New physics from high-
energy cosmic messengers

Mauricio Bustamante
Niels Bohr Institute, University of Copenhagen

UNIVERSITY OF @E&F
COPENHAGEN @

Quantum gravity phenomenology
in the multi-messenger approach VILLUM FONDEN
July 13, 2023 ¢



\( 7 RIS
Y )
7
I"n'_‘

[ 7

b'g

ATLAS



DESY



DESY



New physics from high-
energy coSmic MesseRgers.

Mauricio Bustamante
Niels Bohr Institute, University of Copenhagen

UNIVERSITY OF @E&F
COPENHAGEN @

Quantum gravity phenomenology
in the multi-messenger approach VILLUM FONDEN
July 13,2023 S



keV MeV GeV TeV PeV EeV ZeV

’é\ [ . T T | T T
o 25 Zﬁg%fggggflﬁrﬁsﬁe:::::Z::Z::::::Z:Z:::Z::::::::Z:::::Z::::::::Z:Z:Z:::L:::E Gpc
v z
g Z 5 1 Mpc
% 20F - kpc
I . dpc
g 15F
3 C ; i
5 10 F 5 AU
Z s5-
o) i i - km
— 1 L | L | L | L | L | L | L | L | I

3 5 7 9 11 13 15 17 19 21

Logio(Neutrino energy/eV)

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333), adapted



keV MeV GeV TeV PeV EeV ZeV

Ve T | I T i T
E 5__th_§_r_\£é_abq_1_@_l_lniverse Supernova High-energy Ultra-high-en¢rgy
o 25 EGZKhorizon Gpc
O B
= _ - Mpc
S 20k |
iz - | - kpc
o B :

o | 7 P€
E 15 N |
) . :

. Solar Solar atm. : -
5 10 F , 9 AU
= [ Geoneutrinos LA
S I e
— 5 1S
N B " gkm
a1 I . I . 1 . 1 . 1 . 1 L

3 5 7 9 11 13 15 17 19 21

Logio(Neutrino energy/eV)

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333), adapted



They have the highest energies

A
' N
keV MeV GeV TeV PeV EeV ZeV
/é\ L Observable niversel S Irn \% | I | | I | Hi Ih- n rI | | Ul’:r -hi l|1- n:rI
S 25 ECzhann T S s
= - : Mpc
b B !
7 20F | qkpc
R They travel the™ ¢
9 15+~ . |
R longest distances !
> 10 - Solar Solar atm. O 4 AU
;‘E L Geoneutrinos % R
%0 VSBL SBL. p— = 4 km
’J 1 | | | | | | | | | | | -
3 5 7 9 11 13 15 17 19 21

Logio(Neutrino energy/eV)

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333), adapted



keV MeV GeV TeV PeV EeV ZeV

~~ T T I T T I T T I T T I T T I T : T
E ____th_g_r_@hl_e_[_j_mverse Supernova High-energy Ultra-high-en¢rgy

S 25 S4Kkhorizon Gpc
= : Mpc
S 9 Fk

2 . NN i ey kpc
"'8 n IceCube I;%i]\ggll\? 7 AP
o) o ANTARES | pc

Q 15 - KM3NeT e ’
— B P-ONE TAMBO Trinity

o - Solar Eee DN TAROGE | 4 AU
s 10 F S Ashra NTA 1%
Am [ Geoneutrings: : p EUSO — SPB2 ~
2 b e - i N\ N RET 2 HRg
2 5 § NN\ GCOS <<<<<<<<<< éh

%0 i», ] km
’J 1 | 1 | 1 | HE

3 5 7 9 11 13 15 17 19 21

Logio(Neutrino energy/eV)

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333), adapted



keV MeV GeV TeV PeV EeV ZeV

~~ T T I T T I T T T I I T : T
E ;__th_g_r_\ge_ahl_e_l_l_niverse Supernova High-energy Ultra-high-en¢rgy
o 25 pGZKhorizon
O -
= -
S 20F |
L : POEMMA . POEMMA kpC
o - LceCube BEACON . ZAP 4 pC
S o ANTARES | P
g 1o¢ KM3NeT PUEO
— - P-ONE TAMBO Trinity |
> - Solar & AR Baikal-GVD BROCE . - AU
c 10 - C K Ashra NTA : [Q
ﬁ [ Geoneutrin EUSO — SPB2 ~
Z ESNS ESSyB#iv: N\ N RET 2 HRg
2 5 e & tmosp XX GCOS .......... éﬁ
%0 i», = km
’J 1 | | 1 | 1 | Y
3 5 7 9 11 13 15 17 19 21
Logio(Neutrino energy/eV)

—_—

Synergies with lower energies

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333), adapted



Discovered in 2013

by IceCube
A
Ve ~

keV MeV GeV TeV PeV EeV ZeV
~~ T T I T T I T T I T T I T T I T : T
E ;__th_gmahl_e_[_j_mverse Supernova High-energy Ultra-high-en¢rgy
g 25 phsthoteon Gpc
= : Mpc
2 20F AN NN kpc
. N POEMMA .~ POEMMA p
o - LceCube BEACON - ZAP A pC
< 15 E ; ANTARES g | p
D : npi ; St KM3NeT % .
o ' Solrt PONE N e A
c>t$ 10 £ Baikal-GV D Ashra NTA ! [Q U
Am [ Geoneutrin EUSO — SPB2 ~
Z 5 N\ N RET 2 4 Rg
2 5 S B 4 tmOSp N\ GCQS <<<<<<<<<< éh
%0 :hh ] km
’J 1 | | 1 | 1 | |

3 5 7 9 11 13 15 17 19 21
Logio(Neutrino energy/eV)

—_—

Synergies with lower energies

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333), adapted



Discovered in 2013

by IceCube
A
~ ~
keV MeV GeV TeV PeV EeV ZeV
g T T I T T I T T I T T I T T I T : T
E L Observable Universe  Supernova High-energy Ultra-high-eng¢rgy
g 25 phsthoteon Gpc
= : Mpc
S 9 Fk
2 . B gy kpc
"8 . POEMMA . POEMMA
- feekue BEACON ~~  ZAP HpcC
< 15L ; ANTARES g ; p
= - Jinping . i KM3Nel \TAMBO  Trinit |
D N Solar & TAROGE | AU
c>t$ 10 F R Ashra NTA f 1%
Am [ Geoneutrin EUSO — SPB2 ~
Z 5 N\ N RET 9 4 Rg
bgo 5 S B 4 tmOSp N\ GCQS <<<<<<<<<< :é:
o] L - km
’J 1 | | 1 | 1 | Y
3 5 7 9 11 13 15 17 19 21
Logio(Neutrino energy/eV)
S > N _—_
Synergies with lower energies Increase TeV-PeV

v statistics

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333), adapted



Discovered in 2013 Predicted in 1969
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TeV-EeV v cross sections v self-interactions
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TeV-EeV v cross sections v self-interactions v scattering on Galactic DM
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TeV-EeV v cross sections v self-interactions v scattering on Galactic DM
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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




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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Standard expectation:
Power-law energy spectrum

Standard expectation:

Isotropy (for diffuse flux)
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into data-driven tests




Today
TeV-PeV v

Turn predictions
into data-driven tests

Key developments:

Bigger detectors — larger statistics
Better reconstruction
Smaller astrophysical uncertainties
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Note: v sources can be steady-state or transient
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c IceCube HESE (7.5 yr) extrapolated
g IceCube vy, (10 yr) extrapolated
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o IceCube HESE (7.5 yr) extrapolated
Q IceCube vy, (10 yr) extrapolated
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger
g IceCube vy, (10 yr) extrapolated
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source () Fang & Murase, cosmic-ray reservoirs
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Today Next decade

TeV-PeV v >100-PeV v
Turn predictions Make predictions for
into data-driven tests a new energy regime
Key developments: Key developments:
Bigger detectors — larger statistics Discovery
Better reconstruction New detection techniques
Smaller astrophysical uncertainties Better UHE v flux predictions

Similar to the evolution of cosmology to a
high-precision field in the 1990s

Made robust and meaningful by accounting
for all relevant particle and astrophysics uncertainties
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A selection of neutrino physics

c Neutrino-matter cross section

e Flavor

e New tests of Lorentz invariance




1. Neutrino-matter cross section:
From TeV to EeV
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Measuring the high-energy vN cross section

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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TeV-PeV:

IceCube

Earth is almost fully opaque,
some upgoing v still make it through




TeV-PeV: > 100 PeV:

IceCube IceCube
Earth is almost fully opaque, Earth is completely opaque,
some upgoing v still make it through but horizontal v still make it through
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2. Flavor:
Towards precision, finally

(with the help of lower-energy experiments)



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):

foz,EB — Z PVB—H/& fﬁ,S

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc \

E.g,
Oscillations change the number // T

of v of each flavor, N., N,, N,

Different production mechanisms yield different flavor ratios:
(ﬁz,S/ f 1,5y fr,S) = (N e,Sy N 1,5y N r,S)/ N tot

: - . N ,

Flavor ratios at EartM, 7): Stamdand osailistions.
] ]

fao = Z Pry—va I35 i ot i

[}

new physics
B=e,u,T e



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
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Measuring flavor composition: 2015-2040
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How knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)
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Theoretically palatable regions: 2020 — 2040
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Standard expectation: Standard expectation:

Power-law energy spectrum Qeo\(\)“‘ Isotropy (for diffuse flux)
2
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] /
qé'? /, ;@Qts gl(n')/ﬁg Bropegqtion
g:& ,// > | S

(Acts at br‘oduc’tjl)"n‘ v,
7/ /]

'y
: ! \
.Heavy relics ] /
DM annihilatio ] Long-range interattionse
DM deca ///] %Crewinterae' ns

«/DM-v interaction

DE-v interact
LorentZ+CPT violation

(Acté{at%{etecﬁ\i

‘L ’
More: PoS ICRCZ046 (1907.08690)

~~--élﬁiai£ll£§,M‘K, Kheirandish, Palomares-Ruiz, Salvadé, Vincent

4

/
Standaptl expectation:
Equa}'ﬁumber of Ve, Vy, Vz
'd

Standard expectation:

v and y from transients arrive
simultaneously

Note: Not an exhaustive list
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Repurpose the flavor sensitivity to test new physics:
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Repurpose the flavor sensitivity to test new physics:

Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose 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
0.8

Oyﬁec;ubezm
NAVAVAY

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

Reviews: f e,® MB, Beacom, Murase, PRD 2017
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

. 0.0
» Neutrino decay L 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]

&
g oF
0.8
\\\ // ‘\\ ,
N .
1.0 \ / \ /
/ 7 7 7 7 0.0
0.0 0.2 0.4 0.6 0.8 1.0
Reviews: v, fraction ( f e,EB) Ahlers, MB, Mu, PRD 2018

Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017



New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:
0.0,1.0

» 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 ol e
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; ?, 8 ®
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015] (4 A =

(EREE RS SRTTRRE L T CTER 0 0
0.0 02 04 06 0.8 1.0

@ Argiielles, Katori, Salvadé, PRL 2015

Reviews: (8
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017 €




New physics in flavor composition

Repurpose 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
000102030405060.70.8091.0

Reviews: §e+é’® Rasmussen et al., PRD 2017
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» 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
—
—
e’

» Tests of unitarity at high energy all considered

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018; ; I d d
Ahlers, MB, Nortvig, JCAP 2021] EXpP. INCluae

CoOmON
Y Y e Y
e £

» Lorentz- and CPT-invariance violation L
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; X 0.4 i e e
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015] T L T

S 90000

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
Reviews: Xe Brdar, Kopp, Wang, JCAP 2017

Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

: 0.0

» Neutrino decay y _ log(Vey /eV)
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; Std. mixing param.. 01 .
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] Varying 1¢ (IO) \ 09  _op i oo 1615 17 2

» Tests of unitarity at high energy

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

08 O Standard mixing

0.7

» 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:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017



3. New tests of Lorentz invariance



Standard expectation:
Power-law energy spectrum o\(\“ﬂ
e

o /
&
e
Q()v)i? ///@{Qts dlring propagation)
S / | |
& V \
(Acts at production /// / /

Standard expectation:
Isotropy (for diffuse flux)

«/DM-v interaction

7\

/ _LorentZ+CPT violation

(Acté{at%{eted\i

A\ o

4

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

More: PoS ICRC2019 (1907.08690)
Argitielles, MB, Kheirandish, Palomares-Ruiz, Salvad6, Vincent

Note: Not an exhaustive list









How to fill out the flavor triangle?
Forn=0 0.0,1.0

Hiot = Hgtg + Hnp (similar for n = 1) & @(1:2:0
1 &
Hgg = 2E PMNS dlag (0 AmZIfAm?al) UpMNs
E\"
Hnp =) (/\_) U} diag (On,1, On2, On3) Un
. n

This can populate all of the triangle —

» Use current atmospheric bounds on O, ;:
0, <102 GeV, O,/A, <10% GeV

» Sample the unknown new mixing angles

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, Salvado, PRL 2015



How to fill out the flavor triangle?
Forn=0

Hiot = Hstq + Hnp (similar for n = 1)
1
Hgg = 2E PMNS dlag (0 AmZIfAm?al) UpMNs
E\"
Hnp =) (/\_) U} diag (On,1, On2, On3) Un
. n

» Use current atmospheric
0,<10%2 GeV, O,/A, <

0.0,1.0

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, Salvado, PRL 2015
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Radio emission

* Bow-tie design, 3 perpendicular arms

| % * Antenna optimized for horizontal showers

* Frequency range: 50-200 MHz %\
« Inter-antenna spacing: 1 km i Ve



f Giant Radio Array for Neutrino Detection

Cosmic ray

| %—% * Antenna optimized for horizontal showers

. ngftie“’dgé’ign, 3 perpendicular arms

- Frequency range: 50-200 MHz ¢ @%\
» Inter-antenna spacing: 1km_ i Ve
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AP = Relative variation of flux of v, —




P _ <(I)a>

AP = Relative variation of flux of v, — 30

If the fluxes of all flavors were isotropic—

v, flux skymap (= v,) v, flux skymap
ADE = ADT ADH




AD?=ADT
ADH




(Subtract skymaps to

AP = ADPT remove common ADH

anisotropies from sky
source distribution)




(Subtract skymaps to
AP = ADPT remove common ADH
anisotropies from sky
source distribution)

AP — ADH

Any remaining
anisotropy in the
difference map is due
to propagation effects




Inferred: neutrino flavor fluxes Detected: events (IC HESE 7.5 yr)

Showing only the best-fit maps
A(I)e - A(I)T (The errors are \arge,!)
Cascades
ADH
Undo Earth absorption
! & detector effects
-
; i Tracks
ADE = ADT
Double
__ cascades

Telalovic & MB, In prep.




Spherical
harmonics
spectrum
decomposition
(a la CMB),
up to dipole (I = 1):

~1,0,1

Cr = % Z |CL1m’

m

Telalovic & MB, In prep.
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What's next?



Will likely happen: Larger detectors, higher energies



Flavor | Technique Neutrino Target Geometry
o s oz B, B
S| g 8 o 8 |= 5
Experiments Phase& Energy Site E = <2 g % B = % & § o @»
Online Date Range |2 5 7 S o B Rl B o< B g B
3 2|2 B 3|lmE 58 SEE EE T 2
SIS E |53 EZzEEE 3 EF S5
2010 TeV-EeV |South Pole v |V N v
[ 0 2021 TeV-PeV [Mediteranean v |V v v
Baika D 2021 TeV-PeV |Lake Baikal v IV v v
=0 2020 TeV-PeV |Pacific Ocean v |V N Vv
eCube-Ge 2030+ | TeV-EeV [South Pole vViIiv Vv v Vv
2014 >30 PeV [Moore's Bay N4 N4 N Vv
ARA 2011 >30 PeV [South Pole v v v v
RNO 2021 >30 PeV |Greenland v v N v
Many TeV-EeV : 2024/ PeV-EeV | Antarctica ¥ ¥ ¥ J
A A 008,2014,2016| EeV  |Antarctica v Vv v N4 N4 N
v telescopes PUEQ 2034| FeV |Antarctica v J % Y v Y
. i 2020 EeV  |China/ Worldwide |V v v v/ v v
n plannmg for BEACO 2018 EeV  |CA, USA/ Worldwidd v/ v v v v
ARO 2018 EeV  |Antarctica v v v v
2020_2040 A 2029| >100 EeV|Australia v v v v
2022 PeV-EeV |Utah, USA N4 v N v
PO A >20 PeV |Satellite v V|V v v v
O-SPB 2022| EeV |New Zealand N N N v
Pierre Auge 2008 EeV  |Argentina v v v v v/ v
AugerPrime 2022| EeV |Argentina v Y v v v VY v
elescope Arra 2008 EeV  |Utah, USA v Y v N v
\ Ax4 EeV  |Utah, USA v Y v
AMBO 2025-2026 PeV-EeV |Peru N N Vv Vv
Operational Date full operations began Abraham et al. (inc. MB),
Prototype Date protoype operations began or begin| 1 ppys G: Nucl. Part. Phys. 59, 11 (2022) [2203.05591] -
Planning Projected full operations 75




Is happening: Using many neutrino sources vs. one source



I NGC 1068 Astro. v,
TXS 05064056 ~ =—¢=— Astro. v, v,

10° 10* 10° 106 107
IceCube, Science 2022 EU [ GeV]




Must happen: Astrophysical unknowns cannot be ignored




Is happening: Using many neutrino sources vs. one source

Must happen: Astrophysical unknowns cannot be ignored

Example: neutrino decay p
See also (pseudo-Dirac v): Rink & Sen 2211.16520, Carloni et al. 2212.00737



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!




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




Astrophysical sources Earth
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(normal mass ordering) o= * y
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(If decay is complete)




Astrophysical sources Earth
| L ~up to a few Gpc |
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Vz’ V3 - V1
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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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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 Y
» 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)




What does neutrino decay change?
Flavor composition <~ > Spectrumshape <~ -  Eventrate




What does neutrino decay change?

Flavor composition

v,V —V

N 27 3 1 Y,
Y

v, lightest and stable

(normal mass ordering)

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




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

What does neutrino decay Change? Rasmussen et al., PRD 2017 / Denton & Tamborra, PRL 2018 /

Abdullahi & Denton, PRD 2020 / MB, 2004.06844 /
Song, Li, Argtielles, MB, Vincent, JCAP 2020

Spectrum shape

1 I IIIIIII 1 1 IIIIIII I I_~IIIIII
N V,V. >V
J 2’ 73 1
- 3 '\'\N I_!,\N/_
o — 10 )
N o IB Low energy: decay evident
é Tw ! — Transition region
= -9
— 1%
o |E 10 = = High energy: no decay
= O " VT
- _ N
5 = ~ --- No decay
Q 8 o m=10sev-! - Look for sigmoid-like
Z — -10 | : transition in spectrum:
1 O | L1 11111 1 1 1 11111 1 1 1 111 Challenging, but possible
MB, Beacom, Murase, PRD 2017 1 05 1 06 1 07 1 08 wlth more StﬂtiStiCS!

Neutrino energy E, [GeV]



Invisible decay: 15, v3 unstable, v stable [All limits: 95% C.L.]

—— Present (Diffuse: IC HESE 7.5 yr / NGC 1068: IC 10 yr)

- Forecast (Diffuse: HESE 159 yr / NGC 1068: 159 yr)

Using high-energy astrophysical diffuse v flux
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Valera, Fiorillo, Esteban, MB, In prep.



Invisible decay: 15, v3 unstable, v stable [All limits: 95% C.L.]
—— Present (Diffuse: IC HESE 7.5 yr / NGC 1068: IC10yr) ~ ----- Forecast (Diffuse: HESE 159 yr / NGC 1068: 159 yr)
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Invisible decay: 15, v3 unstable, v; stable [All limits: 95% C.L.]
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Using high-energy astrophysical diffuse v flux
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Invisible decay: 15, v3 unstable, v; stable [All limits: 95% C.L.]
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Using high-energy v from NGC 1068 galaxy
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No limits on :::::::::j
neutrino lifetime - EeEINEEESE
from a point [T — :

(o D G 4 s

[ ]
PL B Tight E, 1t § fs pion 8T, # T3 11y >
source 11 we 0 T AT Rl >
PL B Tight E, ¢t B fs pion 8T, #3113
g PL B Tight E, 1ot 8 fs free M T, £ T3 11
D T D RO

s >
nknOwn ' PL B Tight E, ¢t B fs free M T, £ T30 13
S. 0 T (A PR

PL B Tight E, 1ot 8 fs pion #T5 = T3 8153 >
PL B Tight E, 1ot 8 fs free

D TS T D - TR
DD

Valera, Fiorillo, Esteban, MB, In prep.



When you have eliminated all which is impossible
then whatever remains, however improbable,
must be the truth.

—Sherlock Holmes
(The Case-Book of Sherlock Holmes, Arthur Conan Doyle)



Standard Model explanations

When you have eliminated all Whitihrisimpessible_

then whatever remains, however improbable,

must be thetrath.

new Physics

(The Case-Book of Sherlock Holmes, Arthur Conan Doyle)
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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
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Neutrino energy = Proton energy / 20
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How knowing the mixing parameters better helps
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Quick aside: how to read a ternary plot
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First observation of a Glashow resonance
Predicted in 1960:

IceCube, Nature 2021
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First observation of a Glashow resonance
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First observation of a Glashow resonance
Predicted in 1960: First reported by IceCube in 2021:
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A feel for the in-Earth attenuation
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A feel for the in-Earth attenuation
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In-Earth distance to IceCube D [km]
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Larger neutrino-nucleon cross section
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Larger neutrino-nucleon cross section
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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
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Fix at one of the benchmarks
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Explore all possible combinations
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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
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or

Explore all possible combinations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian
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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)
2020: Use y’ profiles from 20— ]
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(pion decay, muon-damped, neutron decay) (solar + atmospheric -
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or Esteban et al., JHEP 2020 7]
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0.6
Note: 0.4-_ NuFit 5.0
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the new ones are Bayesian sin? 63



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)
2020: Use y’ profiles from 20— ]
1 1 1.8+ .
Fix at one of the benchmarks the 11\IuF1t 5.0 glo}lzal ,ﬁt ol
(pion decay, muon-damped, neutron decay) (solar + atmospheric -
+ reactor + accelerator) ki
Esteban et al., JHEP 2020 L2r
or www.nu-fit.org % 1.0 °
Explore all possible combinations Post-2020: Build our own = %%
profiles using simulations
Note: of JUNO, DUNE, Hyper-K ™% UNE
The original palatable regions were Ancetal., J. Phys. G 2016 02r ]
frequentist [MB, Beacom, Winter, PRL 2015]; DUNE, 2002.03005 040 04 050 0B 060 065

the new ones are Bayesian Huber, Lindner, Winter, Nucl. Phys. B 2002 s



Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

N x P, 0, ve N = (I)VO'VNG_LU”NTLN

—— S
Neutrino flux Cross section

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015
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Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):
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Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

Nx ®,0,ve N =®,0, e LovvnN
N e a—
Neutrino flux  Cross section
Downgoing neutrinos Upgoing neutrinos
(L short — no matter) (L long — lots of matter)
N o< ®,0,y N o ®,0,ye H7vmN
—— | ~ J
Degeneracy Breaks the degeneracy

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015



No unitarity? No problem
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What does neutrino decay change?
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What does neutrino decay change?
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What does neutrino decay change?
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New physics in the UHE vN cross section



New physics in the UHE vN cross section

Heavy sterile neutrinos
via the dipole portal
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New physics in the UHE vN cross section

Heavy sterile neutrinos
via the dipole portal
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HyN (UB)

Heavy sterile neutrinos
via the dipole portal
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How knowing the mixing parameters better helps
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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
58 16
© W36
e 0.7
0.4 06

| Ui | ? = | Upi(012, 023, 045, 6CP) | ’ |
A Ud* 7 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
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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;;;x)ferse

» 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




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

» Two-photon decay (v, = v, +y +7): 1> 107 (m,/eV)”’ yr 7 égf fé [(J;;?)/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




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

What does neutrino decay Change? Denton & Tamborra, PRL 2018 / Abdullahi & Denton, PRD 2020 /

Song, Li, Argtielles, MB, Vincent, JCAP 2020
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What does neutrino decay change? : _
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° See also: B tal., PRL 2002 / B 1d, MB, Winter, JCAP 2012 /
What does neutrlno decay Change? eease I\/fgf%rgaio;, Murase, PRDaZe(;l‘/;a/ Rasmussel?l Str al., PRD 2017 /
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See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /

What does neutrlno decay Change? MB, Beacom, Murase, PRD 2017/ Rasmussen et al., PRD 2017 /
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What does neutrino decay change?
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New neutrino interactions:
Are there secret vv interactions?
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Secret interactions of high-energy astrophysical neutrinos
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“Secret” neutrino interactions between
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):

Astrov
>L ~ gpvv

Relic vy
- New couphng
(g ;
Cross section: ¢ =2, s
4t (s _,’\MZ} + M2I2
"~ Mediator mass
MZ
Resonance energy: Eygs =
2m,,

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799

Looking for evidence of vSI

» Look for dips in 6 years of
public IceCube data (HESE)

» 80 events, 18 TeV-2 PeV

» Assume flavor-diagonal and
universal: g,, = ¢ &,

» Bayesian analysis varying
M, g, shape of emitted flux (y)

» Account for atmospheric v,
in-Earth propagation, detector
uncertainties

- /




No significant (> 30) evidence for a spectral dip ...

‘—’1_| IIII T IIIIIIII T IIIIIIII ETT7
l% BN This work: vSI (best fit + 68% C.L.)
— 10_7 I IceCube: power-law fit (68% C.L.)
- 4 IceCube: differential fit (68% C.L.)
o

|

£ 1078

Q
-
3
= 1077 ¢
a
[a\ =Y B
ge 10 i
£ 1007 F

— =

(4}
H i

< .

3 1071 ¢
= c

3 L

= I

—

o] —~12 -

> 10 -

cc i
= §

) 13 i | 1

104 10° 106 107 108

Neutrino energy E, [GeV]

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020
See also: Shalgar, MB, Tamborra, PRD 2020




No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling ¢

: |||| T T T 77 |l|| T T T TTT ||l ETTTL} O
l% B This work: vSI (best fit + 68% CL) { | A
— 10_7 I IceCube: power-law fit (68% C.L.) 3 ~  F
lm 4 IceCube: differential fit (68% C.L.) 1 SN 1987A SN 1987A
(\|l g = Shalgar et al. Shalgar et al.
-8 L 8
g 10 &
= 1077 F <
2 2
S I = IceCube HESE
= —-10 g-' -3 6 years
= 10 3 o) (this work)
= : O (90% C.L.)
e I —~
~ B 8 4
x _ — —
s 10 a1 = S
o E "8
= [ >
=
o 12 — —5 I =
> 10 c
cc -
E i BBN (ANgg = 1)
L —13 o NIRRT o 4 F b
~ 10 _ . .
10* 10° 10° 107 108 5 —4 -3 -2 -1 0 1 2 3 4 5

Neutrino energy E, [GeV] Mediator mass log,,(M/MeV)

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020
See also: Shalgar, MB, Tamborra, PRD 2020




No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling ¢
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