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What are the astrophysical neutrino
flavour arrival directions?

é Could we see new physics if they

| come from different directions?
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IceCube has seen a flux of high-energy astrophysical neutrinos!




Which new physics?

Say that v,, v, and v_ have different arrival directions.
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What could cause this?

* Astrophysics: the high-energy neutrino production

mechanisms are different and directionally-dependent,
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* Fundamental physics: neutrino flavour oscillations are

atfected in a directionally-dependent manner.




Ok, but are they the same?

We used 7.5 year HESE data to recover arrival directions of flavours.
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Ok, but are they the same?

If the distributions were isotropic:

ADE = ADT ADH
Equatorial
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Ok, but are they the same?

The flavour all-sky-average current dipole anisotropy best fits:

AD = ADT

ADH
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Currently large uncertainties—compatible with isotropy at 1o.
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How well can we constrain isotropy over time?

Anisotropy of v, and v, differences
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* Angular resolution
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« Sky coverage




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

75 10 20 30 40 80 120 180
2.0 T 1T7 T T T 17T 17T 1T 1T 717771 L

[ | ecwmeqo)  eamecensio ]  More detectors — better:
1.8F —

- WENTESIO Lo Gtatistics
1.6

Baikal-GVD (1.51C) |

Angular resolution

<
g
R 141 P-ONE (3.21C)"]
T 12k Detector Locations  pupo 0510 (KM3NeT)
- B 0 T -
ol
= 1.0f 1 ¢ Sky coverage
- 0.8 _ |
i L i ¢ JceCube + Gen2 (current/2030)
S 0.6 - KM3NeT (2025)
S - 1 Baikal-GVD (2025)
E 0'4__ | P-ONE (2030)
0.2k _ TAMBO (2030)
0.0 |

1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1

2020 2025 2030 2035 2040




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
2.0 | | | | LI I LI | T T 17T 177 | T 17

L IceCube (IC) IceCube-Gen2 (8 IC) 4

1.8 .

1 KM3NeT (2.8 IC) |

@ L6 Baikal-GVD (1.51C) |

5 i i

3 1.4 P-ONE (3.21C) |

§ i .

T 1.2F TAMBO (0.5 IC)]

= ! ]
ol

s 1.0 i |
=N

= 0.8 n

E - -

g 0.6 n

o) | i
2z

e 04 n

< ! |

0.2 n

< anisotropy diff. from current data .

0. .

1 1 | 1 1 1 1 | 1 1 1 I 1 1 1 1 I 1 1 1 1

2020 2025 2030 2035 2040
Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
2-0 I | | I T 17T I L | T T TT I T T1TT
L IceCube (IC) IceCube-Gen2 (8 IC)
1.8 -
L KM3NeT (2.81IC) |
§ L6 Baikal-GVD (15 IC) |
< i _
g 1.4r P-ONE (3.2 1C) |
;81 1.2F TAMBO (0.5 IC)
= i i
e
= 1.0 —
> I
5 0.8 -
E = -
' 0.6 s
s i i
2z
e 04 -
< i i
0.2f .
« anisotropy diff. from current data .
0 GT. ___________________________________ Assumed value: isotropy |
1 | I 1 1 1 1 I 1 1 1 | | 1 | 1 1 | | 1 1 1
2020 2025 2030 2035 2040

Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
2-0 I | | I T 17T I L | T T TT I T T1TT
L IceCube (IC) IceCube-Gen2 (8 IC)
1.8 -
L KM3NeT (2.8 IC) |
2 1.6] J AD? — ADH
8 : Baikal-GVD (1.5 IC) I:-
= | i
u% 14 P-ONE (321C) | 05 0.0 03
;81 1.2F TAMBO (0.5 IC)—|
> i i
o)
= 1.0 —
- i
5 0.8 -
E = -
S 0.6 -
‘§ B i
e 04 .
< i |
0.2 .
< anisotropy diff. from current data A L value .
O'GF""_"""“""_"“"""_"l ______ S §£‘£r_“§__‘|]_a_1_1§~_1_59_tr_(1EL e
L1 | I 1 1 1 1 I 1 1 1 | 1 | 1 1 | 1 1 1
2020 2025 2030 2035 2040

Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
2-0 I | | I T 17T I L | T T TT I T T1TT
L IceCube (IC) IceCube-Gen2 (8 IC)
1.8 -
L KM3NeT (2.8 IC) |
» 1.6F _ ADE — ADH
8 * | Baikal—GVD (1.5 IC) | |:-
o
g 1.4r P-ONE (321C) | 05 0.0 05
;81 1.2F TAMBO (0.5 IC)
> i i
o)
= 1.0 —
- i
5 0.8 -
E = -
5 0.6/ -
£ 04 . ‘
< i il
0.2f = /
« anisotropy diff. from current data .
0 GT. ___________________________________ Assumed value: isotropy |
) L1 1 I 1 1 1 1 I 1 1 1 | | 1 | 1 1 | | 1 1 1
2020 2025 2030 2035 2040

Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
2-0 I | | I T 17T I L | T T TT I T T1TT
L IceCube (IC) IceCube-Gen2 (8 IC)
1.8 -
L KM3NeT (2.81IC) |
e __ l
2 1o Baikal-GVD (15 IC) | ADE= A
O B ’ i
g
= 14f P-ONE (321C)"|
T 1.2F TAMBO (0.5 IC)]
= i ]
e
= 1.0r _
=
5 0.8 -
E = -
2 0.6 -
5 i i
2z
e 04 -
< i i
0.2f .
« anisotropy diff. from current data .
0 GT. ___________________________________ Assumed value: isotropy |
1 1 I 1 1 1 1 I 1 1 1 | | 1 1 | | 1 1

2020 2025 2030 2035 2040
Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
2-0 I | | I T 17T I L | T T TT I T T1TT
L IceCube (IC) IceCube-Gen2 (8 IC)
1.8 -
L KM3NeT (2.81IC) |
§ L6 Baikal-GVD (15 IC) |
< i _
g 1.4r P-ONE (3.2 1C) |
;81 1.2F TAMBO (0.5 IC)
= i i
e
= 1.0 —
> I
5 0.8 -
E = -
' 0.6 s
s i i
2z
e 04 -
< i i
0.2f .
« anisotropy diff. from current data .
0 GT. ___________________________________ Assumed value: isotropy |
1 | I 1 1 1 1 I 1 1 1 | | 1 | 1 1 | | 1 1 1
2020 2025 2030 2035 2040

Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
2.0 | | | | T T T I T T T | T T T T T | T T T
I IceCube (IC) IceCube-Gen2 (8 IC) _ Improvement by 2040:
1.8 u
| KM3NeT (2.8 IC) | ° IC Only. 25%
@ L6 Baikal-GVD (1.5 1C) |
< i i
% 1.4 P-ONE (321C) |
% [ 10 max. inferred anisotropy ’
= 1.2} e, Of v, vy differences TAMBO (0.5 IC)™
"U [ T |
s e |
£J - T e .
= 0.8 N
E B i
S 0.6 i
§ e IceCube only .
e 04r T
< i i
0.2F n
< anisotropy diff. from current data .
0 GT‘ ___________________________________ Assumed value: isotropy |
) 1 1 | 1 1 1 1 | 1 1 1 I 1 1 1 1 I 1 1 1

2020 2025 2030 2035 2040
Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
2.0 | | | | T T T I T T T | T T T T T | T T T
I IceCube (IC) IceCube-Gen2 (8 IC) _ Improvement by 2040:
1.8 u
| KM3NeT (2.81C) | ° IC Only: 25%
@ L6 Baikal-GVD (1.51C) |
< ! i
% 1.4 P-ONE (321C) |
% [ 10 max. inferred anisotropy i
2 12 of v,, v, differences TAMBO (0.51C)7
- - e 7]
s [ e
1o e -
§ L e . Aq)p . ACDIU
= 0.8 N
E B i
S 0.6 i
'é - e IceCube only .
e 04r T
< i i
0.2F n
< anisotropy diff. from current data .
0 OT‘ ___________________________________ Assumed value: isotropy |
) 1 1 | 1 1 1 1 | 1 1 1 I 1 1 1 1 I 1 1 1

2020 2025 2030 2035 2040
Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
2.0 | | | | T T T I T T T | T T T T T | T T T
I IceCube (IC) IceCube-Gen2 (8 IC) _ Improvement by 2040:
1.8 u
| KM3NeT (2.81C) | ° IC Only: 25%
@ L6 Baikal-GVD (1.51C) |
< ! i
% 1.4 P-ONE (321C) |
% [ 10 max. inferred anisotropy i
2 12 of v,, v, differences TAMBO (0.51C)7
- - e 7]
s [ e
1o e -
§ L e . Aq)p . ACDIU
= 0.8 N
E B i
S 0.6 i
'é - e IceCube only .
e 04r T
< i i
0.2F n
< anisotropy diff. from current data .
0 OT‘ ___________________________________ Assumed value: isotropy |
) 1 1 | 1 1 1 1 | 1 1 1 I 1 1 1 1 I 1 1 1

2020 2025 2030 2035 2040
Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
I | lIceCu‘tl)e (IC)l | IlceCube-Gen2| 81C) Improvement by 2040:
1.8 .
L KM3NeT (2.81C) | o IC Only: 9) 5%

@ L6 Baikal-GVD (1.5 IC)__
g o IC+ Gen2: 55%
= 1.4F P-ONE (3.21C)"]
% [ 10 max. inferred anisotropy i
= L2F—e of v,, v, differences TAMBO (05 IC)™
N it el P ... |
s 1.0 SN N
ﬁ) | \\\\ ................ . Aq)p - ACD‘U
= 0.8
E -
© 0.6 --- IceCube +Gen2
'é - e IceCube only
e 041
< I

0.2F

< anisotropy diff. from current data
o I i
1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1
2020 2025 2030 2035 2040

Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180

2.0

L | IIceCuILe (IC)I | IlceCube-GenZI (81C) Improvement by 2040:
18_: KMSNeT(Z.SIC)—_ o IC OHIYI 25%
1.6 _ Baikal-GVD (1.5 IC)__

 IC+ Gen2: 55%

1.4F P-ONE (321C)"|

[ 1o max. inferred anisotropy i . o)
12 of 1o v, cifferentes mmoosio1 ® All detectors: 73%

—— ——

Anisotropy of v, and v, differences

L.0f RSNRET n

L NG N e A Aq)p . A(DIU
0.8

- —— All detectors
0.6 --- IceCube + Gen2

- [ceCube only
04
0.2

< anisotropy diff. from current data

I Nerseutwinted B

L1 1 I 1 1 1 1 I 1 1 1 | | 1 | 1 1 | | 1 1 1

2020 2025 2030 2035 2040

Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180

2.0

L | IIceCuILe (IC)I | IlceCube-Ge1r12I (81C) Improvement by 2040:
18_: KMSNeT(Z.SIC)—_ o IC OHIYI 25%
1.6 _ Baikal-GVD (1.5 IC)__

 IC+ Gen2: 55%

1.4F P-ONE (321C)"|

[ 1o max. inferred anisotropy i . o)
12 of 1o v, cifferentes mmoosio1 ® All detectors: 73%

- -_-——n._

Anisotropy of v, and v, differences

L.0f RSNRET n

L NL Sy e A Aq)t; . Aq)[U
0.8]

- — All detectors
0.6 --- IceCube +Gen2

- [ceCube only
0.4F
0.2

« anisotropy diff. from current data

e ———

L1 1 I 1 1 1 1 I 1 1 1 | | 1 | 1 1 | | 1 1 1

2020 2025 2030 2035 2040

Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180

2.0

L | IIceCuILe (IC)I | IlceCube-GenZI (81C) Improvement by 2040:
18_: KMSNeT(Z.SIC)—_ o IC OHIYI 25%
1.6 _ Baikal-GVD (1.5 IC)__

 IC+ Gen2: 55%

1.4F P-ONE (321C)"|

[ 1o max. inferred anisotropy i . o)
12 of 1o v, cifferentes mmoosio1 ® All detectors: 73%

—— ——

Anisotropy of v, and v, differences

L.0f RSNRET n

L NG N e A Aq)p . A(DIU
0.8

- —— All detectors
0.6 --- IceCube + Gen2

- [ceCube only
04
0.2

< anisotropy diff. from current data

I Nerseutwinted B

L1 1 I 1 1 1 1 I 1 1 1 | | 1 | 1 1 | | 1 1 1

2020 2025 2030 2035 2040

Year




How well can we constrain isotropy over time?

IceCube equivalent exposure [years]

7.5 10 20 30 40 80 120 180
i | IIcecutlw_ (IC)I | IlceCube-GenZI @81C) | Improvement by 2040:
18_: KM3NeT(2.SIC)—_ o IC OHIYI 25%
L6 Baikal-GVD (1.5 IC)__
[  IC+ Gen2: 55%
1.4F P-ONE (321C)"|
12 1o max. inferred anisotropy B e All detectors: 73%

of v,, v, ditferences

- T —

Anisotropy of v, and v, differences

1.0F e n
0.8 B \\\ —
- —— All detectors
0.6 --- IceCube +Gen2 ~-like
L [ceCube only Hssuminq ,C “k
04F _ censitivity
0.2 —
« anisotropy diff. from current data .
0 GT. ___________________________________ Assumed value: isotropy |
1 | I 1 1 1 1 I 1 1 1 | | 1 | 1 1 | | 1 1 1
2020 2025 2030 2035 2040

Year




Now we use these for... (ongoing work)

Constraining anisotropy-generating parameters in

beyond-Standard Model physics:

e Lorentz-invariance violation as a mechanism of

anisotropy,
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Now we use these for... (ongoing work)

Constraining anisotropy-generating parameters in

beyond-Standard Model physics:
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e Neutrino—dark matter interactions with flavour-

dependent couplings.




Questions?

Interested? — come see me at the

poster session!
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How well can we discover anisotropy in
the flavour differences?

Theve tese
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Why do we expect isotropy in the flavour
difference distributions?
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Take-home message...

Future neutrino telescopes
might either confirm isotropy,
or discover differences in the
arrival directions of different
neutrino flavours.

w

Today, observations are
compatible with isotropy
for all flavours and
flavour differences.
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IceCube detection

Neutrino detected in IceCube as morphology:
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HESE dataset

IceCube HESE 7.5 year event sample — best fit locations (102 events)
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The Flux Model

The flavour-flux:

)
O, = 2 (1+Ad,) Ady = Z aZng,m

a— T Ja
in (>0,m

The anisotropy measure (power spectrum):

4
1
oo — a |2
T 2 1l

m=—/
B 1 8
Oé, - Oé? 2 0576 S 6
A =9 2 ldagg| Oy 1 = Ol — Oy

m=—/




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39

