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Summary

• SK-Gd is now started !

• Detector condition is becoming stable
• Current transparency is OK for T2K beam

• Additional Gd resolving plan
• We will discuss amount and schedule at next 

SK collaboration meeting
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SK-Gdスタートアップ



2021/02/08 4

スーパーカミオカンデ
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SK-Gd計画と⽬指す物理
PRL 93 (2004) 17110

◦ SKの⽔にガドリニウム(Gd)を溶解するこ
とにより、中性⼦の検出効率が⾶躍的に改
善される。(従来の中性⼦の検出効率~25%)

◦ Gdの利点

◦ 中性⼦の反応断⾯積が⾼く、0.1%の
濃度で~90%の捕獲確率をもつ。

◦ 捕獲後、合計8MeVのγ線を放出する。

Super-Kamiokande Gd project

I Super-Kamiokande-Gd project
(SK-Gd): load Gd in SK in order to
detect neutrons from ⌫ interactions.

. Gd: largest neutron capture
cross-section among stable elements,
and clear signal (� cascade).

. ⇠ 80% of neutron tagging e�ciency
with 0.1% of Gd (⇠ 90% of Gd-n
capture)

I Expect Supernova Relic Neutrino
detection!

⌫e
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n

e+
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⽬指す物理
◦ 超新星背景ニュートリノの初観測
◦ 近傍の超新星爆発に対する⽅向感度の向上
◦ 陽⼦崩壊に対する背景事象の削減
◦ ニュートリノ・反ニュートリノ弁別による⼤気
ニュートリノ振動測定精度の向上

など。。。

SK-GdにおけるGd(n,g)事象
• 2020年7⽉からSuper-Kの新しい実験フェイズとして、SK-Gdが開始された。
• SK-Gdでは、熱化した中性⼦を検出器⽔中のガドリニウム原⼦に捕獲させ、放

出されるガンマ線(Total ~8MeV)を使って中性⼦タグを⾏う。これにより中性
⼦タグ効率の向上が期待される。
• 純⽔を⽤いたこれまでのSKでは、p(n,g)反応からの2.2 MeVのガンマ線を使っていた。

• 今⽇の談話会では、⾃分が⾏ってきたSK内(それ以外も)のGd(n,g)事象解析の
話題について話したい。

8MeV

2.2MeV   g

~200μs for capture

O(10)~O(100) μs
for capture

先発信号 遅延信号

コインシデンスすることで反電⼦ニュートリノ事象を検出
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Gd充填
◦ 13トンの硫酸ガドリニウム(Gd換算で

5tに相当)をSKに充填

Gd濃度0.01%に相当

(7/14 ~ 8/16)

下から⼀定流量で充填
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Gd中性⼦捕獲事象の観測
◦ ミューオン核破砕16N由来の中性⼦

◦ ミューオン核破砕によって⽣成された
中性⼦捕獲事象

Neutron events with cosmic muon
• Neutron from stopping muon

• Neutron from spallation

stopping muon g from Gd

7/18 7/21 7/24 7/27 7/30 8/2 8/5 8/8 8/12

Gd water injection from bottom side is clearly 
seen by event position

O(104) ev/day

下からの充填に伴って、
Gd捕獲事象の位置上昇が明らかに確認できる。

SK
 z

軸

先発信号 遅延信号
2020
07/05

2020
07/12

2020
07/19

2020
07/26

2020
08/02

2020
08/09

2020
08/16

2020
08/23

Ev
en

t r
at

e 
[e

ve
nt

/d
ay

]

0

1000

2000

3000

4000

5000

6000

7000

8000

O
 [k

g]
2

8H 3) 4
(S

O
2

Ad
de

d 
G

d

0

2000

4000

6000

8000

10000

12000

14000

) candidatesγSpallation neutron Gd(n, 
Observed event
Start of Gadolinium injection
(July 14th, 2020 10:54 AM)
End of Gadolinium injection
(August 17th, 2020 14:54 PM)

O28H
3

)
4

(SO2Gd
O28H

3
)

4
(SO

2
Target of Gd

Ev
en

t r
at

e 
[e

ve
nt

/d
ay

]

Neutrons after muon (in after trigger)
p. 6

Pure water
Pure water

Gd water

Gd water

SHE+OD (parent muon)
Event in after trigger 

(500 μsec window)

- Apply BONSAI
- 200 cm from wall
- N50 > 30
- 200 cm from muon
- 35 μsec after muon

[+35, +535] μsec

Delay until 
Gd water reached at FV

Event rate
became sable 

when Gd water 
reached at the 

edge of the upper 
side of FV

Gd loading

SK-V 
< 15 event/day Official

Neutrons after muon (in after trigger)
p. 6

Pure water
Pure water

Gd water

Gd water

SHE+OD (parent muon)
Event in after trigger 

(500 μsec window)

- Apply BONSAI
- 200 cm from wall
- N50 > 30
- 200 cm from muon
- 35 μsec after muon

[+35, +535] μsec

Delay until 
Gd water reached at FV

Event rate
became sable 

when Gd water 
reached at the 

edge of the upper 
side of FV

Gd loading

SK-V 
< 15 event/day Official

Neutrons after muon (in after trigger)
p. 6

Pure water
Pure water

Gd water

Gd water

SHE+OD (parent muon)
Event in after trigger 

(500 μsec window)

- Apply BONSAI
- 200 cm from wall
- N50 > 30
- 200 cm from muon
- 35 μsec after muon

[+35, +535] μsec

Delay until 
Gd water reached at FV

Event rate
became sable 

when Gd water 
reached at the 

edge of the upper 
side of FV

Gd loading

SK-V 
< 15 event/day Official

Neutrons after muon (in after trigger)
p. 6

Pure water
Pure water

Gd water

Gd water

SHE+OD (parent muon)
Event in after trigger 

(500 μsec window)

- Apply BONSAI
- 200 cm from wall
- N50 > 30
- 200 cm from muon
- 35 μsec after muon

[+35, +535] μsec

Delay until 
Gd water reached at FV

Event rate
became sable 

when Gd water 
reached at the 

edge of the upper 
side of FV

Gd loading

SK-V 
< 15 event/day Official

SK R2



2021/02/08 9

SK-Gdの運転状況
Gd concentration after dissolving

• 110 ton/hour circulation
• (1cycle for 19day)
• Became homogeneous 

within ~10 days

Plot from Lluis

7/19〜8/17 (Gd充填中) 8/19〜9/9 (Gd充填後)

SKタンク内のGd濃度を深さごとに分析

◦ 採取しSKの⽔の、導電率と原⼦吸光器(AAS)
による分析でGd濃度を評価。

◦ Gd充填中、Gd⽔と純⽔の境界⾯が上昇して
いることを異なる⼿法でも確認できた。

◦ Gd充填後、タンク内のGd濃度は0.01%⼀様
で安定運転できている。

タンク内G
d濃度⼀様
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スーパーカミオカンデによる
太陽ニュートリノ観測
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太陽ニュートリノ観測

Solar ⌫ in Super-Kamiokande

I Super-Kamiokande is looking at ⌫e from Sun
Ethr (SK-IV): 3.5 MeV ! 8B ⌫ (and hep?)

I Detection channel: ⌫-e� elastic scattering
⌫e

e�

e�

⌫e

I Direction information used to select solar ⌫

I Analysis goals:

. Probe the inside of the Sun

. Earth matter e↵ect (day/night asymmetry)

. Observation of the transition region between
vacuum and matter oscillations (up-turn?)

ICRR research Joint meeting, December 14th, 2019 3/18 pronost@km.icrr.u-tokyo.ac.jp

◦ スーパーカミオカンデでは、 !B, ℎ𝑒𝑝太陽
ニュートリノに感度をもつ。

◦ 弾性散乱事象を観測しているため、⾶来⽅
向から太陽ニュートリノを同定できる。

Solar ⌫ in Super-Kamiokande
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Ethr (SK-IV): 3.5 MeV ! 8B ⌫ (and hep?)

I Detection channel: ⌫-e� elastic scattering
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I Analysis goals:

. Probe the inside of the Sun

. Earth matter e↵ect (day/night asymmetry)

. Observation of the transition region between
vacuum and matter oscillations (up-turn?)

ICRR research Joint meeting, December 14th, 2019 3/18 pronost@km.icrr.u-tokyo.ac.jp

SK observable

◦ Matter dominantからVacuum
dominant領域への遷移の観測
(アップターン)

◦ 地球によるMSW効果の測定（昼
夜の𝜈頻度⾮対称性）

太陽ニュートリノ観測の⽬的︓
◦ ニュートリノ振動パラメータ𝜃"#、Δ𝑚"#

#

の測定
◦ MSW効果の精密検証
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太陽ニュートリノ観測の現状 Kinetic Energy: 4.49-19.49 MeV

Phase Live days
[days]

DATA/MC Flux w/ sys. error 
[106/cm2/sec]

Extracted Signal (stat. error 
only)

SK-I 1496 0.453 ± 0.005!""#$""% 2.38 ± 0.02 ± 0.08 2244!""#$""%

SK-II 791 0.459 ± 0.010 ± 0.030 2.41 ± 0.05!&.(#$&.() 7210!(#($(#*

SK-III 548 0.458 ± 0.008 ± 0.010 2.40 ± 0.04 ± 0.05 8148 ± 133

SK-IV
(update)

2970.08 0.443 ± 0.003 ± 0.006 2.33 ± 0.01 ± 0.03 63890!*%+$*(, stat
± 907(syst)

Total 5805 0.447 ± 0.002 ± 0.008 2.346 ± 0.011 ± 0.043 More than 101k events

Preliminary

Preliminary

Kinetic energy: 3.49– 19.49 MeV

※SI-V, VIは準備中
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他のニュートリノ関連の結果
◦ 太陽反電⼦ニュートリノ探索

◦ 超新星背景ニュートリノ(SRN)探索

The 8B neutrino flux from the Sun above 9.3 MeV of neu-575

trino energy is calculated as 9.96 × 105 cm−2 s−1; there-576

fore the partial flux upper limit of antineutrino from the577

Sun is determined to be 3.6× 102 cm−2 s−1 at 90% C.L.578

The neutrino magnetic moment derived from the νe → ν̄e579

probability in the spin-flavour precession model is calcu-580

lated as µ ! 1.5 × 10−9µB(10 kG/BT ) at 90% C.L., i.e.581

µ ! 3× 10−8µB and µ ! 2× 10−12µB at 90% C.L. in the582

assumption of BT ∼ 600 G [6] and ∼ 7 MG [7], respec-583

tively.584
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Fig. 7: Fit result in the kinetic energy range of 7.5–15.5 MeV. The
black dots are data. The green, magenta, blue, yellow, red, and
cyan histograms show best-fit predictions for reactor antineutrino
events, 9Li decay events, atmospheric neutrino’s NCQE interactions
and non-NCQE interactions, accidental coincidences, and solar an-
tineutrino signal events, respectively.

7. Sensitivity estimate for SK-Gd585

The sensitivity of SK-Gd can be estimated using the586

SK-IV result in the neutrino energy range of 9.3–17.3 MeV.587

We expect the sensitivity of the solar ν̄e search to signifi-588

cantly improve in SK-Gd, since this upgrade considerably589

improves the neutron identification efficiency.590

In this work, we find that the main backgrounds in SK591

are 9Li decay events, atmospheric neutrino NCQE interac-592

tion, and accidental coincidences. The estimated SK-Gd593

sensitivity is summarized in Table 5.594

First, the signal efficiency is evaluated to be 50% and595

90% for 0.02% and 0.2% Gd sulfate loading, respectively596

[16]. After 10 years of observation, the sensitivity to597

Pνe→ν̄e
at 90% C.L. is expected to be 9.5 × 10−5 (5.2 ×598
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Fig. 8: Relation between ∆χ2 and conversion probability of neu-
trinos to antineutrinos. The upper limits on Pνe→ν̄e for ∆χ2 =
1.0, 2.3, 2.7, and 4.6 are 2.5 × 10−4, 3.6 × 10−4, 3.9 × 10−4, and
4.7× 10−4, respectively.

10−5) when accounting only for the efficiency improve-599

ment to 50% (90%), and assuming that the uncertainty of600

the neutron tagging efficiency is reduced from 19% to 5%.601

Additionally, due to the improved detection efficiency602

for neutron tagging, SK-Gd would measure the yield of 9Li603

decay events more precisely, i.e. the 9Li decay events can604

be observed more than Ref. [39] and expected to investi-605

gate the spallation mechanism precisely. After that, when606

a better separation cut condition is developed, hence the607

9Li background can be reduced for the search in SK-Gd.608

In this estimate, it is assumed to improve the total uncer-609

tainty for 9Li from 30% to 5% and the spallation efficiency610

εLi9 to 20% of its current value. These resulting sensitiv-611

ities are predicted to be 8.0 × 10−5 (0.02% Gd loading)612

and 4.3× 10−5 (0.2% Gd loading).613

The accidental coincidences consist of (1) fake tagging614

and (2) real neutron capture of unrelated neutrons. In SK-615

Gd, the fake tagging will be considerably reduced since the616

energy of γ after neutron capture increases from 2.2 MeV617

in hydrogen to 8 MeV in Gd. On the other hand, acci-618

dental coincidences of unrelated, real neutrons cannot be619

identified by the tagging algorithm, even in SK-Gd. Acci-620

dental coincidences should be precisely evaluated during621

calibration with random triggering in SK, both with and622

without Gd, which will allow us to reduce the associated623

uncertainties. Assuming a 5% uncertainty, we expect the624
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𝑃-!→-! < 3.6×10!/

◦ 太陽内部で𝜈! → #𝜈!遷移するローレンツ不変を破
るような新物理を探索する。

◦ SK-IVデータからsolar #𝜈!を探索した。予想され
る背景事象と⼀致し、𝑃"!→"! 90%CLの上限を決
定した。

◦ この結果を元に、SK-Gdにおけるsolar #𝜈!の感度
を𝑃"!→"! = (2.2~2.7)×10$%と推定した。

◦ SK-IVデータからSRNを探索した。モデルに依
存しない #𝜈! 4lux上限を決定し、理論予想と⽐較
した。

◦ 論⽂準備中

SN model-independent analysis: final results
Upper flux limits computed for each 2 MeV energy bin
Study by Y. Ashida
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SK-IV 2970 days, Observed 90% C.L. (This work)

SK-IV 2970 days, Expected 90% C.L. (This work)

SK-IV 960 days (Astropart Phys 60, 41, 2015)

SK-I/II/III 2853 days (Phys Rev D  85, 052007, 2012)

KamLAND 2343 days (Astrophys J 745, 2012)

SRN Theoretical Predictions

8 ≠ 10 MeV deficit no longer significant, comparable to solar ‹e analysis
“Upper bound” DSNB models can be excluded
Next target: more realistic optimistic models
(Horiuchi’s 6 MeV blackbody emission, Kresse’s simulation-based model)
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Preliminary

SK-IV (2970 days)

◦ 太陽フレア・ニュートリノ
◦ 超新星ニュートリノバースト探索
◦ GRBに関連したニュートリノ探索 arXiv.2101.03480
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まとめと今後の展望

◦ 2020年度はSKにGdを充填して、SK-Gdが開始された。

◦ 中性⼦タグによる反電⼦ニュートリノの検出効率を⾶躍的に
向上し、超新星背景ニュートリノの観測などを⽬指す。

◦ 中性⼦Gd捕獲事象の観測に成功し、充填している様⼦をモニ
ターできている。Gd濃度0.01%で安定した運転を実現してい
る。

◦ SK-IV(純⽔⻑期観測フェイズ)のデータ解析で、太陽ニュート
リノの観測、及びsolar !𝜈7, SRN探索などの結果が出始めてい
る。

◦ 今後SK-Gdの更なる感度改善に向けて、1〜２年以内に
0.02~0.03%Gd濃度まで増やすことを⽬指す。


