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Part 1. Research Background
* 1.1 Motivation: Reactor neutrino anomaly & gallium neutrino anomaly
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Part 1. Research Background

* 1.2 Advantage of searching for sterile neutrinos at IceCube

Tt

2 /U2y,
condition of maximal oscillation: — = 1.27 (Gm7/eV7) (L/m) g6 e.g., Am?= 10 el ?:

Reactor neutrino : E = 4 Mel/

(E/MeV)

. L = 0.5m — Lis too short to see the oscillation pattern
. Mixing angle 6814 in vacuum is probably too small to see

IceCube : E = 10TeV
Mixing angle 8., in matter:

Am?-sin 204,

tan 26, =
14 ™ Am2.cos 26,,—2AE

P(v,—V,)

Because of matter effect, even though

614 in vacuum is small, 6,4 can be enhanced
— Maybe possible to see the dip
in disappearance channel v, — v,.
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Part 1. Research Background

* 1.2 Advantage of searching for sterile neutrinos at IceCube
In the case of v, — v, , this was done 100

using track events by IceCube Collaboration

(Phys. Rev. D 102 (2020) 052009). 5
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Part 1. Research Background

* 1.3 Challenge of sterile neutrino search with shower events at IceCube

This work: instead of
track events, we use atmospheric v,

(shower events) to study the

oscillation v, — v, .

Problem with atmospheric v, :

(conventional) atmospheric

neutrino flux of v, + v, is

much smaller than that of v, + v, :
(vy +7,):(we +7,) =30:1

— We have to assume a possible

future extension of IceCube with

larger volume to gain statistics.

E: d |(GeV ecm® s'sr)

107

107

10

10

107"°

e Vv, (unfolding)
gﬁﬁ v, (forward folding)
A v, (DeepCore 2013)
A v, (2014)
‘hﬂ
1"*11[
tiiii;-,..
At |
= Honda v, (HKKMS2007) N N
E Honda v_(HKKMS2007) D B
E- — modified Honda v, i
C  -.-- Bartolv, ;
) R ceCube, PAysiRay [0 Sl ()( alvi
1 2 5

6
Ingw (E /GeV)



Part 1. Research Background

* 1.4 (3+1) scheme Ve /(0 0 0 0 A4, 00 0

01 v 1 0 AEy 0 0 . 13 0 00 0

We adopt (3+1) scheme: sl 1= L 0 0 AEy 0 U™ + 0 00 0
Vg 0 0 () AE“ 0 0 0 —:1”

U= R(034,034) - R(024,624) - R(014,0) - R(823,0) - R(613,6;3) - R(8:12,0),
AEj= Mm%/ (2E), Ae = V2GgN,, and A, = — G N, /V2. We assume N, = Ny,.

For simplicity, here we consider the case where 6,, = 65, = 0 and i

the only nonzero sterile mixing angle is 6, .

For viim With E = 1 TeV, we can approximately assume AE, ;=
AE;1= 0 because ‘Am%l/ZE‘ < 1, ‘Am%l/ZE‘ <1.

For v ¢t with astronomical baseline length, all AEj, contribute to the

oscillation probability. ‘




Part 2. The method of analysis

* 2.1 Setup
We assume the result of v, observation by
lceCube [Phys.Rev.D 91 (2015) 122004].
Shower events: conventional
atmospheric neutrinos (vaims

Ve + Ve and some fraction of v, + v,)
astrophysical neutrinos (v,t) and

CR-u BG.

We assume no prompt neutrinos

Events in 332.3 days

for simplicity.
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Part 2. The method of analysis
* 2.2 Definition of)(2

ZZ]k[ — Nji, log (Y]k)]

]k
e (1 +a) ,a“%sc) (1+ BN e

+(1 +y)Nj (osc),

Nji = Nji™(no — osc) + I\Ijiosmic_my gt Nt (no — osc) .
o 2 | B 2 y 2
xi(a, B,y) = x5 + (Ga) | (Uﬁ) T (a_,,) ,

XZ — min(a,ﬁ,y))(f (C(, ﬁ’ )/) .
Oq ,0p, 0y : Systematic errors (0, = g = 0, = 0.4)



Part 3. Results and Discussion 14,

* 3.1 Sensitivity

Compared to Daya Bay+Bugey, |
sensitivity to 6,4 can be improved ha
forleV? < Am? < 100eV?4,  _ 10}
if we have 100 years of number E;‘““
of events. £ |
- Volume of IceCube should o
be extended at least 10 times 102
as large as that of the present one 3
assuming the measurement I
for 10 years. 1“16.3
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Part 3. Results and Discussion

* 3.2 Atmospheric neutrinos Vs Astrophysical neutrinos
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Part 3. Results and Discussion

#(Vatm) > #(Vast) = Varm contributes more to the sensitivity.

Am?-sin 204,

Resonance condition: tan 2914 —

> 400 .

Am?-cos 260,4,—2AE

The best sensitivity is obtained from the peak of each energy spectrum:

E ~1TeV for vy, & Am?* ~ 0.1 eV *
E ~10TeV for vy » Am?* ~ 1 eV?

* 3.3 Upper bound of Am? for improving sensitivity®8 |
For Am? > 100 eV ?, resonance condition = -
requires E,, > 500 TeV % gi |

— little number of events for this energy 03 |
because of absorption. ﬂf |
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Part 4. Summary

For investigating reactor v anomaly & gallium v anomaly,
observation of high energy v, is more promising than low
energy & short baseline experiments.

We studied shower events of a possible future IceCube-type
facility.

Sensitivity to 014 (mixing angle of reactor v anomaly) can be
improved for 1 eV? < Am? < 100 eV? if we can build a
detector whose volume is at least 10 times as large as the
present IceCube.
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Part 5: Analytical treatment

*5.1Thecaseof 844 #0,0,4, =03, =0
Sterile mixing angle in matter

~ AE ¢ Sin 2914
tan 2614 — 1
AE - cos 20,4 — 7‘43

When AE - cos 264, = %Ae, tan 20,4 — +o.

We know there can be resonance in the neutrino mode (AE, A,> 0).
Inclusion of small 8,, # 0,605, # 0 is expected to be small perturbation.

— Small 6,4, # 0,05, # 0 is not expected to affect the resonance in the neutrino
mode and therefore the sensitivity to 6,4 very much.



Part 5: Analytical treatment

*5.2Thecaseof 84, =0,0,4, ¥ 0,034, # 0
Mixing angle in matter

B AE - sin 2¢43
tan 2@13 —_ 1

AE - cos 243 — 7Ae

Sin 13 = c0S 60,4 + COS O34
When AE - cos2¢3 = —%Ae, tan 2¢,3 — +o.

We know there can be resonance in the anti-neutrino mode (4£>0,4, < 0).
Inclusion of small 68,4, # 0 is expected to be small perturbation.

— Small 8,4 # 0 is not expected to affect the resonance in the anti-neutrino mode
very much.
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