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XENON1T実験と電子散乱事象
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XENON Collaboration [2006.09721]

▶ 液体キセノン中の電子散乱を探すセットアップで、反跳エネルギー 1–7 keVの領域に excess

285 observed vs. 232 expected (3.3σ)
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様々な解釈

▶ ダークマター χと電子の散乱でも説明できる？
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散乱による説明

Q. χe → χeで今回の結果を説明しようとすると、χの妥当な質量・速度は？

A. mχ ≳ O(0.1)MeV、vχ ∼ O(0.1)

典型的なダークマター (CDM) vCDM ∼ 10−3 より速い
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なぜ速いのか？

現在の宇宙で加速：（例として）Semi-annihilation

χは CDM（vχ ∼ 10−3）

γχ =
5m2

χ −m2
X

4m2
χ

, vχ ≤ 0.6

B. Fornal+ [2006.11264]

ダークマターの一部が元から速い

v 0.1

vCDM 10 3

DM components

▶ ダークマターの小規模構造に影響を与える

（メリット or デメリット？）
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トークの目的

▶ χe → χeで XENONの結果を説明する模型を考える；簡単のため以下の相互作用

Leff = Gχe(χ̄γµχ)(ēγ
µe)

▶ 電子との相互作用からくる制限は？
▶ ビッグバン元素合成（BBN）
▶ 星の冷却、特に超新星（SN）
▶ XENON S2-only

▶ 宇宙の構造形成、Neff、などなど

▶ 制限から逃れつつ、XENON実験の結果を説明で

きるか？

σ0 = G2
χeµ

2
χe/π：非相対論的な eχ散乱断面積
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ビッグバン元素合成（BBN）

BBN前後（T ∼ TBBN ∼ O(1)MeV）に χが熱浴中に存在することによる影響

▶ 熱浴中の相対論的な χが宇宙の膨張を早める

▶ χが対消滅してプラズマを加熱

K. Nollett+ [1312.5725]

▶ χの対消滅が Baryon-to-photon ratio ηを変える
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ビッグバン元素合成（BBN）

mχ ≲ 10MeVのときが問題で、特に重水素の存在比 D/H|P が減少する効果が顕著10�1 100 1010.23
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観測値との矛盾を避けるため、T = TBBN で χが熱浴中にいない条件を課す

Γee→χχ

H

∣∣∣∣
T=TBBN

< 1
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超新星（SN）の冷却

超新星のコアで e−e+ → χ̄χを通じて作られた χがエネルギーを持ち逃げする

▶ 十分作られるとき：σmin < σ0 < σmax ▶ Trapped Regime：σ0 > σmax

左の状況なら、χによって超新星の冷却曲線に影響が出て観測と矛盾するかも
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超新星（SN）の冷却

Monte Carloシミュレーションの結果（左図）を今回の模型に対する制限に焼き直す

with sensitivity down to the neutrino floor [31]. If
constructed, it will have an integrated exposure of
200 ton-years. Its reach is shown in red.

Existing LXe detectors generally have nuclear recoil
thresholds of 5 keV [27] but future improvements aim to
lower this to 2.5 keV, where solar neutrinos begin to
become a large background [31]. As a result, we have
chosen to display the sensitivity limits for both values. Our
emission timescale has been chosen conservatively to be
log(10) seconds as we do not have a precise notion of the
time dependence of the profile at the radii of interest and
thus assumed that the χ luminosity will decrease approx-
imately as 1=t in the first 10 seconds, in analogy with the
neutrino case.
The vertical axis is defined in terms of the convenient

variable y, which is an oft-used variable in discussions of
these models that serves as a measure of the coupling of the
DM to the SM. Recall that y is defined as y ¼ ϵ2αDð

mχ

mA0
Þ4

with ϵ the small parameter controlling the kinetic mixing of
the SM photon with the dark photon, αD the fine-structure
constant of the dark U(1) sector, and mA0 the mass of the
dark photon [24]. There is clearly a degeneracy between
the parameters of the dark sector for a given value of y. It
should be noted that all of the detection curves presented
here are sensitivity regions, not exclusion limits. In other
words, at any given point within the reach, the detector is
sensitive to some choice of parameters that yields a given y,
but is not necessarily sensitive to all choices of parameters.
This is an important distinction given that for certain values
of αD, the scattering of the dark fermions within the
protoneutron star will be dominated by self-scattering,
rather than scattering off of protons, an effect neglected
in this analysis. We will treat these self-interactions in
upcoming work, as well as considering models with extra
structure, including a lighter dark photon and cannibalistic
interactions [38,39].
The cooling region is shown in blue. The upper region is

calculated in the trapped regime and is valid under our
assumption that the self-interactions can be neglected. The
bottom of the exclusion region is obtained from the free
streaming regime and should be valid even when consid-
ering large self-interactions. Our bounds are stronger than
those obtained in Ref. [20] for two main reasons: (1) their
analysis only included production through nucleon-
nucleon bremsstrahlung, which is subdominant in all of
the parameter space we considered to the production from
eþ e−, and (2) their treatment of the trapped regime is more
conservative in that they only consider the equivalent of the
free-streaming sphere and approximate the dark matter flux
as a blackbody at that radius.8

The relic density line is reproduced from Ref. [24] and
corresponds to where the relic abundance of dark fermions
produced by freeze-out matches the observed dark matter
density. It is included for reference. The parameter space
constrained by our analysis lies beneath this, meaning that
for a standard cosmological history, the dark fermions
would not have sufficient cross section to be depleted down
to the measured dark matter density and thus would be
overabundant. However these constraints can be avoided
by considering nonstandard cosmologies with, e.g., late
entropy injections or by including extra interactions in the
dark sector.

VIII. CONCLUSION

The extreme temperatures and densities that are reached
during supernovae would create vast abundances of any
sub-GeV d.o.f. in a dark sector. In regions of parameter
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FIG. 7. Same as Fig. 6 but with detector threshold set to 5 keV.
Note that this does not affect the cooling bound.
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FIG. 6. The sensitivity regions for xenon1T (red line), LUX-
Zeplin (yellow area), and DARWIN (green area). The detector
threshold has been taken to be 2.5 keVand the emission timescale
from the SN to be log 10 seconds. We compute these curves using
the diffuse galactic flux. The region bounded by our cooling
bound is overlaid in blue.

8Note that one cannot directly compare the limits displayed in
their paper to those displayed here since in their analysis they
specialized to the case where mχ ¼ mA=3 and included the
production of dark photons, which leads to substantial changes
compared to our analysis whenever mA ≲ 200 MeV.

WILLIAM DEROCCO et al. PHYS. REV. D 100, 075018 (2019)

075018-12

W. DeRocco+ [1905.09284]
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シミュレーションによると、Trapには電子との散乱よりも（もしあれば）陽子との散乱の方が効くらしい

▶ 電子と選択的に相互作用する模型では Trapされる条件がもう少しゆるいかも？
▶ 詳細な調査にはシミュレーションが必要、ここでは保守的な線を引いている 9 / 14



XENON S2-only

χが CDMの成分でもある場合（例：Semi-annihilation模型）、ゆっくりな χも XENON実験で見えうる

https://science.purdue.edu/xenon1t/?tag=s2-only

▶ “S2-only analysis”で軽いダークマター由来の電

子散乱事象を探れる R. Essig [1703.00910]

XENON1T collaboration [1907.11485]

10 1 100 101 102 103 104

m  [MeV]
10 51

10 48

10 45

10 42

10 39

10 36

10 33

10 30

0
[c

m
2 ] BBN

S2-only

 is 1/10/100% of DM

Direct Detection

S. Chigusa+ [2007.01663]

10 / 14



その他の制限 / 制限のまとめ

その他の制限

▶ ダークマターの間接探索：χ̄χ → e−e+

mχ ≳ 10MeVに直接探索より弱い制限

M. Boudaud+ [1612.07698]

▶ 銀河の形成 @ T = Ts ∼ 1 keV, ȧ−1 ∼ 102 kpc

弱い制限 (cf) S. D. McDermott+ [1011.2907]

▶ CMB：Neff への影響を通じて

基本的に BBNより弱い制限 N. Sabti+ [1910.01649]
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さて、これらの制限をクリアしつつ XENON実験の結果を説明する模型は？
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なぜ速いのか？

現在の宇宙で加速：（例として）Semi-annihilation

χは CDM（vχ ∼ 10−3）

γχ =
5m2

χ −m2
X

4m2
χ

, vχ ≤ 0.6

B. Fornal+ [2006.11264]

ダークマターの一部が元から速い

v 0.1

vCDM 10 3

DM components

▶ ダークマターの小規模構造に影響を与える

（メリット or デメリット？）
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XENON実験の解釈 1：χが現在の宇宙で加速される

（観測された信号の大きさ）=（加速された χのフラックス）×（χe散乱断面積）×（観測時間）の関係式から、

Φχ ∼ 5× 102 cm−2 s−1

(
10−36 cm2

σ0

)
B. Fornal+ [2006.11264]

フラックスへの制限
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妥当な模型であるためには

▶ 何らかの理由でフラックスがかなり大きい？

▶ mχ ≳ 10MeVの CDMではないものが飛

んできている？

χχ → χX の X の方とか？
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XENON実験の解釈 2：ダークマターの速い成分 χ

（観測された信号の大きさ）∝（ダークマターの総量）×（χの存在比 fχ）×（χe散乱断面積）の関係式から、

fχ ∼
( mχ

MeV

)(
10−46 cm2

σ0

)
存在比への制限
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▶ mχ ≳ 10MeVを持つ速い成分？

▶ 構造形成からの制限に注意

（初期宇宙で frelativistic ≲ 0.1）

M. Viel+ [astro-ph/0501562]

▶ CMBへの影響を考慮
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まとめ

▶ XENON実験の結果を散乱で説明できる χe相互作用の有効理論による解析

▶ BBN、SNの冷却、XENON S2-only analysisから相互作用の大きさに強い制限

▶ 大きく分けて 2種類の模型
▶ χ が現在の宇宙で加速される

大きなフラックスを持つ or mχ ≳ 10MeV のダークマター以外のなにか

▶ ダークマターの速い成分 χ

ほんの少し mχ ≳ 10MeV を持つ成分が混ざっている
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