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何を狙うか：私見	

•  Heavy	WIMPs	
–  直接探索で見つからない、LHCでも見えない。	
–  現状見えないこと自体は十分ありうる。	
–  着実に遂行してたい一方、多様性も重要。	

•  Light	WIMPs	
–  DAMAをきっかけに探索が始まった。ある意味ほかに探

すところとしてもっとも手近。	
–  Electron	scaCeringでの探索法など、多数提案あり。	

•  Non	WIMPs	
–  axion,	axion	like	parHcle,	hidden	photonなど広範囲	

Heavy	WIMPsの感度を着実に向上し、light	WIMPsや
ALP,	hidden	photonなど広く探索する戦略が必須。	



最近よく見る図：下が切れてる	
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Figure 1: Plot of rescaled spin-independent WIMP detection rate ⇠�SI(�, p) versus m� from
several published results versus current and future reach (dashed) of direct WIMP detection
experiments. ⇠ = 1 (i.e. it is assumedWIMPs comprise the totality of DM) for the experimental
projections and for all models except RNS and pMSSM.

scale. The scans over parameter space typically range up to weak scale soft terms of 4 TeV
and are subject to a variety of constraints including LHC sparticle search limits and that
⌦TP

�1
h2  0.12. For general projections from a three parameter model involving just electroweak-

inos, see Ref. [56].

3 Spin-independent direct detection

We first examine a grand overview of prospects for spin-independent SUSY WIMP direct de-
tection. In this case, the neutralino-nucleon scattering cross section is dominated by Higgs
and squark exchange diagrams. (Here, most results do not include extensive QCD corrections
so theory predictions should be accepted to within a factor two unless otherwise noted [57].
Since squark mass limits are now rather high from LHC searches, the Higgs exchange h dia-
gram usually dominates the scattering amplitude. The results are presented in Fig. 1 in the
⇠�SI(�, p) vs. m� plane. We leave the factor ⇠ in the y-axis to account for a possible depleted
local abundance of WIMPs. For the experimental projections and for all models except RNS
and pMSSM, it is assumed that ⇠ = 1 (i.e. it is assumed that WIMPs comprise the totality of
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DM).
The lower brown-shaded region denotes the solar neutrino floor: within this region, WIMP

signals would have to contend with a formidable ⌫p scattering background. In the upper-left, we
also show the locus of two anomalous signal regions: from DAMA/LIBRA and from CDMS-Si.
These regions naively appear in conflict with recent limits from XENON and LUX experiments.
For experimental limits, we show the new XENON100 447 live day bound [19] (black solid), and
the recent LUX2016 bound [21] (which barely supercedes recent PandaX limits [20]). In the
upper-left, the recent Pico-2L bound is shown [58]. The dashed lines all show projected future
reaches of: XENON1T [59], LZ (with 1 keV cuto↵) [60], XENONnT [59], DarkSide-20K [61]
DEAP-50T [62] and DARWIN noble liquid experiments [63]. These latter projections approach
to within an order of magnitude of the solar neutrino floor.

For theory models, the maroon-shaded region shows the expected rates for WTNs as derived
from our scan of the HB/FP region of the CMSSM/mSUGRA model. The lower limit arises
due to the requirement of mg̃ > 1.9 TeV in accord with recent LHC13 searches which implies
a bino mass M1 & mg̃/7 ⇠ 250 GeV. The upper limit arises from requiring a bino-higgsino
mixing of at least 10%. For higher m�1 values, the LSP becomes more purely higgsino and is
no longer tempered, but becomes the 1 TeV higgsino LSP. The WTN cross sections form a well-
known asymptote at �SI ⇠ 10�44 cm2 [33]. As can be seen, this entire class of models has been
ruled out by recent XENON100, PandaX and LUX searches. The gray-shaded region shows the
expected SI-direct detection rates derived by the MC collaboration (and adapted here from their
plots) while the blue-shaded regions show expectations from the BayesFits group (also adapted
from their plots). These projections overlap since we present both groups expectations for the
case of the CMSSM model. The Fittino preferred regions largely overlap with the results from
MC and BF; for clarity, we do not show these regions. The lower-left blue/gray bulge denotes
the stau co-annihilation region for m�1 ⇠ 300 � 600 GeV. It should be accessible to LHC14
searches with 300-3000 fb�1 and can also be probed by LZ, XENONnT and DarkSide-20K
although perhaps not by XENON1T. The lower blue/gray bulge with m�1 ⇠ 500� 1000 GeV
corresponds to the �1�1 ! A/H resonance annihilation region. This also should be accessible
to LZ and DarkSide-20K but perhaps not to XENON1T. The upper blue/gray region with
m�1 ⇠ 500� 1500 GeV corresponds to the remnant HB/FP region with a TeV-scale higgsino-
like LSP. The LUX collaboration has excluded about half this parameter space while LZ,
XENONnT, DarkSide-20K and DEAP-50T should cover the remainder.

The yellow band shows the locus of predictions for non-thermal wino dark matter [38] (as
derived from our scans over the minimal anomaly-mediated SUSY breaking model or mAMSB)
using the IsaReS[29] subroutine of Isajet. A large chunk of parameter space has been ruled out
by LUX. Since the neutralino-Higgs coupling is proportional to

Xh
11 = �1

2
(v(1)2 sin↵� v

(1)
1 cos↵)(gv(1)3 � g0v

(1)
4 ) (3)

(where v
(1)
2 and v

(1)
1 are the two higgsino components of the �1 and v

(1)
3 and v

(1)
4 are wino

and bino components of �1 in the notation of Eq. 8.117 of Ref. [64] and ↵ is the scalar
Higgs mixing angle) we see the coupling is a product of higgsino times gaugino components.
When the �1 becomes nearly pure wino (e.g. for light winos but heavy scalars and large µ),
then the coupling in Eq. 3 becomes very small and additional scattering contributions not
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制限をきつくしなければこれ	
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E.A.Bagnaschi	
et	al.,	
1508.01173	
Supersymmetric	
Dark	Ma1er	
a2er	LHC	Run	1	

LZ	

CMSSM	 NUHM1	

NUHM2	 pMSSM10	



Although we have no strong hints at this point, we must 
keep seeking/thinking beyond the Standard Model ! 

picture from http://www.vecteezy.com

Don't give up, we don't know how near we are with new physics!

M.	Ibe	@	DBD16	



技術としては	
•  様々な技術を探るのは面白い	
•  独自性があり将来が楽しみ	
•  やっている時はワクワクする	
•  実際に始めるとだいぶ違う	
•  それでもとことんやってゆく。	
	
　　　両方が必要で両方にまたがると良いか	
	
　　　　　運転中の実験の人è開発実験	
　　　　　開発実験の人 è運転中の実験	
	
それも、長期的視野にたった熟慮も必要。	
	



XMASS-1.5 (124-136Xe)	
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•  Single phase liquid xenon 
detectors	

•  XMASS-1.5: 6 ton of LXe 
and 3 ton of fiducial mass	

•  Low background in 
electron channel as well.	

•  2x10-47cm2@50GeV	

•  e-scat. pp solar neutrino 
observation (not nuclear 
recoils) ó background	

•  Next step: need particle 
identification method	

Phase I: 0.1t fiducial 
mass (Total 835kg) 
�

XMASS-I XMASS-1.5 

3t fiducial 
(total 6t) 
�10-47cm2 

x10 mass 



particle ID	
•  LXe: 波形弁別ができる	

•  ただしS/sqrt(N)が良く
ならないと無駄。	

•  エネルギーが高いとよ
り弁別能力は高いが、
事象数は減る。	

•  これらをトータルに評価
した場合、ほとんど効
果が得られないのが
現状。è pp ν BGを超
えられない。~10-47cm2	

8	
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原子核散乱MC 
電子散乱MC

10 < Energy <12 keVee

原子核・電子散乱の波形弁別

• XMASS検出器内で一様に原子核散乱事象と電子散乱事象を発生させるシミュレーション 
• R<30cm以内の事象について、Likelihood Ratioをプロット、原子核散乱MCの事象数で規格化 
• 10 < E < 12 keVeeエネルギー領域でS/N factor 5の改善が期待出来る 
➡Likelihood ratioについて55Fe、252Cfでのcalibration データとMCを比較

Likelihood Ratio

電子散乱like 原子核散乱 like

 50% 原子核散乱 acceptanceでの 
電子散乱の Reduction Power

~22%
~15%

~10%

市村＠JPS	



XMASS future: applying merits of single 
phase detectors to dual phase detectors?	

•  Low Radon/Krypton background: separated target volume	

•  Improvements of light yield (discr. power): larger coverage by PMTs	

•  by-products: Light WIMPs search?	 25	

Liquid Xe


PMT array !

e-


Ed


Eg


Liquid Xe


Gas Xe


PMT array


PMT array


PMT array


PMT array

Single phase (scintillator)! Dual phase (TPC)!

S1!

S1!

S2!

time!

S1!

time!

S1! S2!



神岡グループの強み	

•  PMTの開発能力	

•  ラドンに対する徹底的な体制	

•  ダスト大嫌い	

•  水	

•  キセノンの純化	

•  綺麗なガドリニウム	

•  。。。	
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XMASS future: applying merits of single 
phase detectors to dual phase detectors?	

•  Low Radon/Krypton background: separated target volume	

•  Improvements of light yield (discr. power): larger coverage by PMTs	

•  by-products: Light WIMPs search?	 25	

Liquid Xe


PMT array !

e-


Ed


Eg


Liquid Xe


Gas Xe


PMT array


PMT array


PMT array


PMT array

Single phase (scintillator)! Dual phase (TPC)!

S1!

S1!

S2!

time!

S1!

time!

S1! S2!

いつこの手の	
技術を選ぶか	
はこれから	
決める予定。	



究極の検出器はどこに 
１０−２０年後？	
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where dN
dEν

corresponds to the neutrino flux. As it has been
shown in Ref. [17], the neutrino-nucleon elastic interaction
is theoretically well understood within the standard model,
and leads to a coherence effect implying a neutrino-nucleus
cross section that approximately scales as the atomic
number (A) squared when the momentum transfer is below
a few keV. At tree level, the neutrino-nucleon elastic
scattering is a neutral current interaction that proceeds
via the exchange of a Z boson. The resulting differential
neutrino-nucleus cross section as a function of the recoil
energy and the neutrino energy is given by [18]

dσðEν; ErÞ
dEr

¼
G2

f

4π
Q2

ωmN

!
1 −

mNEr

2E2
ν

"
F2
SIðErÞ; ð5Þ

where mN is the nucleus mass, Gf is the Fermi coupling
constant and Qω ¼ N − ð1–4sin2θωÞZ is the weak nuclear
hypercharge with N the number of neutrons, Z the number
of protons, and θω the weak mixing angle. The presence of
the form factors describes the loss of coherence at higher
momentum transfer and is assumed to be the same as for the
WIMP-nucleus SI scattering. Interestingly, as the CNS
interaction only proceeds through a neutral current, it is
equally sensitive to all active neutrino flavors.
In Fig. 1 (left panel), we present all the neutrino fluxes

that will induce relevant backgrounds to dark matter
detection searches. The different neutrino sources consid-
ered in this study are the Sun, which generates high fluxes
of low energy neutrinos following the pp chain [19] and
the possible Carbon-Nitrogen-Oxygen cycle [20,21], dif-
fuse supernovae (DSNB) [22] and the interaction of cosmic
rays with the atmosphere [23] which induces low fluxes of
high energy neutrinos. As a summary of the neutrino

sources used in the following, we present in Table II the
different properties of the relevant neutrino families such
as: the maximal neutrino energy, the maximum recoil
energy for a Ge target nucleus and the overall flux
normalization and uncertainty. In order to most directly
compare to the analysis of Ref. [10], we use the standard
solar model BS05(OP) and the predictions on the atmos-
pheric and the DSNB neutrino fluxes from [23] and [22]
respectively.
The different neutrino event rates are shown in Fig. 1

(right panel) for a Ge target. We can first notice that the
highest event rates are due to the solar neutrinos and
correspond to recoil energies below 6 keV. Indeed, the 8B
and hep neutrinos dominate the total neutrino event rate for
recoil energies between 0.1 and 8 keV and above these
energies, the dominant component is the atmospheric
neutrinos. Also shown, as a black solid line, is the event
rate from a 6 GeV=c2 WIMP with a SI cross section on the
nucleon of 4.4 × 10−45 cm2. We can already notice that for
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FIG. 1 (color online). Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric,
and diffuse supernovae [22–24]. Note that for the DSNB fluxes we show the three different contributions corresponding to the
temperatures of each neutrino flavor: Tνe ¼ 3 MeV, T ν̄e ¼ 5 MeV and Tνx ¼ 8 MeV where νx represents all remaining flavors. Right:
Neutrino background event rates for a germanium based detector. The black dashed line corresponds to the sum of the neutrino induced
nuclear recoil event rates. Also shown is the similarity between the event rate from a 6 GeV=c2 WIMP with a SI cross section on the
nucleon of 4.4 × 10−45 cm2 (black solid line) and the 8B neutrino event rate.

TABLE II. Relevant neutrino fluxes to the background of direct
dark matter detection experiments. Also shown are the respective
maximum neutrino energy, maximum recoil energy on a Ge
target, and overall fluxes and uncertainties [22–24].

ν type Emax
ν (MeV) Emax

rGe (keV) ν flux ðcm−2 s−1Þ
7Be 0.861 0.0219 4.84$ 0.48 × 109

pep 1.440 0.0613 1.42$ 0.04 × 108
15O 1.732 0.0887 2.33$ 0.72 × 108
8B 16.360 7.91 5.69$ 0.91 × 106

hep 18.784 10.42 7.93$ 1.27 × 103

DSNB 91.201 245 85.5$ 42.7
Atmospheric 981.748 27.7 × 103 10.5$ 2.1

COMPLEMENTARITY OF DARK MATTER DETECTORS IN … PHYSICAL REVIEW D 90, 083510 (2014)

083510-3

Neutrino background 
       and WIMP signal 
            in Ge detector	

8B	solar	ν
&	6GeV	
WIMPs	

F. Ruppin et al., PRD 90, 083510 (2014)	

•  Coherent	ν-nucleus	scaCering	will	be	observed	soon!	
•  High	mass	WIMPs	>10GeV:	atm.	ν	~	1ev/30	ton	yr	(>4keV)	
•  Low	mass	WIMPs	<10GeV:	solar	8B	ν	~	1ev/1	kg	yr	(>3eV)	
•  DirecHonal	informaHon	is	useful	if	technology	available.	
•  Precise	determinaHon	of	atm.	ν	flux	<<20%	important.	

–  Precise	study	on	CR	flux,	interacHons,	experimental	site	important!	

atm. ν
&	100GeV		
WIMPs	

Ge	

6GeV 
10GeV	 100GeV 

    1TeV	



大気ν BG	
1.  究極のBGは、少ないほうがいい。	

–  さっぴいて評価したいから	
2.  系統誤差も少なくあるべき。	

–  fluxそのもの,	solar modulaHonによる影響	

14	
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１、大気ニュートリノBGの量： 
弾性散乱断面積	

•  リコイルエネルギーErを与えるニュートリノ
エネルギーEνに対する断面積。	
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where dN
dEν

corresponds to the neutrino flux. As it has been
shown in Ref. [17], the neutrino-nucleon elastic interaction
is theoretically well understood within the standard model,
and leads to a coherence effect implying a neutrino-nucleus
cross section that approximately scales as the atomic
number (A) squared when the momentum transfer is below
a few keV. At tree level, the neutrino-nucleon elastic
scattering is a neutral current interaction that proceeds
via the exchange of a Z boson. The resulting differential
neutrino-nucleus cross section as a function of the recoil
energy and the neutrino energy is given by [18]

dσðEν; ErÞ
dEr

¼
G2

f

4π
Q2

ωmN

!
1 −

mNEr

2E2
ν

"
F2
SIðErÞ; ð5Þ

where mN is the nucleus mass, Gf is the Fermi coupling
constant and Qω ¼ N − ð1–4sin2θωÞZ is the weak nuclear
hypercharge with N the number of neutrons, Z the number
of protons, and θω the weak mixing angle. The presence of
the form factors describes the loss of coherence at higher
momentum transfer and is assumed to be the same as for the
WIMP-nucleus SI scattering. Interestingly, as the CNS
interaction only proceeds through a neutral current, it is
equally sensitive to all active neutrino flavors.
In Fig. 1 (left panel), we present all the neutrino fluxes

that will induce relevant backgrounds to dark matter
detection searches. The different neutrino sources consid-
ered in this study are the Sun, which generates high fluxes
of low energy neutrinos following the pp chain [19] and
the possible Carbon-Nitrogen-Oxygen cycle [20,21], dif-
fuse supernovae (DSNB) [22] and the interaction of cosmic
rays with the atmosphere [23] which induces low fluxes of
high energy neutrinos. As a summary of the neutrino

sources used in the following, we present in Table II the
different properties of the relevant neutrino families such
as: the maximal neutrino energy, the maximum recoil
energy for a Ge target nucleus and the overall flux
normalization and uncertainty. In order to most directly
compare to the analysis of Ref. [10], we use the standard
solar model BS05(OP) and the predictions on the atmos-
pheric and the DSNB neutrino fluxes from [23] and [22]
respectively.
The different neutrino event rates are shown in Fig. 1

(right panel) for a Ge target. We can first notice that the
highest event rates are due to the solar neutrinos and
correspond to recoil energies below 6 keV. Indeed, the 8B
and hep neutrinos dominate the total neutrino event rate for
recoil energies between 0.1 and 8 keV and above these
energies, the dominant component is the atmospheric
neutrinos. Also shown, as a black solid line, is the event
rate from a 6 GeV=c2 WIMP with a SI cross section on the
nucleon of 4.4 × 10−45 cm2. We can already notice that for
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FIG. 1 (color online). Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric,
and diffuse supernovae [22–24]. Note that for the DSNB fluxes we show the three different contributions corresponding to the
temperatures of each neutrino flavor: Tνe ¼ 3 MeV, T ν̄e ¼ 5 MeV and Tνx ¼ 8 MeV where νx represents all remaining flavors. Right:
Neutrino background event rates for a germanium based detector. The black dashed line corresponds to the sum of the neutrino induced
nuclear recoil event rates. Also shown is the similarity between the event rate from a 6 GeV=c2 WIMP with a SI cross section on the
nucleon of 4.4 × 10−45 cm2 (black solid line) and the 8B neutrino event rate.

TABLE II. Relevant neutrino fluxes to the background of direct
dark matter detection experiments. Also shown are the respective
maximum neutrino energy, maximum recoil energy on a Ge
target, and overall fluxes and uncertainties [22–24].

ν type Emax
ν (MeV) Emax

rGe (keV) ν flux ðcm−2 s−1Þ
7Be 0.861 0.0219 4.84$ 0.48 × 109

pep 1.440 0.0613 1.42$ 0.04 × 108
15O 1.732 0.0887 2.33$ 0.72 × 108
8B 16.360 7.91 5.69$ 0.91 × 106

hep 18.784 10.42 7.93$ 1.27 × 103

DSNB 91.201 245 85.5$ 42.7
Atmospheric 981.748 27.7 × 103 10.5$ 2.1
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ニュートリノエネルギーが	
大きければ一定値となる	
	
敷居値エネルギーもある。	
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•  低いエネルギーが効くが正確な積分が重要	16	

3keVnr	
30keVnr	
100keVnr	

大気ニュートリノ	
フラックス	

実線：断面積に入るファクター	

点線：各リコイルエネルギー	
に有効な寄与をする成分	



•  Higher magnetic field above the Kamioka site.	

•  Sanford lab is under very low cut off region.	

17	

of the horizontal component of the geomagnetic field using the IGRF geomagnetic model for

the year of 2010 with the position of the SK site (Bh ∼ 30000nT), INO site (Bh ∼ 40000nT),

South Pole (Bh ∼ 16000nT), and Pyhásalmi mine (Bh ∼ 13000nT) for which we are going

to calculate the atmospheric neutrino flux.

..
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FIG. 2. The horizontal component and the sites, Kamioka (KAM), South pole (SPL), INO site

(INO), and Pyhäsalmi mine (PYH). where atmospheric neutrino flux is calculated.

IV. CALCULATION OF ATMOSPHERIC NEUTRINO FLUX

Except for the atmospheric model, the calculation scheme, including the interaction model

and the cosmic ray spectra model are the same as in the previous work [6]. We assume the

surface of the Earth as a sphere with radius of Re = 6378.140 km. In addition, we assume

2 more spheres, the injection sphere with a radius of Rinj = Re +100 km and escape sphere

with radius Resc = 10 × Re. Before Ref. [5], we assumed one more, the simulation sphere

with radius of Rsim (Rinj < Rsim < Resc). We discarded the cosmic rays which go outside of

this sphere after the injection. We took Rsim = Re + 3000 km in Ref. [5]. However, now we

identify the simulation sphere and the escape sphere by taking Rsim = Resc after Ref. [6].

For each cosmic ray event simulation, we sample an energy and a chemical composition

of cosmic ray to simulate, according to the cosmic ray spectra model. Then we sample

the position and the initial direction of the cosmic ray on the injection sphere to start the

7

地球磁場と入射できる宇宙線（p)	

Kaimoka	Sanford Lab 
(LZ)	

Gran Sasso 
(XENONnT)	

10000nT	
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•  神岡サイトはrigidity cut offが大きく、低エ
ネルギーのプロトンが入りにくい＝＞低エ
ネルギーのニュートリノも少ない。	

18	

神岡の特徴	
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Figure 10 Contour map of the rigidity cutoff as seen from the Kamioka site. Rigidity
cutoffs are shown as a function of arrival direction of the neutrino. (Zenith angle >90� is for
upward-moving particles.) An outline map of the continents is superimposed on the lower
hemisphere.
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mosphere are of interest for several reasons. As a beam for studies of neutrino os-
cillations, they cover a range of parameter space hitherto unexplored by accelerator
neutrino beams. The atmospheric neutrinos also constitute an important background
and calibration beam for neutrino astronomy and for the search for proton decay and
other rare processes. We review the literature on calculations of atmospheric neutri-
nos over the full range of energy, with particular attention to the aspects important
for neutrino oscillations. Our goal is to assess how well the properties of atmospheric
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•  Lower flux at the Kamioka site ~factor 2	

19	

フラックスでみても低い	
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FIG. 3. All-direction averaged atmospheric neutrino flux for 4 sites averaging over one year. KAM

stands for the SK site, INO for the INO site, SPL for the South Pole, and PYH for the Pyhäsalmi

mine.

B. Flavor-ratio of the atmospheric neutrino flux

In Fig. 5, we show the flavor-ratio defined as the flux ratio of different neutrino flavors

such as, (νµ + ν̄µ)/(νe + ν̄e), (νµ/ν̄µ), and (νe/ν̄e) at the SK site, INO site, South Pole,

and Pyhäsalmi mine, averaging over all the directions. We find that the flavor-ratio is very

similar to each other among these sites, confirming the stability of the flavor-ratio. However,

the flavor-ratio is an important quantity in the study of neutrino oscillations, so we need to

study the seasonal variations and position dependence’s more precisely.

To see the seasonal variation of the flavor-ratio, we calculate the ratio of the flavor-ratio

calculated with the seasonally averaged fluxes to that calculated with the yearly averaged

fluxes and plot them in Fig. 6 for each site. Also, to see the positional dependence on the

11

Kamioka	 India	

South Pole	 Pyhasalmi 
Finland	

M. Honda et al., 
PRD 92, 023004 
(2015) 



２、系統誤差：ハドロンcross section	

20	  

Estimated Error in Atmospheric n-flux Calculation (HKKMS07)

  -observation error + Residual of reconstruction

K



air

Kaon production uncertainty

Mean free path (interaction crossection) uncertainty

Atmosphere density profule uncertainty

 Possible Error with JAM (HKKM11)

~300MeV	

•  Uncertainty of atm. nu is large at low energy.	



•  solar max/solar min	

– 下向きは変化が少ない	
– 1GeV以上ではほとんど影響を受けない	

21	

Sec. II C, up to April 2015, in order to cover more of the
current period of high solar activity. This gives 10 892 (10
264.3) events in the e-like single-ring sub-GeV sample, and
10 763 (10 895.3) events in the μ-like single-ring sub-GeV
sample, where numbers in brackets are theMC expectations
including oscillations. The purity of the samples, defined as
the fraction of correct-flavor CC or NC interactions, is
estimated by MC simulations as 95.0% and 98.2%,
respectively. Studies were done to optimize the selected
energy ranges of these samples, in case higher sensitivity
could be obtained by using a subselection of the data at
lower energy where the solar modulation effect is stronger,
but no significant benefits in sensitivity were found.
In addition to being categorized as either e like or μ like,

we divide the data into upwardgoing or downwardgoing
samples based on the fitted lepton direction, resulting in a
total of four data subsamples. For each sample, the SK-I–
SK-IV periods will be combined while considering their
relative normalization errors, as explained later in Sec. V C.
The same categorizations are applied for MC events.
For our neutron data, we cannot directly use data from

the Climax NM, which was shut down during the SK-II
period. We searched for monitors [82] that were active and
well maintained throughout the entire SK-I–SK-IV period,
and found four such NMs—the Thule, McMurdo,
Kerguelen, and Newark monitors [69,83]. These stations
all monitor downgoing neutrons with relatively low rigidity
cutoffs (0.3, 0.3, 1.14, and 2.4 GV respectively), and, thus,
have good sensitivity to the changes in the solar cycle. In
particular, the Thule and McMurdo monitors in the north
and south polar regions are very sensitive to solar activity.

To obtain an “equivalent Climax NM count” for each of
these NMs, we compare the counts of the monitors during
the times when they were both operational, as shown in
Fig. 25. While the correlation between each monitor is
almost linear, we find that a small improvement in the
χ2=DOF can be obtained using a second-order polynomial
fit; we therefore use second-order polynomials as the
conversion functions between monitors. This nonlinearity
is mostly due to the outlier events during particularly strong
solar activity, where the assumption of uniformity in the
neighborhood of the Earth may be less accurate. We then
define a “NM parameter” C as the average of the four NM
monitor values after conversion to the equivalent Climax
NM counts. This parameter is thus directly comparable to
the Climax NM count, as used by the HKKM model. The
combination of four monitors also reduces the influence of
possible systematic shifts in a monitor; the systematic error
on C is estimated by taking the average rms of the four
converted counts, and found to be 15.8 counts hr−1 × 0.01
at 1σ. The variance of C over the SK-I–SK-IV period is
shown in Fig. 26, showing that, with recent data included,
almost two solar maxima are covered by the SK data,
although there is some downtime between SK periods.

C. Analysis method

The effect of the solar modulation on the four recon-
structed data samples is calculated using the SK MC
simulations, by reweighting events based on their true
neutrino properties corresponding to the relative normali-
zation change predicted by the HKKMmodel (as described
in Sec. VA), and is shown in Fig. 27. It can be seen that the
normalization change in the atmospheric neutrino flux is
not linear in the NM parameterC, and only has a significant
effect at NM count values corresponding to particularly
high solar activities. Comparing with Fig. 26, we see that
only the data obtained during the solar maxima at the end of
SK-I and beginning of SK-II, and some of the recent SK-IV
data, will be strongly affected by the solar modulation. Of
course, the data in the low-solar-activity periods are also
essential, as we are searching for a relative decrease.
The four functions in Fig. 27 give a single prediction of

the relative normalization change in more accurate way
than simple linear fitting would achieve; however, it is
possible that in reality the effect is stronger or weaker than
the prediction. To test for this possibility, we allow these
functions to be scaled by a continuous parameter α, where
α ¼ 0 would represent no correlation between the neutrino
flux and the NM count, and α ¼ 1 represents the default
predicted correlation. These relative normalization func-
tions are denoted as fsðC; αÞ, for each data sample s. As an
example, Fig. 28 shows fsðC; αÞ in the case of the e-like
upgoing sample for various fixed values of α. This set of
functions will be fitted simultaneously to the four samples,
in order to measure the overall strength of the solar
modulation effect in terms of the single parameter α.
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FIG. 24. The predicted normalization change for the νe flux
due to solar activity, as a function of the true neutrino energy Eν
and zenith angle θ, as given by the HKKM model. The z axis
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activity minimum, defined as the activity corresponding to a
Climax NM count of 4150 counts hr−1 × 0.01, to solar maxi-
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ν̄e, νμ, and ν̄μ fluxes have the same form, with only small
variations within the 2% level.
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太陽活動との関係	

•  だいたいEn~100MeVは、Ep~1GeVでつくられる	

22	



ちなみに太陽活動はLZ開始時に最大	

•  太陽活動最小
＝ニュートリノ
最大	

•  ちょうどLZの開
始される年２０
２０年は最大フ
ラックスが予
定されている。	
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必要なこと（本田さんとのやりとりでの私の理解）	

•  100MeV付近での大気ニュートリノフラック
スの決定バルーンでの300MeV付近のミュ
ーオンフラックス	

– 加速器で3-10GeVでの精度の良いモデルを作る	

•  もっと低いところ	

– muon	captureの影響があるが割合は小さいので
100MeVまで決めればだいぶ抑えられる	

24	



他の実験との関係	

•  ニュートリノ物理でも低エネルギーフラックス
には興味を持っている:	SK/HK	
– 超新星relic	ν:	<100MeV	
– 大気ニュートリノを用いたCP	violaHonの研究:	
100-1GeV	
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SK collaboration, Phys. Rev. D 85, 052007 (2012) 

SKでのSRN探索の現状（SK-I, II, IIIの結果） 
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•  Systematic uncertainty of atm. nu flux has 
an impact once we have ~30t x 30yr data. 	
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exposureがさらに大きいと 
proton decay並みになってきた	

reducing systematic uncertainties on the neutrino
fluxes. Note that this saturation of the discovery
potential can span about 2 orders of magnitude in
exposure and therefore clearly represents a chal-
lenge to the development of future direct detection
experiments.

(iv) Once enough neutrino events have been accumulated
(between a few thousand and a million, depending on
the systematic uncertainty), one can get back to a
standard Poisson background subtraction regime and
therefore overcome the previously described satura-
tion regime. This is due to the small differences in the
tails of the neutrino- and WIMP-induced spectra
which lead to additional discrimination power, e.g.,
Fig. 1 (right panel) around 6.5 keV for the 6 GeV=c2

case. However, these small differences in the induced
spectra only become relevant at very high exposures
(especially at the high WIMP mass region) which are
well beyond what is envisioned for the next gener-
ation of experiments.

In Fig. 3 we illustrate the evolution of the discovery
limit, in the light of the neutrino background, as a function
of the WIMP mass. We use an idealized Xe-based experi-
ment with a recoil energy threshold of 3 eV and perfect
efficiency to map out the low and high WIMP mass range.
This figure clearly shows that there are some particular
WIMP mass ranges for which we expect the neutrino
background to dramatically affect the discovery potential,
i.e., going through a saturation regime. A few examples are
for masses around mχ ¼ 0.8 GeV=c2, mχ ¼ 6 GeV=c2,
mχ ¼ 8 GeV=c2 and above mχ ¼ 100 GeV=c2 where the
WIMP signal is well mimicked by the 7Be, 8B, hep and the
atmospheric neutrinos respectively. For WIMP masses with
strong differences between the WIMP and the neutrino

recoil spectra, the discovery potential evolves close to
1=

ffiffiffiffiffiffiffiffi
MT

p
as one can see from Fig. 3 for WIMP masses

between 1 and 4 GeV=c2 for example.
Interestingly, from Figs. 2 and 3 we can clearly see that

the neutrino background will impact the low WIMP mass
(below 10 GeV=c2) and the high WIMP mass (above
10 GeV=c2) regions at very different exposures due to
the vastly different rates of neutrino backgrounds seen in
Fig. 1. Indeed, the discovery limit evolution with exposure
transitions from 1/MT to 1=

ffiffiffiffiffiffiffiffi
MT

p
as soon as the expected

FIG. 2 (color online). Evolution of the discovery limit for a SI interaction as a function of the exposure for idealized Xe experiments
with perfect efficiency and a 3 eV (4 keV) threshold. The discovery limit is shown for a 6 GeV=c2 (100 GeV=c2) WIMP mass for
different values of the systematic uncertainty on the 8B (atmospheric) flux in the left (right) panel. The second and third regions
(background subtraction and saturation regime) are well described by Eq. (8) as shown by the dashed lines corresponding to the different
systematic uncertainties.
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FIG. 3 (color online). Evolution of the discovery limit as a
function of exposure on the WIMP mass vs SI cross section
plane. These limits are computed for an idealized Xe-based
experiment with no other backgrounds, 100% efficiency, and an
energy threshold of 3 eV to fully map the low WIMP mass
discovery limit. Features appearing on the discovery limits with
increasing exposures are due to the different components of the
total neutrino background, see Table II.

COMPLEMENTARITY OF DARK MATTER DETECTORS IN … PHYSICAL REVIEW D 90, 083510 (2014)
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(2014)	
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方向性を使うとBG下げられる？	

•  kinemaHcsから決まる方向に飛ぶ。	
•  このへんは身内さんにお任せしたい。	
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4

⌫ type Emax

⌫ (MeV) Emax

r
Xe

(keV) ⌫ flux
(cm�2 s�1)

pp 0.42341 2.94⇥ 10�3 (5.98± 0.006)⇥ 1010
7Be 0.861 0.0122 (5.00± 0.07)⇥ 109

pep 1.440 0.0340 (1.44± 0.012)⇥ 108
15O 1.732 0.04917 (2.23± 0.15)⇥ 108
8B 16.360 4.494 (5.58± 0.14)⇥ 106

hep 18.784 5.7817 (8.04± 1.30)⇥ 103

DSNB 91.201 136.1 85.5± 42.7
Atm. 981.748 15.55⇥ 103 10.5± 2.1

TABLE I: Dominant neutrino fluxes with corresponding un-
certainties. For the Solar neutrino flux, we utilize the high
metallicity SSM, as described in the text. The maximum neu-
trino energy, Emax

⌫ , and maximum recoil energy on a Xenon
target, Emax

r
Xe

, are also shown.

neutrino-electron elastic scattering, mostly induced by pp
neutrinos, as it has been shown to only marginally a↵ect
the discovery potential of experiments with limited nu-
clear/electronic recoil discrimination for WIMP masses
above 100 GeV [14].

Freedman [26] has shown that neutrino-nucleon elastic
scattering, which is well explained by the standard model
but has yet to be observed, leads to a coherence e↵ect at
low momentum transfer that approximately scales with
the atomic number of the target nucleus, A, squared.
At higher recoil energies, generally above a few tens of
keV, the loss of coherence is described by the nuclear
form factor F (E

r

), for which we use the standard Helm
form [27]. The di↵erential cross-section as a function of
the nuclear recoil energy (E

r

) and neutrino energy (E
⌫

)
is given by

d�

dE
r

(E
r

, E
⌫

) =
G2

F
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Q

W

m
N

✓
1� m

N

E
r

2E2
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◆
F 2(E

r

) , (3)

where Q
W

= N � (1 � 4 sin2 ✓
W

)Z is the weak nuclear
hypercharge of a nucleus with N neutrons and Z pro-
tons, G

F

is the Fermi coupling constant, ✓
W

is the weak
mixing angle and m

N

is the target nucleus mass. The
directional and energy double di↵erential cross-section
can be written by noting that the scattering has az-
imuthal symmetry about the incoming neutrino direc-
tion so d⌦

⌫

= 2⇡ d cos� and imposing the kinematical
expression for the scattering angle, �, between the neu-
trino direction, q̂

⌫

, and the recoil direction, q̂
r

,

cos� = q̂

r

· q̂
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=
E
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+m
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E
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2m
N

, (4)

with � in the range (0,⇡/2), using a delta function,
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(5)
The maximum recoil energy, Emax

r

, can be obtained by

setting � = 0 in Eq. (4),

Emax

r

=
2m

N

E2

⌫

(E
⌫

+m
N

)2
⇡ 2E2
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m
N

+ 2E
⌫

. (6)

The maximum recoil energies produced by the di↵erent
types of neutrino for a Xenon target are shown in Table I.
The directional event rate per unit mass and time, as a

function of the recoil energy, direction and time, is given
by the convolution of the double di↵erential CNS cross-
section and the neutrino directional flux,

d3R
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(7)
where Emin

⌫

=
p

m
N

E
r

/2 is the minimum neutrino en-
ergy required to generate a nuclear recoil with energy E

r

and N is the number of target nuclei per unit mass.
The directional event rate for Solar neutrinos is found

by substituting Eqs. (1), (4) and (5) into Eq. (7) and
integrating over the neutrino direction ⌦

⌫

,
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The delta function can then be rewritten as
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where we have defined x = �1/E

⌫

and,

1

E =
q̂

r

· q̂�
Emin

⌫

� 1

m
N

. (10)

Finally, by substituting Eq. (9) into Eq. (8), integrat-
ing over x and converting back to E

⌫

, we obtain an ana-
lytic expression for the directional event rate from Solar
neutrinos,
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for cos�1(q̂
r

· q̂�) < ⇡/2 and 0 otherwise.
In the case of the atmospheric and di↵use supernova

neutrinos, as we have assumed their fluxes to be isotropic
and constant over time (see Sec. II), the directional event
rate is simply given by substituting Eqs. (2) and (5) into
Eq. (7) and integrating over the neutrino direction ⌦

⌫

leading to
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まとめ	

•  どこを目指したいか：広いほうがよいが、特化す
るところは必要。	

•  XMASS	single	phaseは、XMASS-1.5とIIを目指す。	
– さらに将来には、electron	BGを除去しないとWIMPsへ

の感度は上がらない。	
•  dual	phase	detectorに、single	phase	detectorの

良いところを組み合わせて、液体キセノンの能力
を最大に生かした実験を検討したい。	

•  この基礎技術をもって、発見および観測を行える
検出器を建設したい。	

29	


