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The Elusive Neutrino

Standard Model of Particle Physics

small masses with
uncertain origin and scale

Iarge miXi ng betwee n 1947: Manchester University B 1g77: Fermilab

flavour and mass states d s b

potential source of CP — e
violation (leptogenesis?) | |

Dirac or Majorana
fermions

+ susceptible to
beyond-the-SM effects

(+ Higgs boson)
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Probe of Fundamental Physics
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I Mzjorana vs. Dirac I CP violation Flavor mixing

Mass ordering || Gz Cosmic backgrounds
Neutrino decay

Fundamental symmetries
Neutrino cross sections

Sterile neutrinos

Dark matter

[Ackermann, MA, Anchordoqui, Bustamante+ Bull. Am.Astron.Soc. 51 (2019)]
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Neutrino Cross Section
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Neutrino Cross Section

Center-of-mass energy +/s [GeV]
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[lceCube-Gen2 Technical Design Report: icecube-gen2.wisc.edu/science/publications/tdr/]

Markus Ahlers (NBI)

Georges Lemaitre Chair 2023


http://icecube-gen2.wisc.edu/science/publications/tdr/

1956: Savannah River Plant 1962: Brookhaven 2000: Fermilab

Le

T

electron neutrino muon neutrino tau neutrino

Superpositions of mass eigenstates!

3 flavour eigenstates |v,) with greek index (a = e, y, 7)
3 mass eigenstates |v;) with roman index (i = 1,2,3)

Mixing is parametrized by unitary mixing matrix U:
3
v) = ), Uk lu)

=1
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Two-Flavour Neutrino Oscillation

- Considering only two flavour oscillations (e.g. v, <> v))

I/ﬁ—>U

~ sin? (m3
() ~ sin“(20) sin ( 7

— m%)f)

- Similarly, the muon neutrino survival probability is given as:

@&)=1-P, _,, (£)

I/ﬁ—ﬂ/ﬂ I/ﬁ—ﬂ/ (

» Oscillation phase depends on mass-squared difference:

2 — .2 2

+ Can be expressed as:

AmZt Am? E \!
L~ 1.27 L) — -
A1E, eV?2 km / \ GeV
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Oscillation Probes

Oscillation measurement are based on reactor, solar, accelerator and
atmospheric neutrinos looking for the appearance and disappearance.

Source Type of v E[MeV]| Llkm] min(Am?)[eV?]
Reactor Ve ~ 1 1 ~ 1073
Reactor Ve ~ 1 100 ~ 107°
Accelerator Vi, Vi ~ 103 1 ~ 1
Accelerator Vi, Vg ~ 103 1000 ~ 1073
Atmospheric V’s vy e, Vpye ~ 103 10% ~ 1074
Sun Ve ~1 15x10% ~ 1071

(source: pdg.lbl.gov)

In practice, the destructive interference from the limited energy resolution

of the detector or size of the neutrino source, require L/E to lie within the
range of the first few oscillations.
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http://pdg.lbl.gov

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

L0 0 ci3 0 spe™| (e s O)[ei* 0 0O
U=|0 ¢35 53 o 1 0 —s i Ol 0 % o
O =83 3| =513 0 ¢4 o o0 1J\lo o 1

"atmospheric” &R Dirac phase "solar"  €P Majorana
mixing o sin 6, mixing phases

I ° — — ” 2 p— 2 . 2
(notation: ¢;; = cos 0;; & 5;; = sin6;; & Amj; = m; —m.)

best-fit values (NuFIT 5.2):
sin”@,, ~ 0.303 sin®@,; ~ 0.022 sin® 6, ~ 0.57

Amj, ~ 741 x107°eV:  Ami, ~ £2.5X 1079eV?
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Neutrino Mass Ordering

normal hierarchy (NH) inverted hierarchy (IH)
m2 m2
I — Vs 2
ATn’z‘ol
V1
Amezttm ?
A,’nzzxtm
®
P
A7”301 v
V1 V3

(source: neutrinos.fnal.gov)

colours show relative contribution of v, v/, and

Markus Ahlers (NBI) Georges Lemaitre Chair 2023


http://www.nu-fit.org
http://neutrinos.fnal.gov

Neutrino Selection

COSMIC ray

atmospheric cosm i C
neutrino °
atmosphetric neUtran

M

IceCube
up-going

down-going

cosmic ra)/
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Atmospheric Neutrino Oscillation

Atmospheric muon neutrino survival probability

as a function of energy and zenith angle 6,
0.0

102
energy (GeV) [lceCube, PRD 108 (2023) 1]
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Atmospheric Neutrino Oscillation

90% C.L. allowed region for atmospheric neutrino oscillation parameters

le—3
32 NOvVA 2021 — = MINOS/MINOS+ 2020
' —-=—- T2K 2023 === DeepCore 8 years - golden event sample
— SuperK 2020
3.0 -
2
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— 2.8 o
> )
2 N
— . 2.6- —
~NS e ~
& \ 2
< 2.4+ \ s
O
)
o
2.2
2.0- all contours at 90% C.L.,
' Normal Ordering

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
sin? (653)
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Tau Neutrino Appearance

+ 86% of v, global data from IceCube

—_
-
w

lceCube —p

= —
- High statistics of v_ allow to make E >
precision tests of the 3-flavour R =
° ° ° L O
oscillation paradigm. E N
=
] = 101 ¢ ;
- Tau neutrino appearance at 3¢ level = E
with normalization 0.49 — 1.03. 100 }
2000 2005 2010 2015 2020
Year reported
w00 | _— :EZ n :Ez o :Ei . g/:tn;o 3 No Oscillations e Agzlgts_li:sit,zéom/oc,:;oc;
3000 { - e %, a0%
2500 1 Analysis A, CC
% 2000 + Best-Fit 68%, 90%
Li Analysis B, CC
1500 + R . Best-Fit 68%, 90%
100 S oG8 ) Supercantr, ce oo B
| | W \ L Wy // - ﬂl : . :
i ”II//,,,,,/ // ., ] | |
10° 10! 10? 10° 0.0 0.5 1.0 15 2.0

L/E (km/GeV)

[lceCube, PRD 99 (2019) 3]

v; Normalization
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Outlook: IceCube Upgrade

7 new strings in the DeepCore

region (~20m inter-string spacing) T
. N .®

New sensor designs, optimized for . o° ¢ e.

ease of deployment, light °

sensitivity & effective area

New calibration devices,

incorporating lessons from a o e e S
decade of IceCube calibration
efforts

In parallel, IceTop surface
enhancements (scintillators &
radio antennas) for CR studies.

Aim: deployment in 2025/26

1000m

36 cm 30 cm
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Outlook: IceCube Upgrade

+ Precision measurement of
atmospheric neutrino oscillations
and tau neutrino appearance

- Improved energy and angular
reconstructions of IceCube data

25
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[IlceCube, PoS (ICRC2019) 1031]
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Matter Effects

Neutrino interactions Ve, Ve, Veu,r Ve .7
with matter single out
v, & D, and introduce
non-universal 7 7
effective potential.
e e e e~
Ar) 0 O
Veec@ =1 0 0 0 U, € 7 D,
0O 00
>WWW<
+\/§GF”e(l') v, W
A(l‘) =
_\/EGF”e(l’) U,
[Wolfenstein'78; Mikheyev & Smirnov'85] e Ve e e
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Matter Effects

Matter effects in atmospheric v oscillations are sensitive to mass ordering:

, [Choubey & Roy'06]
AM3.
P(v. = 1) ~ sin®0,{sin? 20, sin? 31

Am? + AM2 )¢ Af
P, —»vy)~1- sin® 26,5 cos” @ 5 sin’ <( L 51 + _>

SE 4

1%

3E 4

1%

(A3, — AMR)C Af)

—sin® 26,, sin® @ sin’ (

AM3, ¢
—sin* 6,{sin* 20, pin* )
* 4E
2 , -
) ) A’/’/1321 2 / 2 \2 2
sin“ 20,53 = sin“ 20, INYE AM5, =\ A\(Amj, cos 20,3 — 2E A)° j (Amjs; sin 20,5)
31

Maximal mixing sin°20@,, — 1 at energies E,.. ~ (4 — 8) GeV.
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Sensitivity to Mass Ordering
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Neutrino Cross Section

Center-of-mass energy +/s [GeV]
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[lceCube-Gen2 Technical Design Report: icecube-gen2.wisc.edu/science/publications/tdr/]
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Sensitivity to Mass Ordering
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WIMP Dark Matter

Weakly Interacting Massive Particles (WIMPs) are well-motivated
DM candidates that appear in extensions of the Standard Model,
e.g., by supersymmetry.

SM X X X X SM
SM X SM SM X SM
"make it" "shake it" "break it"
: direct observation in Indirect observation
.thermal FirOSUF\tgze scattering by final stable SM
in the early Universe experiments —
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Annihilation and Decay

- Neutrino emission from DM annihilation (p, = m_n ) at a rate:

X XX
ann < OpV > dN dec F dN
07w = p21) e G m=pm

- Neutrino flux observed per solid angle from Earth’s location rg:

Pu(Er) = UZ Foimuy ), dt p;(re, + 1) ;ZAn:; C;]ZZ
) "7 —f;ctor" )
“@—fe;ctor“
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Galactic DM Distribution

Distribution of neutrino flux depends on the "cuspiness" of the
Milky Way dark matter distribution, in particular for the

annihilation signal (_#-factor).

1025 1025

I | NFW 1] T NFW
j_faCtor = == Burkert 9 _faCtO r === Burkert

[lceCube, PRD 108 (2023) 10]
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Neutrino Spectra from DM

Neutrino energy distribution from dark matter decay or annihilation.

] —— bb m— T T

102 -
% i
< 1]
Z. 10 5
= ]
[

100 ;

10—> 1074 10-3 104 101 109
E/Emax [IlceCube, JCAP 10 (2023) 003]
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Indirect DM Limits

Upper limits on velocity-averaged self-annihilation cross-section.
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Cosmic Neutrinos & PeV DM

Distribution of cosmic neutrinos from 2013 HESE analysis.
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DM Annihilation in the Sun

—-= PICO-60 2019
=== Super-K 2015 T

Super-K 2015 bb

+ Evolution of the DM density in

compact celestial objects: RARL ANTARES 2016 b4—T—T—T]
- -+ ANTARES 2016 1T
) i —— IceCube 2021 T% 1

IceCube 2021 bb
—— IceCube 2021 vv

. " 1038
n,= Qc— 2(%")7

* DM equilibrium density:
Oc

(O4V)

My eq =

» The neutrino emission
proportional to capture rare:

Nyl

10_41 3 3
QCdNI/ C 11 : - |.....|2 o, 3
ann — p 10 T
Qva (l‘) ) dEy X 6)(N .

[IceCube, PRD 105 (2022) 6]
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Probe of Fundamental Physics

keV MeV GeV TeV PeV_ EeV ZeV
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Neutrino decay

Fundamental symmetries
Neutrino cross sections

Sterile neutrinos

Dark matter

[Ackermann, MA, Anchordoqui, Bustamante+ Bull. Am.Astron.Soc. 51 (2019)]
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Sterile Neutrinos

- Sterile O(1) eV neutrino motivated by
anomalous data of accelerator, reactor,
and radioactive source experiments:

v, = V,& U, = U, appearance
(LSND & MiniBooNE)

v, & U, disappearance
(reactor, GALLEX & SAGE)

- |lceCube is sensitive to the "3+1" sterile
neutrino model:

Ujsa = R34Ry 4R 4 Uppins

- Energy-dependent distortions of
atmospheric v, & U, disappearance in

matter-enhanced oscillations.
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Sterile Neutrinos

|U,u4|2 =sin’6,, & |Ue4|2 = |UT4|2 =0

Am3; = 0.03eV? Am?3, = 1.0eV? Am3, = 3.0eV?
100
= 10*
S
. 80
X
0 60 g
1.0 -08 -06 -04 -02 0. -10 08 -06 -04 -02 0. -10 08 -06 -04 -02 00 5
D)
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[IceCube, PRL 125 (2020) 14; PRD 102 (2020) 5]
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Sterile Neutrino Searches

Best-fit contours in for stable (left) and unstable (right) sterile neutrinos.
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[IlceCube, PRL 125 (2020) 14; PRD 102 (2020) 5] [IlceCube, PRL 129 (2022) 1]
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Nonstandard Neutrino Interactions

] L. ] l+e, €, €
Hamiltonian including ce ey et
L[] [ e *
nonstandard interactions H_ ..x)=Vcc) | €. €y €u
I . % *k
with matter: ek eF e,
P vy + Uy 1.01 CL 95% 95% CL
e 1 Region
f':D + 3 90% CL Sensitivit}: 90% CL
Hm i - i 1 Region
H® 2 CL 90% o C
9 N E ggegionL
. B T j 2 OLLH
‘ §L Data
% 9 = N OLLH
Q % Qf 1 - Data (10)
o H ~ 1 CL 68% Data
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Q He N .
w5 JHE 0 0 X '
e Uj 3 This Analysis 90% CL Result
. N s
:O S
= 7 s Analysis 90% CL Result (10
f Tt lysis 90 LI?—E(LL——.-q
He IceCube 2017 90% CL Result
o ——
Re(em ) = 0.0031 SK 2011 90% CL Result
ID’I(EMT> = OO 99 [a———— ———— g ——
04 0.0 i 0003 -0.004 0000 0004 0.008
COS(QS‘UC) Re(elﬁ)

[lceCube, PRL 129 (2022) 1]
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keV

Probe of Fundamental Physics

lceCube neutrinos test new energy and distance regime.

MeV GeV TeV PeV EeV ZeV

Olbservellble Ulniversle | | | | | | | | | |

E | |
o 25 EGZKThorizon T . | Gpc
% Supernova Ultra-high-ehergy _ Mpc
B 20 High-energy - kpc
.S C i |
T 15 F Cﬁ pc
¢ ) Solar A
= 10+ | = 740
= . Geoneutrinos 9 R
= : M
= D :
o0 i React N
,3 1 elac Or- . | . | . | | | | L i km

3 5 7 9 11 13 15 17 19 21
[Ackermann et al., arXiv:1903.04333]  Logjo(Neutrino ener

m? E”
’l/ N —_— —_—
H ) op- (vl + ) wil) + | Kl (ealva) (val +afva) (7al)
i v a
standard Hamiltonian "exotic" contributions?
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| orentz Invariance Violation

» Quantum gravity could modity dispersion relations of neutrinos (or

photons, CRs, etc.) inducing Lorentz Invariance Violation (LIV):
- - le.g. Alves Batista et al.'23]

E n
E*=p* [1£ | —
P <A>

* Modification of the neutrino velocity:

OE n+1 (E\"
WE)=—=~1=
op 2 A

» This causes energy-dependent time delays of cosmic neutrinos:

At = =%

n+1E61—E{l"Zd,(1+Z')”
<
2 A ), THE)

. TXS 05064056 v-y coincidence constrains A > 3 x 10'°GeV (n = 1).

[Ellis, Mavromatos, Sakharov & Sarkisyan-Grinbaum'18; Laha'18]
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| orentz Invariance Violation

» LIV can also modify neutrino oscillations via an anomalous energy
dependence of the effective Hamiltonian.

+ For isotropic LIV effects we can make the ansatz for the effective
Hamiltonian of flavour states: [Kostelecky & Mewes'12]

m2

He— 4+ §® — 6@ 4 F269 — F36©) 4
OE,

. The LIV 3 X 3 matrices a'? are CPT odd and ¢¥ are CPT even with
mass dimension 4 — d.

+ The flavour eigenstates can now be expressed as superpositions of LIV
Hamiltonian eigenstates |v,):

) = ) UA(E) | v,)
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Atmospheric Neutrinos & LIV

cosmic rays

A lceCube

s “\\\_ \\'
'V | 0
\ E

tau neutrino

horizontal

vertical
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Atmospheric Neutrinos & LIV

Limits on LIV operators using atmospheric neutrinos

dim. method type sector limits ref.
3 CMB polarization astrophysical photon ~ 1073 GeV 5]
He-Xe comagnetometer tabletop  neutron ~ 10734 GeV [10]
torsion pendulum tabletop  electron ~ 10731 GeV [12]
muon g-2 accelerator  muon ~ 10724 GeV [13]
. 1 : : o(3) 5(3)y < 2.9 X 1024 GeV (99% C.L.)
neutrino oscillation atmospheric neutrino |Re (a;7)|, |[Im (a7 )] < 2.0 x 10-24 GeV (90% C.L.) this work
4 GRB vacuum birefringence astrophysical photon ~ 10738 6]
Laser interferometer LIGO photon ~ 10722 [7]
Sapphire cavity oscillator tabletop photon ~ 1018 [8]
Ne-Rb-K comagnetometer tabletop  neutron ~ 1072 [11]
trapped Ca™ ion tabletop  electron ~ 1019 [14]
: R : : o(4) o(4)y; < 3.9x 10728 (99% C.L.)
neutrino oscillation atmospheric neutrino IRe (¢cp7 ), [Im (¢;,7)| <27 % 1028 (90% C.L.) this work
5 GRB vacuum birefringence astrophysical photon ~ 1073* GeV ! 6]
ultra-high-energy cosmic ray  astrophysical proton ~ 10722 to 10718 GeV ! 9]
: s : : o (5) a(5)y < 2.3 X 10732 GeV—! (99% C.L.) ..
neutrino oscillation atmospheric neutrino |Re (a7 )|, [Im (a,7)] < 1.5 x 1032 GeV—1 (90% C.L.) this work
6 GRB vacuum birefringene astrophysical photon ~ 10731 GeV~—2 6]
ultra-high-energy cosmic ray  astrophysical proton ~ 10742 to 1073% GeV—2 9]
gravitational Cherenkov radiation astrophysical gravity ~ 10731 GeV—2 [15]
. 1 : : o(6) o(6)y; < 1.5 x 10736 GeV—2 (99% C.L.) ..
neutrino oscillation atmospheric neutrino |Re (¢,7)], |Im (¢y,7 )| <9.1 x 10-37 GeV—2 (90% C.L.) this work
7 GRB vacuum birefringence astrophysical photon ~ 10728 GeV 3 6]
. R : o (7) a(My <83 x 104 GeV~=3 (99% C.L.) ..
neutrino oscillation atmospheric neutrino |Re (a,7 )|, |[Im (a,7 )| < 3.6 x 10-41 GeV—3 (90% C.L.) this work
8 gravitational Cherenkov radiation astrophysical gravity ~ 10746 GeV—* [15]
—45 —4
neutrino oscillation atmospheric neutrino |Re (8,282)|, [ Im (0(8))| S 3201 GV (€87 CL) this work

<1.4x107% GeV~* (90% C.L.)

[lceCube, Nature Phys. 14 (2018) 9]
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Cosmic Neutrinos & LIV

ternary graph 0.0

3-tlavor \4

oscillation 0.2
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® (1:2:0)s 44— on production
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induce oscillations.
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Cosmic Neutrinos & LIV

Cosmic neutrinos visible via their oscillation-averaged flavour.

Likelihood contours % 0 —— HESE with ternary topology ID
of observed Y Best fit: 0.20 : 0.39 : 0.42
flavour ratios Global Fit (IceCube, APJ 2015)

Inelasticity (IceCube, PRD 2019)

-------- 3v-mixing 3o allowed region

Ve - Uy @ Vr at source — on Earth:

0:1:0 — 0.17 : 0.45 : 0.37
e 1:220—0.30:0.36: 0.34
A 1:0:0 - 0.55:0.17 : 0.28
¢ 1:1:0—0.36:0.31:0.33

[lceCube, Eur. Phys. J. C 82, 1031 (2022)]

Fraction of v,
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Cosmic Neutrinos & LIV

0.0
1.0 m (0:1:0)s unitary mixing matrix

Unitarity L
bounds 02 ® (1:2:0)5 UTU= |
. 0.8 A ( : 0 0)5

Dos .
* &
— %
i\ Q(}(, ‘Ua> R Uaa‘”a)
s %
Ny %) a
<o 0.6 — .o
v 68% C. 04C~  superposition of flavor
Sé "/ /? .
3 N, ~7 ®,  and LIV eigenstates
0.8
ceCube 2015 | 0.2
1.0 \
/ / / / 0.0
0.0 0.2 0.4 0.6 0.8 1.0
Ve fraction (fe,@) IMA, Bustamante & Mu'18]
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Cosmic Neutrinos & LIV

0.0

unitary mixing matrix

U'U =1

3+1 unitarity
bounds

- ——

AN S LT AL \/\;{ . %
%, lv,) = ) U* |v,)
O %
& K o
L 2404 superposition of flavor
3 & and LIV eigenstates

95% C.L.

. — fe eCube2015 ................. ..................................... ..................................... N0 + 1 ster i I e neutr i no

<

/
1.0 —
OO f“ ]. - fS
0.0 0.2 0.4 0.6 0.8 1.0 active flavor ratios
. /
Ve fraction (fe,@) [MA, Bustamante & Willesen'21]
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Cosmic Neutrinos & LIV

Standard Scenarios

(1/3:2/3:0), + N.P.

Limits on LIV operators
using cosmic neutrinos

=== 68% C.L.
mm1 95% C.L.
b
0.4
°
0.7 ® )
2\0.3
0.8 *
. 9
(J x 0.2
0.9 :
'0 ’ 0.1
1.0 o® ;
/ / / / @ / A/ / 0
00 01 02 03 04 05 06 07 08 09 1.0
f‘6
J €
(—Ofe)(l:o:o)s—8‘2(1:0:0)5 w29 (1:0:0), )
[ New ] Ep (1:0:0)y mmm &% (0:1:0),
Physics (N.P.) gifl (0:1:0), 0(6 (1/3:2/3: 0),

J

dim coefficient limit dim coefficient limit (Ge : & : P2)s
3 Re(@) 6x102°Gev 4 Re(dy) 2x107°! (0:1:0)g
Re (a(5)) 3x 10727 GeV (°(6)) 7 x 10733 (0:1:0)5
Re (&) 3x 1072 Gev Re(°(6)) 4% 10733 (0:1:0)g
Re (a(S)) 5% 10727 GeV Re(°(6)) 1x 10732 (0:1:0)g
Re (@) 4x 10728 Gev Re (&%) 6x 10733 (1:0:0)g
Re (&) 6x 1072 Gev Re (&) 7x 1073 (1:0:0)g
Re (a(3)) 2 x 10727 GeV Re (c(‘”) 8 x 10734 (1:0:0)g
5 Re(@y) 3x107°Gev' 6 Re(él) 4x107*1Gev2  (0:1:0)s
Re (a<5>) 9% 1073 GeV~! Re (°(6)) 3x 1074 GeV™2  (0:1:0)g
Re(&;) 8x107% Gev~! Re (&) 7x107%GeV2  (0:1:0)s
Re (a(5)) 3% 10738 Gev~! Re (0(6)) 1x1043 GeV2  (0:1:0)
Re (@) 2x10735 Gev™! Re (&) 3x10736 GeV2 (1/3:2/3:0)s
Re (@) 7x10740 Gev~! Re (@®) 2x10% GeV2  (1:0:0)s
Re (&) 4x107% Gev~! Re (&) 6x10™ GeV2  (1:0:0)s
Re (a(5>) 2% 10738 GeV~! Re (°(6>) 6x 1074 GeV2  (1:0:0)s
7 Re@) 5%x10%°Gev> 8 Re(@®) 1x100Gev? (0:1:0)
Re (ai)) 4%10750 GeV~3 Re (&8 5) 6x 1076 GeV™*  (0:1:0)s
Re (&) 4x107% Gev3 Re (°(8>) 5%107°° GeV™*  (0:1:0)5
Re (aj:) 2%x107% GeV 3 Re (cﬁl)) 6x1075 GeV™  (0:1:0)s
Re (@”) 3x10745 GeV~? Re (&) 3x107%° GeV™* (1/3:2/3:0)s
Re (@) 8x10751 Gev3 Re (@) 3x10755Gev*  (1:0:0)s
Re (&) 2x107* Gev3 Re (&) 5x107° GeV™*  (1:0:0)5
Re (a(7)) 3% 1074 GeV 3 Re (c(S)) 8x 10756 GeV™  (1:0:0)s

[IlceCube, Nature 18 (2022) 11]
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Cosmic Neutrinos & LIV

Limits on the dimension-six operator.

10—32 _( N?z;Physics (NP.) )@ | Key - = BF > 10 — BF >~ 31.6 G
=== Re(Cec) = Re(c /T) : N Re(ce EG) atm. limit (90%) ‘
o —Re(cé;) Re( ) | log, (& B
10~ il iy |
\
A NN\ \\\\\\ \\\\\\
7
|
= 10758
O v v | Quantum Gravity
/—\\f‘q Motivated Region . ~
-— —40
< <510 | -
OU / ~
/ | -7
10+ e ~ <
— = e | =2
=== | o ~2
10745 1 -
S = N
10—46 | . | | | — |
0.0 0.2 0.4 0.6 0.8 1.0

z, source flavour ratio (r : 1 —x : 0)g
[IlceCube, Nature 18 (2022) 11]
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Neutrino Decoherence

» Quantum gravity could also induce - s
. . —-14 2
decoherence in the evolution of ~  *° ' « \a
the neutrino density operator: 2 °
> ? A \%
. : O 10-20 E
p=—ilH, pl—-2lp] = 1079
. S ’
- The non-unitary decoherence term = e Perturbation
D[ p] can be parametrized via 107279 1ok (2020)
o A SuperKamiokande (2000)
Lindblad operators. ® T Work !
. . 0 1 2 3
- For instance, uniform decoherence

. . _ Energy Power n
In the basis of mass elgenstates:

10 7 | - /-.,— %L— 2},‘
(0 P2 opi) RS
T | R A AR A PR S
1% . 0.5
@(p) — FO E ,021 O ,023 E:? VWBH: Phase perturbation
O - Invdei\r/;dtéalv
P31 Px 0 0.0 | | | e
0 200 400 600 _ 800 1000 1200
[IceCube, arXiv:2308.00105] L Larb. units]
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Visible Neutrino Decay

Slow decay of neutrino mass states v; — v; + X over cosmological
time scales impacts neutrino flavour fractions (left) and spectra (right).

Flavor content  ©)-1 Vary 6;,3¢cp -
NH Best Fit L
10 n
n
~ 107
LE> i - No decay -
> - — 7/m=10seV! -
@ 107" ' l TP TN RN
ne 10 i
/ )
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0.8/~ & S 109
Oyﬁe(;ube 2015 5
=z i
D 1070 Lovvsat St Lt vl i
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U 2 Neutrino energy E, [GeV]
| eil

[Bustamante, Beacom & Murase'l7]
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Energy-dependent flavour ratios testable with lceCube-Gen?2.

Visible Neutrino Decay

£5 = (0.33:0.67:0)

p—
3
=

Neutrino flux, ®, x E>*

p—
3
Q1

—
-
—

Markus Ahlers (NBI)

10° 10°
Neutrino energy, E, [GeV]

fa = (1:0:0)
|

—— @°, - decay

L S —
®°, - no decay

10! 103 10°
Neutrino energy, E, [GeV]

[Valera, Fiorillo, Esteban & Bustamante'23]
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lceCube-Gen2 Flavour Sensitivity

0.0

B Standard Model (VSM) 1.0

01 7t decay: (1:2:0)qg
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Fraction of v,

[lceCube-Gen2 Technical Design Report: icecube-gen2.wisc.edu/science/publications/tdr/]
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Neutrino Self

Interactions

Neutrino self interactions can modify cosmic neutrino

emission, for instance, by resonant scattering on the CvB.

Per-flavor v, flux, Earth E2 Jo [GeV cm 2 s sr1]

Neutrino energy E, [GeV]

[Bustamante, Rosenstroem, Shalgar & Tamborra'20]
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Neutrino "Echos" in TXS 0506+056

V-V (scalar mediator) V-DM & V-V (vector mediator)
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Exotic Signatures: Monopoles

Magnetic monopoles visible via characteristic electromagnetic
interactions or via monopole-catalyzed baryon decays in GUTs.

— Direct Cherenkov light
— |ndirect Cherenkov light
= = Luminescence with yield 0.2 H/MeV

— Luminescence with yield 1.0 4/MeV
2

—— Proton decay with cross section ¢,6=10"%" cm

107 T . | ! ! ! ! ! ! ! !

Light yield / v/cm

v=06c

Velocity / c [Pollmann'18]
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Limits on Primordial Monopoles

Neutrino telescopes sets meaningful limits on primordial monopoles
below the Parker bound (short-circuit of Galactic magnetic fields).

- ® - BAIKAL S yr - @ - IceCube-40 —— IceCube 8 yr
—— ANTARES 5 yr IceCube 1 yr
10" e I .................. I .................. I .................. I ................ -
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HH 16 [ : . . . : :
| 10° ke A B e S el . _
<y s : : : U ]
0 ; : : : - :
7 ' : |
Nm 107" _ Z
| : 5
g
= 10 |
= :
S 5
10-19 B
| | | |
0.5 0.6 0.7 0.8 0.9 1.0

[lceCube PRL 128 (2022) 5]
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- High-energy cosmic radiation has been a powerful probe of particle
physics in the 20th century (discovery of positron, muon, pion, ...).

» Neutrino astronomy offers complementary and unique probes of
fundamental physics.

- Long propagation baselines and large neutrino energies beyond the reach
of accelerator facilities.

» This allows us to study:
- atmospheric neutrino oscillations and neutrino interactions in SM

- dark matter in Milky Way, Sun, Earth, nearby galaxies, etc.

- neutrino decay, feeble interactions, non-standard oscillations

* elc.

- We only highlighted a few selected topics and probes!
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