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Making high-energy astrophysical neutrinos: a toy model
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Making high-energy astrophysical neutrinos: a toy model
(orp +p)
+1n' Br=2/3
=y +y
"o u t+tv,—ov,+te +v,+0,
n (escapes) —» p +¢e + v,

Neutrino energy = Proton energy / 20
Gamma-ray energy = Proton energy / 10
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Standard expectation:
Power-law energy spectrum

Standard expectation:

Isotropy (for diffuse flux)
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Standard expectation:
Power-law energy spectrum

Standard expectation:
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Astrophysical sources Earth
| Up to a few Gpc \

l
Eg,

Oscillations change the number
-------------------*
of v of each flavor, N., N,, N,
Different production mechanisms yield different flavor ratios:
(fe,S/ f 1,5y fr,S) = (N e,Sy N 1,5y N T,S)/ N tot

Flavor ratios at Earth (o = ¢, p, 1):

fa,@ — Z PVB—H/& fﬁ,S

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc \
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Quick aside: how to read a ternary plot

Assumes underlying unitarity —

sum of projections on each axis is 1

How to read it:
Follow the tilt of the tick marks

Always in this order: (f,, f,, f.)
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From sources to Earth: we learn what to expect when measuring f, g

( Sources

(fe,s) fu,s) frs)

\_

(

Oscillations

012,023, 013,0cp)

\

J

(fe.or fu@: fro)

>

Earth

____*@@



One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

Full m decay chain
(1/3:2/3:0)s

Note: v and v are (so far) indistinguishable

in neutrino telescopes
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Measuring flavor composition: 2015-2020

IceCube Collab., EPJC 2022
IceCube Collab., PRD 2019
IceCube Collab., ApJ 2015
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From sources to Earth: we learn what to expect when measuring f, g
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Using high-energy neutrinos as magnetometers
If sources have strong magnetic fields, charged particles cool via synchrotron:
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Using high-energy neutrinos as magnetometers
If sources have strong magnetic fields, charged particles cool via synchrotron:
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Standard expectation: Standard expectation:

Power-law energy spectrum Qeo\(\)m Isotropy (for diffuse flux)
S
=
&
& K/
2 / N I .
.acfﬁ / / /@(C s dlring ¢r0paga ion)

Reviews:
Ahlers, Helbing, De los Heros, EPJC 2018
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvadd, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]
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v and y from transients arrive

Note: Not an exhaustive list

Standard expectation: Standard expectation:

Power-law energy spectrum eo\(\)m Isotropy (for diffuse flux)
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New physics in flavor composition

Use the flavor sensitivity to test new physics:

» Neutrino decay Mixing + decay 0 No decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; . D - O 50
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] GU,SCP: var. 3¢ 01 . - Y

D =0.10
NH ,
0% M D=0.01
0.3 (complete)
e
0.7
0.8y

0 -;}YEQCubeZOﬁ /N

0O 01 02 03 04 05 06 0.7 08 09 1

Reviews: f e,o MB, Beacom, Murase, PRD 2017
Argiielles ef al. (inc. MB), EPJC 2023; Mehta & Winter, [CAP 2011; Rasmussen ef al., PRD 2017



New physics in flavor composition

Use the flavor sensitivity to test new physics:

. 0.0
» Neutrino decay L 1.0 m (0:1:0)s
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; Unitarity
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] @ (1:2:0)s
bounds
A (1 :0: O)S

» Tests of unitarity at high energy

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

&
o o
0.8
% o \\ o
\ / o /
1.0 \\\ //’ N\ /
/ 7 ra 7 7 0.0
0.0 0.2 04 0.6 0.8 1.0
Reviews: Ve fraction ( f e,@) Ahlers, MB, Mu, PRD 2018

Argiielles ef al. (inc. MB), EPJC 2023; Mehta & Winter, [CAP 2011; Rasmussen ef al., PRD 2017



New physics in flavor composition
Use the flavor sensitivity to test new physics:

» Neutrino decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010;
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

. . . . @

» Lorentz- and CPT-invariance violation :
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; O" : Y ®
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015] / . =

A T VWY y A
Ry YN - r o ae

Ll AV
v’y

TR T TSR L OSSR 0 O
00 02 04 006 08 1.0
@ Argiielles, Katori, Salvadé, PRL 2015

Reviews: (8
Argitielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017 €




New physics in flavor composition

Use the flavor sensitivity to test new physics:

» Neutrino decay Detection effect 0.0 @ NSls in Earth
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 1.0 ® Det. NSI
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] 0 1 -
0.9

» Tests of unitarity at high energy
[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

» Lorentz- and CPT-invariance violation

[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions
[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

0.0
000102030405060.708091.0

Reviews: §e+é’® Rasmussen et al., PRD 2017

Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

. u ™
» Neutrino decay 95% cred. int.
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 0.0,1.0 NH
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] [ l 2:0°0)
» Tests of unitarity at high energy all considered L.U- ;U
[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018; . U' 2 U' 8 l . U
Ahlers, MB, Nortvig, JCAP 2021] exp. included 0:1:0
0:0:1

» Lorentz- and CPT-invariance violation L
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; o L T
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015] e

» Non-standard interactions
[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing

[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argtielles et al., JCAP 2020; Ahlers, MB, JCAP 2021]

0.0 0.2 0.4 0.6 0.8 1.0

X e Brdar, Kopp, Wang, JCAP 2017

Reviews:
Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

» Neutrino decay

[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010;
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

» Lorentz- and CPT-invariance violation

[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions
[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing

[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argtielles et al., JCAP 2020; Ahlers, MB, JCAP 2021]

» Long-range ev interactions
[MB & Agarwalla, PRL 2019]

Reviews:

0.0
log(V.,/eV
Std. mixing param.: og(Veu/eV)
Varying 10 (I0) ) 0.9  _20.21-20-19-18-17—16

08 O Standard mixing

0.7

Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




Lorentz-invariance violation can fill up the flavor triangle

IceCube Collab., Nat. Phys. 2022 Forn=0 O . O ]_ s O
- (similar for n = 1)

Hiot = Hstg + Hnp

I ] : 2
Hsig = - Upyns diag (0, A3y, Am3; ) Upmins

2E
N 1.0 0.0
=% (/\_> Ul diag (O, Ons,Ops) U, 0.0 0.2 04 06 0.8 1.0
n = D
ae
See also: Ahlers, MB, Mu, PRD 2018; Rasmusen et al., PRD 2017; MB, Beacom, Winter PRL 2015;

MB, Gago, Pefia-Garay JCAP 2010; Bazo, MB, Gago, Miranda IJMPA 2009; + many others Argiielles, Katori, Salvadé, PRL 2015



IceCube Collab., Nat. Phys. 2022

10=28 =
N == BF > 10 === BF >31.6 N—10
10731 ‘
i —34
L 10
e8] _ |-
@) -
"‘\"3 _37 — —__"—-’———/ —————
S 310%
101 = iy
B 22
10—43 = -
0.0 0.2 04 0.6 0.8 1.0
Dimension-5 x, source flavour ratio (z: 1 — x: 0)g
CPT-odd New Physics (NP.) ) Key
Isotropic g
. p . —— Re(a(5>) —— Re(&(5)> !
Lorentz-invariance « M7 S Re(d) atm. limit (90%)
~violating e Re (i) Re(d,,)
coefficient Re(e?) Re(a?) :

.




Astrophysical sources Earth
| L ~up to a few Gpc |

|
Eg,
Decay changes the number ?
of each v mass eigenstate, N;, N,, N;

The flux of v, is attenuated by exp[- (L/E) - (m,/1,)]
——
Mass of v; Lifetime of v,




Astrophysical sources Earth
| L ~up to a few Gpc |

|
Eg,
Decay changes the number ?
of each v mass eigenstate, N;, N,, N;

Only sensitive to their ratio
—h—

The flux of v, is attenuated by exp[- (L/E) - (m,/1,)]
—
Mass of v; Lifetime of v,




Astrophysical sources Earth
| L ~up to a few Gpc |

|
Eg,
Decay changes the number ?
of each v mass eigenstate, N;, N,, N;
Lower-E v are longer-lived...

—

The flux of v; is attenuated by exp[- (L/E) - (m;/t,)]

... but v that travel longer L are more attenuated!
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|
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v, lightest and stable
(normal mass ordering) o= * y
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(If decay is complete)
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v, lightest and stable
(normal mass ordering) o= * y
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Astrophysical sources Earth
| L ~up to a few Gpc |
| |

Vz’ V3 - V1

\ J
Y
v, lightest and stable
(normal mass ordering) o= * y
-

-
-

(If decay is complete)

-
-
’ -
Fine print: N 2 3 ) ' N

» Decay can be incomplete
» Final-state v might be detectable or not v, lightest and stable

» Many more possible decay channels (inverted mass ordering)
(see Winter & Mehta, [CAP 2011)




Astrophysical sources Earth
| L ~up to a few Gpc |
| |

V.V >V

2/

R,
N

v, lightest and stable
(normal mass ordering)

Fine print: \ )
» Decay can be incomplete
» Final-state v might be detectable or not v, lightest and stable

» Many more possible decay channels (inverted mass ordering)
(see Winter & Mehta, [CAP 2011)
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What does neutrino decay change?

Flavor composition

Flavor content of mass eigenstates:

Flavor content © Vary 0;,3¢cp
Known to within 2% NH 0.1 0.9 Best Fit
0.2 16
0.8
W30
Be 0.7
0.4 06

| Ui | ? = | Upi(012, 023, 045, 6CP) | ’ _
A Ud* 0% U

Known to within 8%

Known to within 20%
(or worse)

0 01 02 03 04 05 06 07 08 09 1

. 2
MB, Beacom, Winter PRL 2015 | U ejl



What does neutrino decay change?

Flavor composition

v,V —V

N 27 3 1 Y,
Y

v, lightest and stable

(normal mass ordering) -
’ ’

0.5
U l?
|Ueil 06

v; lightest and stable
(inverted mass Ordering) 0 01 02 03 o,4|toj.:jlg.a 07 08 09 1




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. 01 ® v
B[] W 2020: NuFit 5.0 ' 09 W

1 L] [ 2040: JUNO

e ————

==12040 (pro ) IC15yr + Gen2 10 yr (% :
— 2040 (proj.): Combined v telescopes (Y

/ 7 7 7 7 7 7
00 01 02 03 04 05 06 07 08

Fraction of v,, f

/ / / / 0.0

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. ®
. 0.1
; g : 2020: NuFit 5.0 09 O
2040: JUNO
+DUNE 3 Avs
+HK Approx. today
(IceCube 2015
combined analysis,
Ap] 2015)
_____ e
& ...... 2
% ; ®
- =2040 (pro ) IC15yr + Gen2 10 yr e - 0.1
1.0 — 2040 (proj.): Combined v telescopes (¥
¢ 7 7 7 7 7 r 7 7 7 >—0.0

00 01 02 03 04 05 06 07 08
Fraction of ve, fe o

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844




What does neutrino decay change?

Flavor composition

v decay 0.0

All regions 99.7% C.R. ® v
. 0.1

M ] W 2020: NuFit 5.0 09 Hn

110 & 2040: JUNO

Approx. today

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844

(IceCube 2015
combined analysis,
Ap] 2015)
¢ ..... ‘®
Complete decay into

— 2040 (proj.): Combined v telesc@Pes

7 7 7 7 7 7N 7 i 7 7
00 01 02 03 04 05 06 07=U8 09 10

Fraction of v,, f

v, distavored by 2015
IceCube flavor measurement




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. 01 ® v
B[] W 2020: NuFit 5.0 ' 09 W

1 L] [ 2040: JUNO

12020 (p10].): IC 8 yr (99.7% C.R.)
==2040 (proj.): IC 15 yr + Gen2 10 yr
— 2040 (proj.): Combined v telescopes

/ 7 7 7 7 7 7
00 01 02 03 04 05 06 07 08

Fraction of v,, f

/ / / / 0.0

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. o1 ®
; g : eURIEENIEEES .0 09 Buwn Two ingredients:
2040: JUNO f ot ; i
puNe %2 O.SA V3 Distribution mixing parameters

& IceCube flavor posterior

e ————

==12040 (pro ) IC15yr + Gen2 10 yr (% :
— 2040 (proj.): Combined v telescopes (Y

/ 7 7 7 7 7 7
00 01 02 03 04 05 06 07 08

Fraction of v,, f

/ / / / 0.0

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844




What does neutrino decay Change? See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /

MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844

Flavor composition

v decay 0.0
All regions 99.7% C.R. 01 ® v
B[] W 2020: NuFit 5.0 ' 09 W

1 L] [ 2040: JUNO
+ DUNE

Two ingredients:
Ay, Distribution mixing parameters
& IceCube flavor posterior

0.2
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i e Approx. today

e ———

==12040 (pro ) IC15yr + Gen2 10 yr (% :
— 2040 (proj.): Combined v telescopes (Y
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What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. R
. 0.1
E g 2020: NuFit 5.0 09 O w
1 2040: JUNO
+DUNE O3 Avs
+HK

0.3

e

-2020 (prof.): IC 8 yr (99.7% C.R.)
==2040 (proj.): IC 15 yr + Gen2 10 yr (3
— 2040 (proj.): Combined v telescopes

/ / / / / / / / / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Fraction of v,, f

Two ingredients:
Distribution mixing parameters
& IceCube flavor posterior

Approx. today

 ——
Liopoe ety |

Neutrino lifetime, T [s]

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /
Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
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Song, Li, Argtielles, MB, Vincent, JCAP 2021
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See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /

What does neutrino decay Change? MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844

Flavor composition

d 0.0 10 6 Song, Li, Argtielles, MB, Vincent, JCAP 2021
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What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. 1.0 ®
. 0.1
. e 09 Own Two ingredients:
- 2000 J{I]J)I}TJ%E 0.2 A v Distribution mixing parameters
+HK ' ’Cﬁ\ 08 & IceCube flavor posterior
0.3 VTR

ﬁ
VA gl Approx. today

_____

o lifetime, T [s]

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /
Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /

MB, 2004.06844

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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Measuring flavor composition: 2015-2040

IceCube Collab., EPJC 2022

Song, Li, Argtielles, MB, Vincent, JCAP 2021
IceCube Collab., PRD 2019
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How knowing the mixing parameters better helps
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How knowing the mixing parameters better helps
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Back to the sources



From sources to Earth: we learn what to expect when measuring f, g

Sources Earth

Oscillations

cecccccc e e

(fe.ss fu,ss frs) (012,023,013, 6cp) (fe,0r fu,o, fro)

.

From Earth to sources: we let the data teach us about fa.s



Inferring the flavor composition at the sources
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Inferring the flavor composition at the sources
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Measuring enerqy-dependent
flavor composition



Flavor composition: measuring the energy dependence

Liu, Fiorillo, Argtielles, MB, Song, Vincent, 2312.07649
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Flavor composition: measuring the energy dependence
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Flavor composition: measuring the energy dependence
Future
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Flavor composition: measuring the energy dependence
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Measuring flavor anisotropy



Flavor anisotropy in the high-energy neutrino sky

Diffuse flux of

e N Does the high-energy sky shine equally brightly
y N A In neutrinos of all flavors?
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Energy- and direction-
dependent attenuation
inside the Earth

(Mostly

Undo attenuation and detector effects to infer flavor skymaps

Telalovic, MB, 2310.15224




Flavor anisotropy in the high-energy neutrino sky

Does the high-energy sky shine equally brightly
In neutrinos of all flavors?

From the angular distribution of detected
events in neutrino telescopes
(HESE cascades, tracks, double cascades) ...

Undo attenuation and detector effects to infer flavor skymaps

Y Vi v

Telalovic, MB, 2310.15224




Flavor anisotropy in the high-energy neutrino sky

Diffuse flux of

e N Does the high-energy sky shine equally brightly
In neutrinos of all flavors?

From the angular distribution of detected
events in neutrino telescopes
(HESE cascades, tracks, double cascades) ...

Double cascades
(Mostly from v;)

Undo attenuation and detector effects to infer flavor skymaps
... we infer the directional dependence of
e 9] — P
- . ; the diffuse fluxes of v,, v, v,

Telalovic, MB, 2310.15224




Flavor anisotropy in the high-energy neutrino sky

Diffuse flux of

e N Does the high-energy sky shine equally brightly
In neutrinos of all flavors?

From the angular distribution of detected
events in neutrino telescopes
(HESE cascades, tracks, double cascades) ...

How? Undo detection effects
(use public IceCube
HESE Monte Carlo)

leeees!
Double cascades
(Mostly from v;) v

Undo attenuation and detector effects to infer flavor skymaps
... we infer the directional dependence of
e 9] — P
- . ; the diffuse fluxes of v,, v, v,

Telalovic, MB, 2310.15224
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)
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Directional high-energy astrophysical neutrino flavor composition: Anisotropic (2040, all detectors)

This work: IceCube 2020 all-sky: Benchmarks:
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in present-day IceCube data
(Bayes factor is ~1)

We place the first constraints on
the flavor neutrino angular power

k spectrum a la CMB

/ There is no sign of flavor anisotropy\

Work led by

/

Bernanda
Telalovic



Why is this interesting for neutrino physics?

Because new physics can introduce preferred directions for different flavors

IceCube Collab., Nat. Phys. 2022
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Why is this interesting for neutrino physics?

Because new physics can introduce preferred directions for different flavors

E.g., compass asymmetries from Lorentz-invariance violation
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Towards
ultra-high energies
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Manufacturing UHE flavor sensitivity with two detectors

What if future UHE radio-detection
neutrino telescopes cannot see flavor?

Then we combine two of detectors:
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Lorentz-invariance violation at ultra-high energies
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Lorentz-invariance violation at ultra-high energies

0(3) 0(4) 0(5) 0(6) o o

C | l T T T ]
T 10730F :
< B .
> - :
Q [ ]
& | | | E
<Se 1040k v Quantum grayvity-motivated region v :
=& : :
) C ]
R4 C _'
5 10720k 3
Sk Apy :
.y - | This work: .
O - | Disfavored by ultra-high-energy astro. v (> 100 PeV) -
% 10~ 9E | (IceCube-Gen2 v,; + GRAND vy, proj. 10 yr, 90% C.L.)
=] - [ GRANDS50K, high v flux (120 vy + 119 v7) 3
-8 : Bl GRANDS50K, low v flux (12 v + 11.9 v¢) .
E 10-70L [ GRANDIO0K, high v flux (120 v, + 24 v¢) E
5 - I GRANDI0K, low v flux (12 vy + 2.4 v7) :
O C .
E 10~ 80 é_ Atm. v (GeV-TeV), ﬁ](fT), 5;‘? High-energy astro. v (TeV-PeV) —
- | (IceCube 2017,90% C.L.) (IceCube 2021, B > 31.6) ]
c [ 1 | | | | 1

3 4 5 6 7 8

Testagrossa, Fiorillo, MB, 231012215 Dimension of Lorentz invariance-violation (LIV) operator, d

10

@)

—10

=
Log1o(LIV coefficient x E44)

|
8]
S

|
N
(@]

Q1
H
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Multi-shower events from v, + v, in IceCube-Gen2 (radio)
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Multi-shower v, CC interactions in IceCube-Gen2 (radio)
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IceCube-Gen2 (radio) alone might measure flavor
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Accessing the full UHE flavor information

IceCube-Gen2 (no flavor-id) + GRAND:
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How does IceCube see TeV-PPeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current (NC) Charged current (CC)

v, + N—=> v + X v+ N—=[+X
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How does IceCube see TeV-PeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current (NC) Charged current (CC)
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At TeV-PeV, the average inelasticity (y) = 0.25-0.30
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How does IceCube see TeV-PeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current (NC) Charged current (CC)
Receives (1-(y
f’r_ Receives (y \
v+N9uv %’X) VZ+N9'\Z-’|-\}\<
Makes showerj

(e.m. or hadronic) or track

Makes hadronic shower

At TeV-PeV, the average inelasticity (y) = 0.25-0.30

62



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Ingredient #1:
Flavor ratios at the source,

(fess fuss fes)

Fix at one of the benchmarks
(pion decay, muon-damped, neutron decay)

or

Explore all possible combinations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Ingredient #1: Ingredient #2:
Flavor ratios at the source,

(fess fuss fes)

Fix at one of the benchmarks
(pion decay, muon-damped, neutron decay)

or

Explore all possible combinations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Ingredient #1: Ingredient #2:
Flavor ratios at the source, Probability density of mixing
(fess fuss frs) parameters (0,,, 6,3, 013, dcp)

Fix at one of the benchmarks
(pion decay, muon-damped, neutron decay)

or

Explore all possible combinations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations
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Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations
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Theoretically palatable regions: 2020 — 2030 — 2040

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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Theoretically palatable regions: 2020 — 2030 — 2040
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Fundamental physics with high-energy cosmic neutrinos

» Numerous new v physics effects grow as ~x,, - E" - L

» So we can probe k, ~ 4 - 10* (E/PeV)" (L/Gpc)! PeV!™

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10
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Fundamental physics with high-energy cosmic neutrinos

E.g,
n = -1: neutrino decay

» Numerous new v physics effects grow as ~x,, - E" - L } n = 0: CPT-odd Lorentz violation

n = +1: CPT-even Lorentz violation

» So we can probe k, ~ 4 - 10* (E/PeV)" (L/Gpc)! PeV!™

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10
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Three reasons to be excited

Song, Li, Argiielles, MB, Vincent, JCAP 2021
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Three reasons to be excited
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Flavor measurements:
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Three reasons to be excited
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Flavor measurements:
New neutrino telescopes = more
events, better flavor measurement

Oscillation physics:
We will know the mixing parameters

better (JUNO, DUNE, Hyper-K,
IceCube Upgrade)

Test of the oscillation framework:
We will be able to do what we want

even if oscillations are non-unitary
- 68



No unitarity? No problem

Song, Li, MB, Argiielles, Vincent, 2012. XXXXX
The 3 x 3 active mixing matrix is a
non-unitary sub-matrix of a bigger one:

Uel Ue2 Ue3 © \
Un Up U
U = UTl U7'2 UT3

)

Additional sterile flavors

The elements|U,;|” for active flavors can
be measured without assuming unitarity

o S ————— Because the sub-matrix is not-unitary

2 1.0 L

SR ] I Non-unitarity U U #+ 1), the “row sum” may be <1
. 09F _ 3v - 3v ’ y
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N 0850155020 2025 2030 2035 2040 Fllis, Kelly, Li, 2008.01088
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No unitarity? No problem
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Are neutrinos forever?

» In the Standard Model (vSM), neutrinos are essentially stable (t > 10 yr):

» One-photon decay (v, — v, +v): T > 10 (m,/eV)” yr

i Age of Uni
» Two-photon decay (v, = v, + v +y): t > 10> (m,/eV)” yr 7 (Ngf 40.5 [(J;;B/erse

» Three-neutrino decay (v, — v; + v, +v,): T > 10” (m,/eV)” yr

» BSM decays may have significantly higher rates: v, — v, + ¢

» We work in a model-independent way:
the nature of ¢ is unimportant if it is invisible to neutrino detectors

71



Are neutrinos forever?

» In the Standard Model (vSM), neutrinos are essentially stable (t > 10 yr):

» One-photon decay (v, — v, +v): T > 10 (m,/eV)” yr

i Age of Uni
» Two-photon decay (v, = v, + v +y): t > 10> (m,/eV)” yr 7 (Ngf 40.5 [(J;;B/erse

» Three-neutrino decay (v, — v; + v, +v,): T > 10” (m,/eV)” yr

N Nambu-Goldstone
» BSM decays may have significantly higher rates: v, — v, £ @) }— boson of a broken
symmetry

» We work in a model-independent way:
the nature of ¢ is unimportant if it is invisible to neutrino detectors
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Flavor composition: measuring the energy dependence

Expected from astrophysical processes
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Flavor composition: measuring the energy dependence

Expected from astrophysical processes
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Flavor composition: measuring the energy dependence

Expected from astrophysical processes
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Expected from new physics (e.g., v decay)
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Flavor composition: measuring the energy dependence
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More than one production mechanism?

Can we detect the contribution of
multiple v production mechanisms?

ndecay: pdamped: n decay:
1/3,2/3,0) (0,1,0)  (1,0,0)

Propagate to Earth l

fe

Assume real value k, =1 (k, =k, = 0)

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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More than one production mechanism?
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More than one production mechanism?

Can we detect the contribution of
multiple v production mechanisms?

fs = knf§ + kufs + knfs
ndecay: pdamped: n decay:

1/3,2/3,0) (0,1,0)  (1,0,0)

Propagate to Earth l

fe

Assume real value k, =1 (k, =k, = 0)
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[Adding spectrum information (not shown) will likely help]

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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More than one production mechanism?

Can we detect the contribution of
multiple v production mechanisms?
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More than one production mechanism?
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More than one production mechanism?
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More than one production mechanism?
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More than one production mechanism?

rerr[prrrr[prrrrprrr Tttt Tttt et T

Can we detect the contribution of 16F 2015 (measured) .
. . . i IC (Ap] 1, 98) @ NuFit 5.0 ]
multiple v production mechanisms? 2020 (projected): _
(projected)
14+ ¥ 1C8 yr @ NuFit 5.0 .
i 2028 (projected): i
fS — kﬂfg + kufg + k [ Bl 5 }I:;((;]i)efl\?ul:it 5.0+JUNO) ]
— — 12+ 2040 (projected): 2
. . . I (IC15 IC-Gen2 10 yr) ®
mdecay: —pdamped: 7 doway: O NUFIC5.04JUNO DUNE-HK)

1/3,2/3,0) (0,1,0) (1,0,

—
(@)
| T | T T

Propagate to Earth l

fe

Probability density P (k)
%

Assume real value k, =1 (k, =k, = 0)

. 2F
By 2040, how well will we recover the real value? i
[Adding spectrum information (not shown) will likely help]

0.0 01 02 03 04 05 0.6 07 0.8 09 1.0
Pion-decay fraction, k

Song, Li, Argtielles, MB, Vincent, JCAP 2021 ( 74




More than one production mechanism?
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Side note: Improving flavor-tagging using echoes

Late-time light (echoes) from muon decays and neutron captures can separate

showers made by v, and v, -
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Inferring the UHE flavor composition at the sources (1/2)

Assuming a high UHE flux

Average UHE vy, fraction at sources, f; 5 =1— fe5s

Posterior probability density, P(f.s)
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Inferring the UHE flavor composition at the sources (2/2)

10 yr vs. 15 yr, individual channels

Average UHE vy, fraction at sources, f,s =1 — fes
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Flavor composition: measuring the energy dependence
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