太陽中⼼など，暗黒物質が集中しているところで
起きる対消滅などによって発⽣する宇宙線を⾒る



加速器実験

残存量

物質との衝突

加速器実験



Large�Hadron�Collider

symmetry�magazine�



Large�Hadron�Collider
例えばこんなイベントを探す

Particle�Physics�Blog



In the on-shell regime, the models with mediator masses up to 1.55TeV are excluded for m� = 1GeV.
For m� < 1GeV, the monojet analysis maintains its sensitivity for excluding DM models. This analysis
loses sensitivity to the models in the o↵-shell regime, where cross sections are suppressed due to the
virtual production of the mediator. Perturbative unitarity is violated in the parameter region defined by
m� >

p
⇡/2 mZA [92]. The masses corresponding to the relic density [93] as determined by the Planck

and WMAP satellites [9, 10], within the WIMP dark-matter model and in the absence of any interaction
other than the one considered, are indicated in the Figure as a line that crosses the excluded region at
mZA ⇠ 1200GeV and m� ⇠ 440GeV. The region towards lower WIMP masses or higher mediator masses
corresponds to dark-matter overproduction.
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Figure 5: (a) Axial-vector 95% CL exclusion contours in the mZA –m� parameter plane. The solid (dashed) curve
shows the observed (expected) limit, while the bands indicate the ±1� theory uncertainties in the observed limit and
±1� and ±2� ranges of the expected limit in the absence of a signal. The red curve corresponds to the set of points
for which the expected relic density is consistent with the WMAP measurements (i.e. ⌦h2 = 0.12), as computed
with MadDM [94]. The region on the right of the curve corresponds to higher predicted relic abundance than these
measurements. The region excluded due to perturbativity, defined by m� >

p
⇡/2 mZA , is indicated by the hatched

area. The dotted line indicates the kinematic limit for on-shell production mZA = 2 ⇥ m�. The cyan line indicates
previous results at 13TeV [1] using 3.2 fb�1. (b) A comparison of the inferred limits (black line) to the constraints
from direct detection experiments (purple line) on the spin-dependent WIMP–proton scattering cross section in the
context of the simplified model with axial-vector couplings. Unlike in the mZA –m� parameter plane, the limits are
shown at 90% CL. The results from this analysis, excluding the region to the left of the contour, are compared with
limits from the PICO [95] experiment. The comparison is model-dependent and solely valid in the context of this
model, assuming minimal mediator width and the coupling values gq = 1/4 and g� = 1.

The results are translated into 90% CL exclusion limits on the spin-dependent WIMP–proton scatter-
ing cross section �SD as a function of the WIMP mass, following the prescriptions from Refs. [13, 93].
Among results from di↵erent direct-detection experiments, in Figure 5(b) the exclusion limits obtained in
this analysis are compared to the most stringent limits from the PICO direct-detection experiment [95].
The limit at the maximum value of the WIMP—proton scattering cross section displayed corresponds
to the lowest excluded values mZA = 45GeVand m� = 45GeVof the mediator and dark matter masses

21

ある模型の場合 CERN-PH-2017-230



International�Linear�Collider

https://www.youtube.com/watch?time_continue=17&v=82mj0pWda44




