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Why study fundamental physics with HE cosmic v?

e Neutrinos are weakly interacting
— New effects may stand out more clearly

e Neutrinos have a unique quantum number: flavor
— Powerful probe of neutrino physics (and astrophysics)

e It comes for free
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103 contained events, 15 TeV-2 PeV
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IceCube — What is it?

» Km?® in-ice Cherenkov detector in Antarctica

» >5000 PMTs at 1.5-2.5 km of depth

» Sensitive to neutrino energies > 10 GeV

e ST




How does IceCube see neutrinos?

Two types of fundamental interactions ...

Charged-current (CC) Neutral-current (NC)

vi+N — 1 + hadrons /\ vi+ N — v+ hadrons
kl/ These shower and make light \J
... create two event topologies . ..

Showers — From CC v, or v, or NC v, Tracks — From CC v,, mainly

Bad angular resolution (10’s deg) Good angular resolution (< deg)
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What has IceCube found so far (7.5 years)?
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What has IceCube found so far (7.5 years)?

Arrival directions compatible with isotropy
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What has IceCube found so far (7.5 years)?

Flavor composition compatible with equal proportion of each flavor
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Fundamental physics with HE cosmic neutrinos

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

» So we can probe k, ~ 4 - 10% (E/PeV)™ (L/Gpc)™* PeV'™
» Improvement over current limits: x, < 10 PeV, x; < 10™°

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing
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Fundamental physics with HE cosmic neutrinos

n = -1: neutrino decay

» Numerous new-physics effects grow as ~ x,, - E" - L » 7= 0: CP'T-odd Lorentz violation
n = +1: CPT-even Lorentz violation

» So we can probe k, ~ 4 - 10% (E/PeV)™ (L/Gpc)™* PeV'™
» Improvement over current limits: x, < 10 PeV, x; < 10™°

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing

In spite of
poor energy, angular, flavor reconstruction
& astrophysical unknowns
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Standard expectation:

Standard expectation:
Power-law energy spectrum

Isotropy (fo1] diffuse flux)
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Note: Not an exhaustive list
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Extrapolating the cross section to high energies
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Measuring the high-energy cross section

Optical depth to vN int’s — Distance from Earth’s surface to IceCube

Mean free path inside Earth
Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque

/TN

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 cross section

Distance from Earth’s surface to IceCube

Optical depth to VN int’s = = 1(E,,0,) x OyN

Mean free path inside Earth
Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
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Measuring the high-energy cross section

Distance from Earth’s surface to IceCube

. 1 h 'N - s —
Optical depth to vN int’s Mean free path inside Earth

T(E\H ez) X OvN

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
A&il
Nv,up ~ e_Tup ~ e_o'vN

Nv,dn

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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UHE uncertainties can be smaller:
Cooper-Sarkar, Mertsch, Sarkar et al., JHEP 2011

» Fold in astrophysical unknowns
(spectral index, normalization)

» Compatible with SM predictions

» Still room for new physics

» Today, using IceCube:

» Extracted from ~60 showers in 6 yr
—

Center-of-mass energy /s [GeV]

» Limited by statistics

» Future, using IceCube-Gen2:
» x 5 volume = 300 showers in 6 yr
» Reduce statistical error by 40%

Cross sections from:
MB & Connolly PRL 2019
IceCube, Nature 2017
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Extending the PDa

cross—section plot
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The fine print

» High-energy v’s: astrophysical (isotropic) + atmospheric (anisotropic)
— We take into account the shape of the atmospheric contribution

» The shape of the astrophysical v energy spectrum is still uncertain
— We take a E¥ spectrum in narrow energy bins

» NC showers are sub-dominant to CC showers, but they are indistinguishable
— Following Standard-Model predictions, we take 0 = 0-/3

» IceCube does not distinguish v from v, and their cross-sections are different
— We assume equal fluxes, expected from production via pp collisions
— We assume the avg. ratio <o /0 > in each bin known, from SM predictions

» The flavor composition of astrophysical neutrinos is still uncertain
— We assume equal flux of each flavor, compatible with theory and observations




Flavor composition

Astrophysical neutrino sources Earth

‘ Up to a few Gpc

Ve Ve

Flavor mixing changes the number

of v of each flavor, N,, N, N.
V; V;

» Different processes yield different ratios of neutrinos of each flavor:
( fe,S/ fu,s, f r,s) = (N esr Nys, Nxgs ) / Niot

» Flavor ratios at Earth (x = ¢, u, T):

fa,@: Z PVB%I/O[ fB,S

B=e,u,T



Flavor composition

Astrophysical neutrino sources Earth

‘ Up to a few Gpc

Ve Ve

Flavor mixing changes the number

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

» Different processes yield different ratios of neutrinos of each flavor:
( fe,s, fu,s, f r,s) = (N esr Nys, Nxgs ) / Niot

» Flavor ratios at Earth (« = ¢, y, T): ’/ oo

' Standard oscillations i

— ' or |
fo® = Z Prg—va 13,3 | new physics |
B=e,,T e ecccmce e l




Reading 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, e.g.,

(e:p:t) = (0.30:0.45:0.25)

electron flavor




One likely TeV-PeV v production scenario:
p+y—-mnt—-ut+v, followed by ut —-et+v.+v,

Full 7t decay chain
(1/3:2/3:0)s

Note: v and v are (so far) indistinguishable
in neutrino telescopes
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One likely TeV-PeV v production scenario:
p+y—-mnt—-ut+v, followed by ut —-et+v.+v,

Full 7t decay chain
(1/3:2/3:0)s

Muon damped
(0:1:0)s

/ / /
03 04 05 06 0. j : ; Note: v and v are (so far) indistinguishable

Fraction of v, in neutrino telescopes




One likely TeV-PeV v production scenario:
p+y—-mnt—-ut+v, followed by ut —-et+v.+v,
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Neutron decay
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One likely TeV-PeV v production scenario:
p+y—-mnt—-ut+v, followed by ut —-et+v.+v,

Oscillation R 1.0 7 decay

parameters
varied
within 3¢

0.9 p-damped

A A ndecay
0.8
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04
<

00 01 02 03 04 05 06 07 08 09 10
Fraction of v,

Full 7t decay chain
(1/3:2/3:0)s

Muon damped
(0:1:0)s

Neutron decay
(1 . O . O)s

Note: v and v are (so far) indistinguishable

in neutrino telescopes



0.0
B Standard Model (vSM)

7 decay: (1:2:0)q
p-damped: (0:1:0)g

0.1

A ndecay: (1:0:0)q

00 01 02 03 04 05 06 07 08 09 10
Fraction of v,

All possible flavor
ratios at the sources

_|_

Vary oscillation
parameters within 30

Note: v and v are (so far) indistinguishable
in neutrino telescopes



IceCube flavor composition

Today
IceCube

© 7t decay: (1:2:0)g
p-damped: (0:1:0)g
A ndecay: (1:0:0)g 02

00 01 02 03 04 05 06 07 08 09 1.0

» Best fit:
(feifuifi)e = (0.49:0.51:0),
» Compatible with standard
source compositions
» Hints of one v: (not shown)

Near future (2022)
IceCube upgrade

In 10 years (2030s)
IceCube-Gen2

0.0 0.0

—2AInLg —2AInLg

® 7 decay: (1:2:0)g
p-damped: (0:1:0)g
A ndecay: (1:0:0)g 0.2

@ 7 decay: (1:2:0)g
p-damped: (0:1:0)g
A ndecay: (1:0:0)g 0.2

0 5101520 253035 0.9 0 5 10 15 20 25

0.8 lceCube upgrade proj. 0.8 IceCube-Gen2 proj.

0.1 0.1
1.0
0.0 0.0
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
fe,@ fa@
\ )
—_——

Assuming production by the full pion decay chain

Plus possibly better flavor-tagging, e.¢., muon and neutron echoes

[ Li, MB, Beacom PRL 2019 ]



Flavor — What is it good for?

Trusting particle physics
and learning about astrophysics

0.0
e 1.0 Posterior P(fy5)(x10%)

® mdecay: (1:2:0)g
i p-damped: (0:1:0)g
A ndecay: (1:0:0)g 02

0.9 003 05 10 15 20

08 IceCube 2015

7

0.1
1.0
% 0.0
00 01 02 03 04 05 06 07 08 09 10
fes MB & Ahlers, PRL 2019

Trusting astrophysics
and learning about particle physics

Unitarity
bounds

\\ 1ceLu/B‘e 2015
1.0
Vs

0.0

Ahlers, MB, Mu, PRD 2018 Ve fl”&lC’ﬂOlf1 ( fe @




M Standard Model (vSM)

New physics:

v decay-like

New physics:
Lorentz violation 03

0.1

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of Ve  Ackermann et al., Astro2020 Survey (1903.04333)
Based on: MB, Beacom, Winter PRL 2015



M Standard Model (vSM)

New physics: 0.1
v decay-like

Standard oscillations:
10% of parameter space

New physics:

Lorentz violation 03

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of Ve  Ackermann et al., Astro2020 Survey (1903.04333)
Based on: MB, Beacom, Winter PRL 2015



B Standard Model (vSM) 1.0

Neutrino decay New phy51cs
30% of parameter space

Standard oscillations:
10% of parameter space

o0 01 02 03 04 05 06 07 08 09 1.0

Fraction of Ve  Ackermann et al., Astro2020 Survey (1903.04333)
Based on: MB, Beacom, Winter PRL 2015



M Standard Model (vSM)

Neutrino decay
30% of parameter space

New physics:

V2, V3 —=>Vy Or Vi,V —> V3

Flavor ratios determined by
how many v, v,, v; survive:

| Vv
° 08 1
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To/ My, T3/m3z > 10 s V-1

MB, Beacom, Murase PRD 2017
Baerwald, MB, Winter [CAP 2012

Standard oscillations:
10% of parameter space
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Fraction of v,

0.5

0.6

0.1
va >—0.0
09 10

Ackermann et al., Astro2020 Survey (1903.04333)
Based on: MB, Beacom, Winter PRL 2015




M Standard Model (vSM)

Neutrino decay
30% of parameter space

New physics:

V2, V3 —=>Vy Or Vi,V —> V3

Flavor ratios determined by
how many v, v,, v; survive:

| Vv
° 08 1
03y Ko7
04/ £ s
05/
U g 05 |y,
.
07y/
08y .
% 01
1y AR 50
00102 03 04 05 06 i
Ot ) S
Al
017 o0 vz u.:/, o 3
02/ o 02 o
03y i 03y S or
04/ Neo 04 S
05/ 2 05y 2
Uf 09 ©8 P U o5 (U
b S04 S 04
o7 03 07y
08 3 J
0sy/
b AVARVALVERYEVIMYE
001 02 03 04 05 06

ik 0708 09 1 ¢ 01 02 oa"iifl'zé::"lé’s' 07 08 08 1
To/ My, T3/m3z > 10 s V-1

MB, Beacom, Murase PRD 2017
Baerwald, MB, Winter [CAP 2012

Standard oscillations:
10% of parameter space

Lorentz, CPT
violation, etc:
,Full parameter space

F
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Fraction of v,
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Ackermann et al., Astro2020 Survey (1903.04333)
Based on: MB, Beacom, Winter PRL 2015



M Standard Model (vSM)

Neutrino decay New physics: 0.1
30% of parameter space Pegeay-like

New physics:

0.9 Standard oscillations:
10% of parameter space

0.2

LorentAviolation 0.3

V2, V3 = Vg or Vi,V = V3

Flavor ratios determined by

how many v, v,, v; survive: N
w0
o
w2, V1 o
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e W0 (U Q
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i giw
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2
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To/my, T3/m3 > 10 s eV \ \J \/ _ _ 1
/ 7 7 7 7 7 7 7 7
o0 01 02 03 04 05 06 07 08 09

MB, Beacom, Murase PRD 2017 .
Baerwald, MB, Winter J[CAP 2012 Fraction of Ve  Ackermann et al., Astro2020 Survey (1903.04333)
Based on: MB, Beacom, Winter PRL 2015



What lies beyond? Take your pick

» High-energy effective field theories
» Violation of Lorentz and CPT invariance
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; Kostelecky & Mewes 2004 ]
» Violation of equivalence principle
[Gasperini, PRD 1989; Glashow et al., PRD 1997

» Coupling to a gravitational torsion field
[De Sabbata & Gasperini, Nuovo Cim. 1981]

» Renormalization-group-running of mixing parameters
[MB, Gago, Jones, JHEP 2011]

» General non-unitary propagation
[Ahlers, MB, Mu, PRD 2018]

» Active-sterile mixing
[ Aeikens et al., JCAP 2015; Brdar, JCAP 2017]

» Flavor-violating physics
» New neutrino-electron interactions
[MB & Agarwalla, PRL 2019]

» New vv interactions
[Ng & Beacom, PRD 2014; Cherry, Friedland, Shoemaker, 1411.1071; Blum, Hook, Murase, 1408.3799 |

> ...



New physics — High-energy effects

_ Forn =0 0.0,1.0
Hiot = Hstg + Hnp (simil(aﬁ: forn=1) N ®(1:2:

1
Hgg = 2E PMNS dlag (O AmZI'AmM) UpMNS

EN" . .
Hnp =) (/\_) U} diag (On,1, On2, On3) Un

n

This can populate all of the triangle —

» Use current atmospheric bounds on O, ;:
OO < 10 GeV/ Ol/ A1 < 10% GeV

» Sample the unknown new mixing angles o fo i Jaim N
0ol 02 i Dd 06 O8] L0
D
€

See also: Rasmusen ef al., PRD 2017; MB, Beacom, Winter PRL 2015; MB, Gago, Pefia-Garay JCAP 2010;
Bazo, MB, Gago, Miranda IJMPA 2009; + many others Argiielles, Katori, Salvads, PRL 2015



New physics — High-energy effects

_ Forn=0 0.0,1.0
Hiot = Hstg + Hnp (simil(aﬁ: 7f10r = N ®(1:2:

1
Hgg = 2E PMNS dlag (O AmZI'AmM) UpMNS

E

Hnp = ) (/\_) U} diag (On,1, On2, On3) Uy

n

» Use current atmospheric /R
O, <102 GeV, O,/A; < \0?% GeV
» Sample the unknown new mikxing angles 5 Lol | st R .
0i0EE0 2 [0/ 06 0Bl 0
a®

See also: Rasmusen ef al., PRD 2017; MB, Beacom, Winter PRL 2015; MB, Gago, Pefia-Garay JCAP 2010;
Bazo, MB, Gago, Miranda IJMPA 2009; + many others Argiielles, Katori, Salvads, PRL 2015



Using unitarity to constrain new physics

Htot — Hstd + HNP Unitarity el O
bounds

» New mixing angles unconstrained

» Use unitarity (UNPUJ{\IP = 1) to boun
all possible flavor ratios at Earth

» Can be used as prior in
new-physics searches in IceCube
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1.0 \ / \ /
. \ A N /
Mg e N/
0.0

Ahlers, MB, Mu, PRD '2018 0.0 0.2 04 0.6 0.8 1.0
See also: Xu, He, Rodejohann, JCAP 2014 Ve fr ac tl on ( fe,@ )




Ultra-long-range flavorful interactions

» Simple extension of the SM: Promote the global lepton-number symmetries
L-L, L-L tolocal symmetries

» They introduce new interaction between electrons and v, and v, or v,
mediated by a new neutral vector boson (Z’):

» Affects oscillations
» If the Z’ is very light, many electrons can contribute

X.-G. He, G.C. Joshi, H. Lew, R. R. Volkas, PRD 1991 / R. Foot, X.-G. He, H. Lew, R. R. Volkas, PRD 1994
A. Joshipura, S. Mohanty, PLB 2004 / J. Grifols & E. Mass6, PLB 2004 / A. Bandyopadhyay, A. Dighe, A. Joshipura, PRD 2007
M.C. Gonzélez-Garcia, P..C. de Holanda, E. Mass6, R. Zukanovich Funchal, JCAP 2007 / A. Samanta, [CAP 2011

S.-S. Chatterjee, A. Dasgupta, S. Agarwalla, JHEP 2015



The new potential sourced by an electron

Under the L,-L, or L-L, symmetry, an electron sources a Yukawa potential —

A neutrino “feels” all the electrons within the interaction range ~(1/m")




The new potential sourced by an electron

Under the L,-L, or L-L, symmetry, an electron sources a Yukawa potential —
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A neutrino “feels” all the electrons within the interaction range ~(1/m")




Electron-neutrino interactions can kill oscillations
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Htot — Hvac
——

Standard oscillations:
Neutrinos change flavor
because this is non-diagonal
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Standard oscillations:
Neutrinos change flavor
because this is non-diagonal

l

Plfa—:*lfﬁ (Q’ij: 6CP)




Electron-neutrino interactions can kill oscillations
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Htot = Hvac + Veﬁ
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New neutrino-electron interaction:
This is diagonal
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— dl@g(VﬁjH, _VEIJ,-; U)
Htot — Hvac + Veﬁ
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New neutrino-electron interaction:
This is diagonal

Z’ parameters
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Electron-neutrino interactions can kill oscillations

Htot = Hvac + veﬁ
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The total potential

Cosmological electrons (10 )

Sun (10 H?E‘?) . _

Milky Way (10 ¢)

Not to scale
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Cosmological electrons (10 )

Sun (10 2 e) .

Milky Way (10 ¢)

Not to scale
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Neutrinos traverse different electron column depths




The total potential

Cosmological electrons (10 )

Sun (10 H?E‘?) . _

Not to scale

Moon and Sun:

Sun
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Treated as point sources of electrons




The total potential

P. McMillan 2011

Milky Way: M.]. Miller & J.N. Bregman 2013
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The total potential

Cosmological electrons (10 £ e)
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The total potential

Cosmological electrons: Causal horizon
: U (15 Gpc at z=0)
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Electrons in the local and distant Universe
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Electrons in the local and distant Universe

Interaction range 1/m., 8 [kpc]
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Electrons in the local and distant Universe
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An exciting decade ahead
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What are you taking home?

» Cosmic neutrinos are incisive probes of TeV-PeV physics

» We can do this now, in spite of astrophysical unknowns

» New physics comes in many shapes — so we need to be thorough

» Exciting prospects: larger statistics, better reconstruction, higher energies

More?

» Fundamental physics with high-energy cosmic neutrinos today and in the future, 1907.08690

» Astro2020: Fundamental physics with high-energy cosmic neutrinos, 1903.04333

> Astro2020: Astrophysics uniquely enabled by observations of high-energy cosmic neutrinos, 1903.04334
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Bonus: Measuring the inelasticity (y)

» Inelasticity in CC v, interaction v, + N - p + X:
Ex=yE, and E, =(1-y)E, = y=(1+E,/Ey)"

» The value of y follows a distribution do/dy MuonEtrack
t

T

» In a HESE starting track:

Ey = Eg, (energy of shower) y=(1+ E,/Ey)"
E, = E, (energy of track)

Hadronic shower

» New IceCube analysis: Eq
» 5 years of starting-track data (2650 tracks)
» Machine learning separates shower from track lceCube, PRD 2019
» Different y distributions for v and v
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New physics in the spectral shape: vv interactions

“Secret” neutrino interactions between

astrophysical v (PeV) and relic v (0.1 meV):

Cross section: o A

I
o
o

'H

|

i
I

’.—\

a1

(>}
I

1.25

0.75

o

ME

Resonance energy: B =

vV

 4m (s — sz + M2T2

0.50

0.25

v + ¥ flux at Earth E?]J [1078 GeV ecm 2 s~ sr1]

0.00

00—

-~
S

| | | |
"""" Free streaming

---- With attenuation

—— With attenuation + regeneration

M =10 MeV
¢ =0.03
m,=0.1eV

/
\
1 1% (III

103

MB, Rosenstroem, Tamborra, In prep.
Ng & Beacom, PRD 2014

Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799

Ll Lol Ll L
104 10° 100 107

Neutrino energy E [GeV]



New physics in the spectral shape: vv interactions

“Secret” neutrino interactions between

astrophysical v (PeV) and relic v (0.1 meV):
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New physics in the spectral shape: vv interactions

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

]

I
o
o

1 7olE
1% 1.50 -
1.25
Vv

1.00 S

§ 0.75

Resonance energy: B =

47 (s _(:142‘)2 1 M2T2

0.50 -1

\ .
~=-“Mediator mass

MZ

0.25

v + ¥ flux at Earth E2]J [1078 GeV em 2 s~ ! sr™!

= 500 TeV

T T T
""""" Free streaming

---- With attenuation
—— With attenuation + regeneration

M =10 MeV -
g =0.03
m,=0.1eV i

m., 0.00

MB, Rosenstroem, Tamborra, In prep.
Ng & Beacom, PRD 2014

Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799

L1 gl Lol T y, ]
103 104 10° 100 107 108

Neutrino energy E [GeV]



New physics in the spectral shape: vv interactions

“Secret” neutrino interactions between

astrophysical v (PeV) and relic v (0.1 meV): i IceCube TXS 0506 + 056 Sensitiv 13£5 exs evts.

v % 1
> o
10~ . F
L~ gbvv = |
v &b v x
R 2 \
10 ,
) 4 ¢
Cross section: o o A
o 7 -3
41 (s — M2)" + M2T2 0
=== (Pseudo)Scalar Mediator, v — vi ——= MFP =600 Mpc, E, =1 PeV
== (Axial—)Vector Mediator, vz — vz~ ——— MFP =600 Mpc, E, =1 PeV
iy l l
Resonance energv: M? 1073 10z 107! 1

Vv



New physics in the angular distribution: v-DM interactions

Interaction between astrophysical neutrinos and the Galactic dark matter profile —

60 ; T T T
E 60 TeV Sk e
Hdep > —— Atm. + Astro., no DM
50 | (B B — 121 gl i
_(SX7S¢) = (1/27 1),9 = \/5
40 | _(SX?S¢):(O71/2)’9::\/E ]
" .
wn
8 -
= 30 I M
% ——
20 ! —F l_ﬁ I_| -
I | [
I | - I I il Tt i
Galactic o 1 — FH i
0 i L L 1 1
21.3 log1o(ppr/GeVem™2) 23 0 30 60 90 120 150 180

Angle 6 from galactic centre (deg)
Expected: Fewer neutrinos coming from the Galactic Center

Argiielles, Kheirandish, Vincent, PRL 2017 Observed: ISOtrOpy



New physics in the angular distribution: v-DM interactions

Interaction between astrophysical neutrinos and the Galactic dark matter profile —

Fermionic DM
100 Vector mediator |

0.5
0.25 10

\ 0
1072 0.25

Cosmolo

Galactic

21.3 logyo(ppar/GeVem=2) 23 10-3 102 10-! 10°
m,, /GeV

Expected: Fewer neutrinos coming from the Galactic Center

Argiielles, Kheirandish, Vincent, PRL 2017 Observed: ISOtrOpy



New physics in the energy & angular distribution

Lorentz invariance violation — Hamiltonian: H ~ m?/(2E) + a® —E - ¢® 4+ E2.g® — E%. ¢c©

Y — G
_ (Using atmospheric neutrinos)

cosmic rays

E
S
| :
\ ]
3
Q y as |
L iecCue — )] =10"%Gev2  --- NoLV
horizontal 0.6 1 — |C£L(i-)| = [ G\ 2 * * Data -
|9:
tau neutrino x. . —_— |C£L(57)| e @

0.4

AR . R SR BN |
10° 10*
E L (GGV) IceCube, Nature Phys. 2018



New physics in the energy & angular distribution Forentz violation

Standard oscillations s NPT L L L L -!

4 \\ - 7 o --:------~:‘~\
Lorentz invariance violation — Hamiltonian: H ~\yn?*/ (2E )}k:ﬁ D_E.c®W 4 E2.q0®F3. O
I o g = o .
_— - (Using atmospheric neutrinos)

cosmic rays

i vertical / 5 horizontal

A owe — [ =1078GeV? - NoLv |
|§ horizontal 0.6 1 — |C£L(i-)| = [ G\ 2 + * Data -
0 5
tau neutrino x. . —_— |CEL6¢)| e @
0.4 — -
10° 10

E L (GGV) IceCube, Nature Phys. 2018



Lorentz violation

New physics in the energy & apgular distribution !/_,

Standard oscillations —”“\ ----------------- -
Lorentz invariance violation — Hamiltonian: H ~ m */(2E )rf— A _E.¢® 4 2. 560 .50 >

“. - =
e ccccacacaoaaooe =

Best bounds come from IceCube

1.00 ‘ ‘ . ‘ ‘ ‘ (Using atmospheric neutrinos)
AIIowed 3 ‘ | 3
0.75 4 o e _— -
0.50 1------ |
f E
025 S
Qb@ g £ R blat
= 0.001-- Excluded f |
S -
—0.25 4 ------- 1 3
—0.50 - 5
| A
el R — | =10%5Gev2 o= NoLv
o ‘ ‘ ‘ ' ‘ 0.6 — |19 =10%7Gev-2 t t Data §
10797 10736 10-3 10-3 10733 10-32 1031 10-30 102 ‘026‘7)‘ — 10740 CeV 2
pG(GeV) 0.4 SR TS RS A : . R S R T

10° 10*
E M(GGV) IceCube, Nature Phys. 2018



New physics in timing — TeV-PeV

Multiple secret vv scatterings may delay the arrival of neutrinos from a transient

L]
o o V. o ® " : .
® ® ‘o, ®
. — '0.. CvB or DM - ®
@ ® Ay, ®

scattered v

@ primary v

Earth ¢ v - - ®  Transient Source
@
Shoemaker & Murase, 1903.08607

Optical depth to vv: Ty, = n, 0w D

_

At ~ 1500 s (%7(3 gpc) (O,Tg\/) (O-lEIZe\/)

See also: Alcock & Hatchett, Ap] 1978

Characteristic time delay —

Mauricio Bustamante (Niels Bohr Institute)



New physics in timing — TeV-PeV

3 v-v (scalar mediator)
10" E g T T T T T T T
] i o’
100 E | P .
3 {(E=0.1 PeV)( E
- — — —— =
D 41 i l H
£ 10" F i | ) =
?:L lr/ .
(@] ! I v=-v
&) 2 L : o \4,;1 PeV) -
10 ! -
o i E
_3 E Shoemaker & Murase, 1903.08607
1 0 E : V=y e
(E=0.1 PeV) AT=3d —— -
p BBN' e | AT=30 s
i 10° 10 10" 16 10*
See also: Alcock & Hatchett, ApJ 1978 m[]) [MeV]

Mauricio Bustamante (Niels Bohr Institute)



Neutrino zenith angle distribution

are absorbed

101 . Some neutrinos
_E astrophysical v
in the Earth

| [ O

100 -

Figure by
Jakob Van Santen
ICRC 2017

Interactions km =3 sr—! yr—! E, > 100 TeV
=t
3
|

—1.0 —0.5 0.0 0.5 1.0
sin(d) = — cos(#) at the South Pole

Mauricio Bustamante (Niels Bohr Institute)



Peeking inside a proton

H1 and ZEUS

xf

0.8

0.6

04

(Parton distribution function)

0.2

< Extrapolation ses

Q% =10 GeV?

—— HERAPDF1.0

- exp. uncert.
E model uncert.

- parametrization uncert.

A. COOPER-SARKAR 2012

Mauricio Bustamante (Niels Bohr Institute)

(Fraction of momentum carried by parton)

mce up quark
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A feel for the in-Earth attenuation

Earth matter density Neutrino-nucleon cross section

(Preliminary Reference Earth Model)
Center-of-mass energy /s [GeV]

a
g 10° 10t 10°
T I I I =31
S, 10 3N YL YL Y ]
o L LEP Tevatron LHC FCC ]
12- - o : — 48
6‘\ GZK v ’,o" ]
Ut;b ‘/';:"//-
— 10+ - + 1032 P "
=] U ;f;,-
2 4z A
(] T ’,/'f
= 8- ) + .5 "A‘é}
> -
E § 10_33 F "‘“ =
o 6r m 7 ,4/
© e e
s &) é
Q P
5 4 i O o ---- Gandhi 98
= § 10734 -/ Connolly 11 =
i‘é ;/’ ==== Cooper-Sarkar 11 ]
2- 4 = e Block 14 v ]
.g - Argiielles 15 v
' ' : ! 'E 107 1 ..45. m|6' o ”'ISI Tl mlli)' Fall
8.0 0.2 0.4 0.6 0.8 1.0 % 10 10 10 10 10 107 10 10
r=r/R, Neutrino energy E, [GeV]
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A feel for the in-Earth attenuation

L0

Upgoing

cos9, = —1

Y

o
o0

o
o

e
N

!

{0BeV |
Sl cos0, = +1

0.0 l e L 1 | | DOWI’IgOlng
-10 -08 -06 -04 -02 00 0.2
Neutrino zenith angle cos 0,

o
ho

Neutrino attenuation factor e~ WwN, g~ &N

~
-

Mauricio Bustamante (Niels Bohr Institute)



What goes into the (likelihood) mix?

» Inside each energy bin, we freely vary
» N_.. (showers from astrophysical neutrinos)
» N_,.. (showers from atmospheric neutrinos)

» v (astrophysical spectral index)
> 0 (neutrino-nucleon charged-current cross section)

ast

» For each combination, we generate the angular and energy shower spectrum...
» ... and compare it to the observed HESE spectrum via a likelihood

» Maximum likelihood yields 0. (marginalized over nuisance parameters)

» Bins are independent of each other — there are no (significant) cross-bin correlations

Mauricio Bustamante (Niels Bohr Institute)



What goes into the (likelihood) mix?

» Inside each energy bin, we freely vary

» N_.. (showers from astrophysical neutrinos)
» N_,.. (showers from atmospheric neutrinos) Including detector resolution
» v (astrophysical spectral index) (10% in energy, 15° in direction)

> 0 (neutrino-nucleon charged-current cross section)

» For each combination, we generate the angular and energy shower spectrum...
» ... and compare it to the observed HESE spectrum via a likelihood

» Maximum likelihood yields 0. (marginalized over nuisance parameters)

» Bins are independent of each other — there are no (significant) cross-bin correlations

Mauricio Bustamante (Niels Bohr Institute)



Marginalized cross section in each bin

TABLE 1. Neutrino-nucleon charged-current inclusive cross
sections, averaged between neutrinos (JEE) and anti-
neutrinos (o5y), extracted from 6 years of IceCube HESE
showers. To obtam these results, we fixed oS5 = (055 /05N) -
oS5 — where (655 /0SK) is the average ratlo of ¥ to v cross
sections calculated using the standard prediction from Ref.
— and o)§ = 0S5/3, 00N = 055 /3. Uncertainties are

statistical plus systematic, added in quadrature.

E, [TeV] (E,) [TeV] (opx /ooN) 10%10[ (00N +o5N)/em?]

18-50 32 0.752 —34.35 + 0.53
50-100 75 0.825 —33.80 + 0.67
100-400 250 0.888 —33.84 + 0.67

400-2004 1202 0.957 > —33.21 (10)

MB & A. Connolly, 1711.11043

Mauricio Bustamante (Niels Bohr Institute)



Energy and angular shower spectra

Rate from all flavors, CC + NC:

d* Ny, _ dgN;ﬁi \Br dQNS(ljlﬁ' " Z dgNsﬁf
dEgdcost. dEgdcost. _ B_;; dFEg.dcos . L dE g, dcosb.,

Contribution from one flavor CC:

d* NG
dFg4,dcosé.

(Buycos0.) = —27pc NaVT { ®1(E, )0 (B, )e ™0 4 @:—(Ey)aé?é?(EJe““"“E’“Q”}’ /
E,=Eu/fi.cc

Conversion between shower energy and neutrino energy:

5 1 forl =¢e and t = CC
fit = E?h ~ < [(y)+0.7(1 = (y))] ~0.8 forl =7 and t=CC
v (y) ~0.25 forl =e,u,7 and t = NC

MB & A. Connolly, 1711.11043

Mauricio Bustamante (Niels Bohr Institute)



Detector resolution

Number of contained showers:

d* Ngh d2 N
= | dE d cos . 2 E. E E o 0
dEgepd cos 0, / Ehf R dEgnd cos &, R (Euty Baepr 0 En))Ro(c08 0, 0080, 0coso,)

Energy reSOIUtion: [Palomares-Ruiz, Vincent, Mena PRD 2015; Vincent, Palomares-Ruiz, Mena PRD 2016; MB, Beacom. Murase, PRD 2016 ]

1 (E'Eh — e )2 .
RE(EEha Ede 7JE(EE )) = E€Xp [_ - with O'E(E‘-;h) - 0'1th
’ \/QWJ?E(EEh) 20%‘1 (Esh) IceCI;be, JINST 2014 ‘
Angular resolution:
— 2-
RG(CDS 923(305 0., Jcosﬂz) = . EXp _(COSHJZ 2 = QZ)
A/ 211’0305 o 20 o 8;

with ..o = = [|cos(f, + gp,) — cosf,| + |cos(f, — 05,) — cosb,|] and o, = 15°

MB & A. Connolly, 1711.11043

M| —

Mauricio Bustamante (Niels Bohr Institute)



Likelihood

In an energy bin containing N$° observed showers, the likelihood is
—(Ngm 4 st Nje
 Bach energy bin s ndependent | £ — = N .

=1

Partial likelihood, i.e., relative probability of the i-th shower being from an atmospheric
neutrino or an astrophysical neutrino:

s ' t t t
t Depends on o,y ¢ L;=Ng"P* + Ny 'Pfsq
s Fl
RN R R R R R R R R R R R R R N n
max - 1 '
patm / Edep JE f L Jeosf dZN atm dzN atm ' PDF for this shower to be |
; = dep z < made by an atmospheric v »
'I.'J Ly 'l- .
e R R R RN R R R R R R R R R n
Fmax 1 2 t - 2 t - )
,pﬂst _ dep dE,; d cos 0 d NEﬂlf d Nsﬂﬁ ' PDF for this shower to be |
i n ep 4 Zd Fgepd cos 0, d Fgepd cos 0, Ea. . cos0 < : made by an astrophysical v »
ep 27 F-1 'l- I e et e e et e ccmcceeaad 1
MB & A. Connolly, 1711.11043 e .
See also: Palomares-Ruiz, Vincent, Mena PRD 2015; Vincent, Palomares-Ruiz, Mena PRD 2016 - Depends on vy and o N :

Mauricio Bustamante (Niels Bohr Institute) M dccccmessee===



Using through-going muons instead

0.9
» Use ~10* through-going muons g -+~ Neutrino
» Measured: dEPl /dx e “** Antineutrino
. {0y J —Weighted combination

> Inferred: E, ~ dE, /dx 3 oo T L
» From simulations (uncertain): S

most likely E, given E, § e |

? | il
» Fit the ratio 0, /0, o 04 me
+0.2 o3 1

1.30 _0.19](stat.)f6("£9(syst.) i 0.3 g
» All events grouped in a single 0.2 Accelerator

energy bin 6-980 TeV 04 1 Data

0.0

2.5 3.9 4.5 0.0 6.5
log4o(E, [GeV])

- 1
(&)

IceCube, Nature 2017
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Flavor composition — a few source choices

Mauricio Bustamante (Niels Bohr Institute)



Flavor composition — a few source choices

Std. mixing 0 (fofuf)s  Std. mixing 0 (fo:ffe)s
er&ip BF,16,3c 0.1y all free B,,-SQP BF,16,3c 01 all free
NH 0.2 (1200 {H o (1:2:0)
e 03 M (0:1:0) \_,, M (0:1:0)
| 0.7 1 (1:0:0) 1:0:0)
B 0.6 (1:1:0) 1:1:0)
fre fue fre
0.7 s - TR 0.7
0.8 — | | o.syyﬁ
Ojfﬁewbezoﬁ 0.1 OjﬁeCUbe 2015 0.1
)T TTT T T T T T T rrrr sy 0  ERER T SRR RERLS REREC SARIT LRS! g7~ 0
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
f e,o® MB, Beacom, Winter PRL 2015 f eo

Mauricio Bustamante (Niels Bohr Institute)



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, —

dL/dlog,,t [arb. units]

—— Hadronic [7
prompt === BN
shower |

muon =

decay

echo neutron
capture -

echo

For fe,q; = fr_q; s 0
Central value 0.1
M 16, 100 sh.

0.9 -/ Maximal
std. mixing

0 01 02 03 04 05 06 0.7 08 09 1
fe, 53] Li, MB, Beacom, PRL 2019



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, —

T

a8
10° | Ve — Hadronic [
prompt | --- E.m.
_— g h 2
7 10 shower
=
= 6
o 10r muon -
= decay
5 echo neutron
W 105 - capture -
iy echo
2
= 4
:3 10
o
10° !
| | | 1 |

For fe,q; = fr_q; s

Central value
M 16, 100 sh.

0.1

~10 x improvement over
current measurement

/
N / .
~~/ Maximal
std. mixing

0 01 02 03 04 05 06 07 08 09 1

fo.o

Li, MB, Beacom, PRL 2019




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, —

T

a8
10° | Ve — Hadronic [
prompt | --- E.m.
_— g h 2
7 10 shower
=
= 6
o 10r muon -
= decay
5 echo neutron
W 105 - capture -
iy echo
2
= 4
:3 10
o
10° !
| | | 1 |

For fe,q; = fr_q; s

Central value
M 16, 100 sh.

0.1

~10 x improvement over
current measurement

/
N / .
~~/ Maximal
std. mixing

0 01 02 03 04 05 06 07 08 09 1

fo.o

Li, MB, Beacom, PRL 2019




Hadronic vs. electromagnetic showers

05 | | | |

i For 100-TeV shower — ,CC
Q
|
45_ 4? 0.4
(L] =
: 3
S S 0.3
(1] e .
% o
; E
o N 0.2
= ©
: £
Q o
'E = 0.1
S
=

10° 0.0

10> 10! 102 10° 0 2 4 6 8 10 12

Shower energy [TeV] Number of muon decays [10° decays]
Li, MB, Beacom, PRL 2019



Energy dependence of the flavor composition?
Different neutrino production channels accessible at different energies —
0.40

TP13 Std. mixing 0 Vary 6;,0cp
0.38} Point TP13 01 0.9 Best Fit
1
0.36 N o o
0.34¢
®
2 0.32f ;
T,® u,e
0.30¢
0.7
0.28} 0s - .
0.26¢ ] O;f' 7 & ) 0.1
i i : e : 10" GeV 10 GeV 10" GeV :
40 45 5.0 55 6.0 6.5 7.0 10 e T e e S e 0
Log1 O(EV /G eV) . . - . fé,@ - . . MB, Beacom, Winter PRL 2015

» TP13: py model, target photons from electron-positron annihilation [rammer+, Astropart. Phys. 2010]
> Wﬂl be dlfflCUlt to reSOIVG [Kashti, Waxman, PRL 2005; Lipari, Lusignoli, Meloni, PRD 2007



... Observable in IceCube-Gen2?

| i R o ST LRI i R
1.0

T

0.9

0.8

0.7} } : _

0.6 | i

1

v, fraction at source

Borrowed from M. Kowalski

05 N L . TR ST T | N s N 3 2 331 L N L PR T E D | s M " g & b ai
104 10° 10° 107 108
E, [GeV]
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Flavor content of neutrino mass eigenstates

Flavor content for every allowed combination of mixing parameters —

Flavor content 01 Vary 0;,5¢cp

Known to within 2% NH 0.1 0.9 Best Fit
16
0.3 0.7 . 36
2 2 0.4
Uil :|szi(912/ 237 913/ CP>| 0.6
Ual® 05 U

Known to within 8%

Known to within 20%
(or worse)

7 7 7
0O 01 02 03 04 05 06 0.7 08 09 1
U 2 MB, Beacom, Winter PRL 2015

| Ul

Mauricio Bustamante (Niels Bohr Institute)



Measuring the neutrino lifetime Earth

VZ’ V3 - vl o 09 Vl
0.2 0.8 . 2
N Y / e a f 0 Ul
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1
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. 02
0.9 i i
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Measuring the neutrino lifetime

V,V, >V,
\ J
Y
v lightest and stable

Sources

0

0.4 gL 211 11

0.1
0.2
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038
: 0.7 f —
0.4 oD

205
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Mauricio Bustamante (Niels Bohr Institute)
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Measuring the neutrino lifetime

Mixing + decay ° No decay

Find the value of D so that decay is 0j,0cp: var. 3c O 0.9
complete, i.e., f, , = U, for NH

» Any value of mixing parameters; and
» Any flavor ratios at the sources

(Assume equal lifetimes of v , v,)

OWeCube 2015 o
V1 '
MB, Beacom, Murase, PRD 2017 1

Baerwald, MB, Winter, JCAP 2012 / / 7 7 0

7 7 %
g0 0.2 0.8 104 =05 0.6 07 038 09

fo,0




Measuring the neutrino lifetime
Fraction of v, v, remaining at Earth

i Mixing + decay ° No decay

Find the value of D so that decay is 0j,0cp: var. 3c O 0.9
complete, i.e., f, , = U, for NH

» Any value of mixing parameters; and
» Any flavor ratios at the sources

(Assume equal lifetimes of v , v,)

O&WeCube 2015 o
V1 '
MB, Beacom, Murase, PRD 2017 1

Baerwald, MB, Winter, JCAP 2012 / / 7 7 0

7 7 %
g0 0.2 0.8 104 =05 0.6 07 038 09

fo,0




Measuring the neutrino lifetime

Fraction of v, v, remaining at Earth

y Mixing + decay °)1 — No decay
: : s : 0.1 D=0.75
Find the value of D so that decay is 0;,0cp: var. 36 i
complete, i.e., f, o = [Uyl?, for NH 02 96 508
0.3 20 0.7
» Any value of mixing parameters; anc 0.4 \G e
» Any flavor ratios at the sources S / '
A 05 f &
(Assume equal lifetimes of v_, v.) 0.6 . 04
0.7 L
0.8 |
O:}VEeCube 2015 A e
MB, Beacom, Murase, PRD 2017 1 N/ 1\ ,

Baerwald, MB, Winter, JCAP 2012 / il Tl A Tai=la) e el / T 0

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

fe,0



Measuring the neutrino lifetime

Fraction of v, v, remaining at Earth

y Mixing + decay °) 1 — No decay
_ , 3 - 0.1 D=0.75
Find the value of D so that decay is 0;,0cp: var. 3o i e
, ) NH 0 . W D=0.50
complete, i.e., f, o = Uyl for ' 30 0.8
0.3 20 0.7
» Any value of mixing parameters; anc 0.4 \G .
» Any flavor ratios at the sources o /
: 05
fc,EB fu,ﬁB
(Assume equal lifetimes of v , v.) 0.6 - 504
07 - 0
a4
0.8 /"// 0.2
§~ I' /
OyﬁeCube 2015 G
MB, Beacom, Murase, PRD 2017 1

Baerwald, MB, Winter, [CAP 2012 ) i TEEEE 777777 ey ae ey
0O 01 02 03 04 05 06 07 08 09 1

fe,0



Measuring the neutrino lifetime

Fraction of v, v, remaining at Earth

y Mixing + decay °) 1 — No decay
| | e 0.1 D =0.75
Find the value of D so that decay is 0;,0cp: var. 3o > ED=050
. . ) NH 0.2 4G e
complete, i.e., f, o = Uyl for 08 mWD=010
0.3 20 0.7
» Any value of mixing parameters; anc 04 \G .
» Any flavor ratios at the sources o / |
i 05 f &
(Assume equal lifetimes of v , v,) 0.6 . 504
0.7 e
0.8 yy' 0.2
O&WeCube 2015 o
MB, Beacom, Murase, PRD 2017 1

Baerwald, MB, Winter, [CAP 2012 ) i TEEEE 777777 ey ae ey
0O 01 02 03 04 05 06 07 08 09 1

fe,0



Measuring the neutrino lifetime

Fraction of v, v, remaining at Earth

y Mixing + decay °) 1 — No decay
| | JF ! 0.1 D=0.75
Find the value of D so that decay is 0;,0cp: var. 36 > mp=050
. . 2 N H 0.2 36 o
complete, i.e., f, o = Uyl for 08 mID=0.10
.y - 22507 D=0.01
» Any value of mixing parameters; anc 0.4 \G 0 (complete)
» Any flavor ratios at the sources oc / |
f. o 05 f o
(Assume equal lifetimes of v , v,) 0.6 . 504
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Measuring the neutrino lifetime

Fraction of v, v, remaining at Earth

y Mixing + decay °) 1 No decay
: . : - 0.1 D=0.75
Find the value of D so that decay is 0,0ce: var. 3o 2 =D = 0.50
. . ) NH 0.2 46 e
complete, i.e., f, o = Uy, for 05 WMD=0.10
.y o 22~07MD=0.01
» Any value of mixing parameters; anc 0.4 \G 0 (complete)
» Any flavor ratios at the sources 0.5 / |
: 0.5 f
fc,e n,®
(Assume equal lifetimes of v , v,) 0.6 - 504
07 ~ ~‘~.-- W 03
0.8 4
f 4-«-_-_1-_ . ’I"/ / 02

fuc,ea — |[-]o¢1|2 when D < 0.01

4 0.1
Vi
MB, Beacom, Murase, PRD 201" v e >
Baerwald, MB, Winter, JCAP 2012 o/ il 7 7 =l T i 7 o 0
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Mauricio Bustamante (Niels Bohr Institute)
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Two classes of new physics
» Neutrinos propagate as an incoherent mix of v,, v,, v,

» Each one has a different flavor content:

0y, 0y,
0.1 09 V 1 Lt 0.9 V
0.2 08 02 0.8 2
03 07 0:3 07
04 08 04 06
[P 05 |y g / 05 |
: 0.4 08 0.4
07 s 07 s
08 p n 08 n
09 0.1 09 0.1
1 0 1 0
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
| Ue,i|2 | Ue,i|2

» Flavor ratios at Earth are the result of their combination

» New physics may:

» Only reweigh the proportion of each v, reaching Earth (e.g., v decay)
» Redefine the propagation states (e.g., Lorentz-invariance violation)

051

. 0.9 V3
02 08
9.3 0.7
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Two classes of new physics
» Neutrinos propagate as an incoherent mix of v,, v,, v,

» Each one has a different flavor content:
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» Flavor ratios at Earth are the result of their combination

» New physics may:
» Only reweigh the proportion of each v, reaching Earth (e.g., v decay)
» Redefine the propagation states (e.g., Lorentz-invariance violation)



Inferring flavor composition at the sources

Invert flavor oscillations .
Flavor ratios at

— ‘ aStI'OthSiCal sources

' Inferred:

Measured:
Flavor ratios at Earth

0 AW L

© mdecay: (1:2:0)q

1 p-damped: (0:1:0)g 0.9 0 5 10 15 20 25 30 35

A ndecay: (1:0:0)5 02 \_0g lceCube projected

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
fem MB & Ahlers, PRL 2019



Inferring flavor composition at the sources

Measured:

Flavor ratios at Earth astrophysical sources

Invert flavor oscillations Inferred:
Flavor ratios at

Posterior P (fy 5)(x10%)

09 —2AInLg
’ ® mdecay: (1:2:0)g

® 7 decay: (1:2:0)g
09 107°05 10 15 20 25

1 p-damped: (0:1:0)q

0.9 0 5101520 253035
A ndecay: (1:0:0)g 0.2

1 p-damped: (0:1:0)g

A ndecay: (1:0:0)g 02 \_og lceCube upgrade proj.

0.7

\_0g lceCube projected

fem MB & Ahlers, PRL 2019 fes



Inferring flavor composition at the sources

Invert flavor oscillations Inferred:
Flavor ratios at

— } = astrophysical sources

Measured:
Flavor ratios at Earth

Average v, fraction at sources f,s =1— f,s

0.0 AT 1.0 0.8 0.6 0.4 0.2 0.0
10 @ T [T T T
® 7 decay: (1:2:0)g %% I IceCube-Gen2 projected ¥

p-damped: (0:1:0)g
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0.9 0 5 10 15 20 25 30 35 fes =0.33+0.03 _:
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L e bl il B
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st e et st et st

i 99%

I . | oL m— .
.0 0.2 0.4 0.6 0.8 1.0
f e, MB & Ahlers, PRL 2019 Average v, fraction at sources f, g
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Posterior probability density P(f,s)
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Current limits on the Z’

MeV—-GeV masses Sub-eV masses
A (meter)
0.010 A ORI RN D 1 105 0

0.001 10—15
it 1074 I 10720
- i
10—25
1075 :
BH superradiance
-30| i
{0 . 10 [ Weak gravity (mlghet=0.01eV) |
0.001 0.01 0.1 Ik 10 10-19 10'—16 10'_13 10-0 107 10~ 10-1
Mz (GeV)
M. Wise & Y. Zhang, 1803.00591 Mz (eV)

Mauricio Bustamante (Niels Bohr Institute)



Connecting flavor-ratio predictions to experiment

Integrate potential in redshift, weighed by source number density

— Assume star formation rate
o770 \6;@ Of
dV. / v cosmological e

< E%js) X fdz pS]_:‘R(Z) : dzc-c': ;ES(Z)} grows with z

—————

— Either E**" (combined analysis) or E*" (through-going muons)

B (Pa)
(Do) x /dEv faelEy) B, = (fas) = > (P3)
) ) Y B=e.u, 7 5/

Y

Energy-averaged flux Energy-averaged flavor ratios

Mauricio Bustamante (Niels Bohr Institute)



Resonance due to the L,-L, symmetry
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£ 40 g
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C el
2 30 F 7 2 |
5l -
&= ] = S VA ] i
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Potential V¢, [eV] Potential V¢, [eV]
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Resonance due to the L,-L, symmetry (cont.)

1.0 I I |5 i
F—— feo é
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08~ . Std. values :é
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Flavor ratio at Earth f; o
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____________________________________________

Potential V¢, [eV]

Mauricio Bustamante (Niels Bohr Institute)
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