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Outline

1. What are high energy astrophysical neutrinos?
2. How do we know their flavour ratios?

3. How can Lorentz Invariance Violation cause
anisotropies?

4. How much can we constrain the effects with
data now?
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High Energy Astrophysical Neutrinos

@

A cosmic ray
produces pions
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High Energy Astrophysical Neutrinos

Pions decay to leptons
and neutrinos
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High Energy Astrophysical Neutrinos

Neutrinos oscillate
over several Gpc
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U= Upyns

New physics:
different U

. -
Neutrinos oscillat
over several Gpc
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High Energy Astrophysical Neutrinos

DeepCore
array
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High Energy Astrophysical Neutrinos

...then are detected in IceCube
as cascades
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High Energy Astrophysical Neutrinos

@

...then are detected in IceCube
as cascades, tracks -
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High Energy Astrophysical Neutrinos

...then are detected in IceCube
as cascades, tracks or double
cascades i

.
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High Energy Astrophysical Neutrinos

@

depending on the
neutrino flavour s
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Directional Flavour Ratios in HESE data

We can reconstruct neutrino energy, direction and

flavour
fe.®
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not to scale
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See: https://arxiv.org/abs/2310.15224
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Directional Flavour Ratios in HESE data

We can reconstruct neutrino energy, direction and

flavour
feo
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Directional Flavour Ratios in HESE data

Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
3 Bestfit W 10 B 20 0O 30 Best fit lo -+ 20 ® n*decay: (1:2:0)s ™ py-damped: (0:1:0)s A ndecay: (1:0:0)s
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Directional Flavour Ratios in HESE data

Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)
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Directional Flavour Ratios in HESE data

Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
¢3 Bestfit MW 1o 26 O 3¢ Best fit lo -+ 20 ni* decay: (1:2:0)s ™ p-damped: (0:1:0)s A n decay: (1:0:0)s
fo®
1.00

0.67

0.33

0.00

1.00

0.67

0.33

0.00

1.00
0.67
0.33
0.00
Equatorial
See: https://arxiv.org/abs/2310.15224 A

B. Telalovic, M. Bustamante


https://arxiv.org/abs/2310.15224

Flavour ratios?

f,, - ratio of flavour a = e, u,  at Earth

2.5 Pp

fa with Yo fy=1

d, - flux/amount of v, neutrinos

- energy integrated: TeV—-PeV (HESE range)

- time integrated: 7.5 years at IceCube
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How do we model the flux at Earth?

do,
dE dz

= dopoHy

X [E(z + 1)]*7Y

9 p(z)
h(z)(z + 1)2

X Z Pg_a fp s
p

Y
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How do we model the flux at Earth?

dd,,

r dopoHy ! constants

X [E(z + 1)]*7Y

9 p(z)
h(z)(z + 1)2

X Z Pg_a fp s
7 "SIZE MATTERS'NOT"
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How do we model the flux at Earth?

dd,,

r dopoHy ! constants

X [E(z + 1)]*7Y

9 p(z)
h(z)(z + 1)2

X Z Pg_a fp s
p
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How do we model the flux at Earth?

dd,,

Edr Energy—redshift dependence

x [E(z + D]2Y

9 p(z)
h(z)(z + 1)2

X Z Pg_a fp s
p

changes all-flavour flux shape
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How do we model the flux at Earth?

do, B
dE dz
x [E(z + 1)]*7Y

9 p(z)
h(z)(z + 1)2

X Z Pg_a fp s
p

Spectral index

-26 . . .
10 Spectral index variation

0.0 y=2.98+30
102 10 —-- p=298-30

50l [GeV?]

(4)
| (Aage )
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How do we model the flux at Earth?

ddECI); . Source distribution over redshift
x [E (Z T 1)]2_y ':E 107 Source redshift distribution
P (Z ) o) 0.0 p~ SER
“ W@z + 1) i N 10 —— pr(er1)

X Z P,B—>oc f,B,S
B

0.0 0.25 0.5 0.75 1.0
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How do we model the flux at Earth?

dd .o . .
2 = Source distribution over redshift
dE dz
2— .2
X [E (Z + 1)] 4 ‘E 10~ Source redshift distribution
p(z) & 00 p~ SER
X — |10 10 - e 2
h(z)(z + 1)? g Pl
X Z Pﬁ—)d fﬁ,S
4
So far, no
anisotropies are
introduced! 1.0

0.0 0.25 0.5 0.75 1.0
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How do we model the flux at Earth?

do,
dE dz

= ®,poHy ! Anisotropy in flavour oscillation

X [E(z + 1)]*7Y

9 p(z)
h(z)(z + 1)2

X Z Pﬁ—wc f,B,S
B
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How do we model the flux at Earth?

do,
dE dz

= ®,poHy ! Anisotropy in flavour oscillation

X [E(z + 1)]*7Y

9 p(z)
h(z)(z + 1)2

X Z Pﬁ—wc f,B,S
B

1
Hior = % UPMNSMU;MNS + Hppy

P
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How do we model the flux at Earth?

do,
dE dz

= ®,poHy ! Anisotropy in flavour oscillation

X [E(z + 1)]*7Y

9 p(z)
h(z)(z + 1)2

X Z Pﬁ—wc f,B,S
B

1
Hior = % UPMNSMU;MNS + Hppy

Pp-a = [(vgle™ott]vg)|
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How do we model the flux at Earth?

do,
dE dz

= ®,poHy ! Anisotropy in flavour oscillation

X [E(z + 1)]*7Y

9 p(z)
h(z)(z + 1)2

X Z Pﬁ—>a f,B,S
B

1
Hior = % UPMNSMU;MNS + Hppy

Pp-a = [(vgle™ott]vg)|

Averaged over long distances

Pﬁ—m"'Zanilz‘U,Bilz
L
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How do we model the flux at Earth?

d¢ 3 * ° °
1K ;Z = dypoHy? Anisotropy in flavour oscillation

X [E(z + 1)]*7Y 1 |

p(z) Hior = 2FE UpmnsMUpyys + Hiiy
X
h(z)(z + 1)? _ ,
Ppoa = |[(vg|erott vy )]
X Z Pﬁ—>a f,B,S .
B Averaged over long distances
) 2
U diagonalises Hiot P,B—>a~ |Uai| ‘U,Bll
i
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Lorentz Invariance Violation Ppoa~ zlvailzlvﬁil

Lorentz Invariance — no preferred inertial reference frame

Violation — there is a preferred inertial reference frame
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Lorentz Invariance Violation Ppa~ ) Wail?|Upil

o0 d—1
H, o = 2 -2 2 8D Yy + hc.
d=2 £=0,m

parametrises any
preferred reference
frame in the
Universe

See: Standard Model Extension https://arxiv.org/abs/1112.6395
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Lorentz Invariance Violation Ppoa~ zlvailzlvﬁil

0o d—1
E _ E ~(d
HLIV — Ed 2 ( ) Y + h C.
d=2 £=0m
Energy dependence
See: Standard Model Extension https://arxiv.org/abs/1112.6395 COTINAS m
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Lorentz Invariance Violation Ppa~ ) Wail?|Upil

o) d—1
Hy .y = 2 E2Yy a@y,  +he
d=2

f,m

Energy dep endence . LIV effect on P, o for (a3 =510

Pixel variation Bounding pixels
B P == MaxP, ;. pixel
B P, === Min P,_,, pixel
P, ‘ !

Flavor transition probability, P, _, o

10¢ 105 106 107 108
Neutrino energy [GeV]

See: Standard Model Extension https://arxiv.org/abs/1112.6395 CMIVERSTTET

UNIVERSITET @@ 0
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Lorentz Invariance Violation Ppa~ ) Wail?|Upil

00 d—1
_ ~(d
HLIV — Ed 2 ag)n),l Y[,m + h C.
d=2 fm

Energy dep endence . LIV effect on P, 4 for (2374 =5-102

Pixel variation Bounding pixels
M P... -- MaxP,_,. pixel
0.8 — P(’—>‘ll -+ Min PP —e pixel

B P

effect is strongest
at resonance

2
oN

<
=~

Flavor transition probability, P, _, o
o
o

10* 10° 10° 107 10°
Neutrino energy [GeV]

See: Standard Model Extension https://arxiv.org/abs/1112.6395 KOBENTAVNS E
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Lorentz Invariance Violation Ppoa~ zlvailzlvﬁil

00 d—1
H, = 2 Ed-2 z 2\ Y, . + h.c.
d=2 f{m

Angular dependence

&9
See: Standard Model Extension https://arxiv.org/abs/1112.6395 COTINAS
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Lorentz Invariance Violation Ppa~ ) Wail?|Upil

Single-parameter, (aeff)z », model predictions

[ V All-sky mean /\ Expected all-sky mean: no LIV [0 Excluded by HESE 7.5 yr Assuming fs=(1:2:0) ]
(a) No LIV (b) Anisotropy Region (c) Dominant LIV
0.00 0.30 1.00 0.00 0.30 0.00 030 0.00 030
0.00 036 1.00 0.00 036 0.00 036 0.00 036 1.00

f@

0.00 034 1.00 0.00 0.34 1.00
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Lorentz Invariance Violation Ppa~ ) Wail?|Upil

o) d—1
H, o = 2 -2 2 8D Yy + h.c.
d=2 fm

See: Standard Model Extension https://arxiv.org/abs/1112.6395
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How do they manifest?

Lorentz-violating high-energy neutrino flavor anisotropy (IceCube HESE 7.5 years)

. 3 : .
Magnitude of ui&)i’ﬁ Measured flavor ratios at Earth: Benchmark flavor composition at the sources:
27

Std. osc.l25 T iy sewadaare 20 ©® m*decay: (1:2:0)s M p-damped: (0:1:0)s A n decay: (1:0:0)s

fe®

1.00

0.67

0.00

1.00

0.67

4 /
0.00 0.33  0.67

e

1.00

0.67

7 4 74
00 033 067 1.0 0.0 033 . 067 10
e e e e
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How do they manifest?

Lorentz-violating high-energy neutrino flavor anisotropy (IceCube HESE 7.5 years)

. 3 : .
Magnitude of ui&)i’ﬁ Measured flavor ratios at Earth: Benchmark flavor composition at the sources:
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How do we model the flux at Earth

do,
dE dz

= ®,poHy ! What flavours are produced?

X [E(z + 1)]*7Y

9 p(z)
h(z)(z + 1)2

X Z Pp_o fps
p
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How do we model the flux at Earth

do,
dE dz

= ®,poHy ! What flavours are produced?

x [E(z + 1)]?>7Y
p(z)

hWz2)(z+1)?2 - otherwise, stay agnostic

X Z Pﬁ—)d f,B,S
B

- assume negligible v, production
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How do we model the flux at Earth

dd,,

T = PopoHy” What flavours are produced?
VA

x [E(z + 1)]?>7Y
p(z)

hWz2)(z+1)?2 - otherwise, stay agnostic

- assume negligible v, production

’ Z[)’:Pﬁ_)a fB,S fS — (fe,S' 1— fe,S: O)
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How do we model the flux at Earth

do
yr C(lx = ®ypoHy ! What flavours are produced?
Z
2— —
x [E(z+ D] fs = (fess 1= fes 0)
" p(z) 10
h(z)(z + 1)?
10—26
X Z Ppoafps &
3 < 10
& 10—30
z
10732 { ! ! ! |
EEE All-sky mean > 68% no LIV
I Each pixel > 68% no LIV
1000 0.2 04 0.6 0.8 1.0
At-source v, composition, f, s
@
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Bayesian Procedure

do,
dE dz
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Bayesian Procedure

cha [deaz
dE dz '
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Bayesian Procedure

cha [dEdz: o f
dE dz @ @
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Bayesian Procedure

APy [usa
dE dz[ " Pe T Ja T L= 1_[ fp(fa(w)) (w)

pixels ¢
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Bayesian Procedure

APy [ asa
dE dz[ © Pe T Ja T L= 1_[ fp(fa(w)) (w)

pixels ¢

p - measurement in each pixel
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Bayesian Procedure

APy [ asa
dE dz[ © Pe T Ja T L= 1_[ fp(fa(w)) ()

pixels ¢

p - measurement in each pixel

f& - predicted flavour ratio in that pixel
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Bayesian Procedure

dq)a "dEdz‘
dE dz

v — fo =[] [p(fa@) @

pixels ¢

p - measurement pdf in each pixel
f& - predicted flavour ratio in that pixel

- priors on all parameters
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Bayesian Procedure

APy [ asas
St g, — f—s= [ [ e n

pixels ¢

p - measurement pdf in each pixel
f& - predicted flavour ratio in that pixel
- priors on all parameters

w - all model parameters
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Bayesian Procedure

APy [usa
dE dz[ " Pe T Ja T L= 1_[ fp(fa(w)) (w)

pixels ¢

Bid
e
an b

p - measurement pdf in each pixel

fz - predicted flavour ratio in that pixel

m - priors on all parameters g

w - all model parameters

00 @ ob @ e
veoee » . —
TE
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Bayesian Procedure

We fit each H,;;, parameter one-at-a-time

for each d > 3, there are 9d? parameters

B. Telalovic, M. Bustamante



Results
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Results

I=0 I=1 [=2 =3 I=4 [=5 I=6 1=7

=0 ~ me[-1,1] me[-2,2] mel[-33] ~  me[44 = me[-55] T mel[-66] — me[-77]

10730 I
10735 1 ]
oo T LTI ] i
o] aep=e ]

34 5 6 7 8 34 5 6 7 8 34 5 6 7
Dimension of Lorentz invariance-violation (LIV) operator, d

I Disfavored at 95% C.L. from IceCube 7.5-year HESE sample

%)

[
&)
1

10—30 ]
10—35 N

10-40 N

10—45 ]

—
(==

10—30 ]

)]

10—35 ]

LIV coefficient, | (3¢5 1[GeV4-1]

o

10—40 N

10—45 ]

Logio(LIV coefficient x EI‘E
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Directional info helps!

1.0
1 £ Assuming (1:2:0)s:
08_ ﬁ’%B O v all pixels
06 ' == LIV: pixel mean
| ZZzzusgk «=== No LIV -
. 041 0
202 /
00+—

Flavor composition at Earth, f,

](' - Disfavoured at 95%:
1 /&

.| Using directional flavour ratios

| Using sky-averaged flavour ratios

0 1030 10729 1028 1027 10727
LIV coefficient, | (a7 b [GeV 2]
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Take Home Message

Higher cosmic energies are
opening the window into
our fundamental assumptions
about the Universe
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Neutrinos are a unique probe
into fundamental physics
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Take Home Message

Higher cosmic energies are
opening the window into
our fundamental assumptions
about the Universe

Neutrinos are a unique probe
into fundamental physics

TeV-and-beyond neutrinos
have a lot to teach us

B. Telalovic, M. Bustamante
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