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Next decade: a host of planned neutrino detectors
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Five directions

Advanced A c Discovery potential for UHE v
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(N.B.: All results
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a Inferring the spectrum of UHE v

e Measuring the UHE vN cross section

e Testing other UHE v BSM models

e UHE v physics using flavor ratios
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UHE source neutrinos UHE cosmogenic neutrinos Inside Earth
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A general framework

for UHE v physics
and astrophysics
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o IceCube HESE (7.5 yr)
@ IceCube vy, (10 yr)
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o IceCube HESE (7.5 yr)
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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

;1|—110_7E ' T T &7 & ' ' R ' ' B
= - = e
7 ¥ ]
T [ a0 o dceCube™ T ]
5 L TN 0 e e T
(\II 10_8:—

& :

o .

> L

dv -

= -

o ;
NES

m o e e
é e T e

= 10710 s
Q a 3
£ : :
& - ]
8 - i
S 107HE

— L

o -

~ i

E - IceCube-Gen2 Radio energy range V4T T
— 10_12 1 1 1 1 (] 11 I 1 1 1 1 1 11 I 1 1 1 1 1 e I 1 1 1 1 1 I I 1 1 1 1 1 | (|
5 10° 106 107 10° 10° 1010

Neutrino energy E, [GeV]

MB, Valera, Glaser, In preparation



@ 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
Q IceCube v, (10 yr) extrapolated e Rodrigues et al., all AGN benchmark cosmogenic
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source
Q IceCube vy, (10 yr) extrapolated e Rodrigues et al., all AGN benchmark cosmogenic @ Rodrigues et al., HL BL Lacs cosmogenic
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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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@ 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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Flavor structure of the UHE v fluxes
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Shifts flux to

lower energies
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Softer-than-linear

dependence on E,
due to the W pole

Uncertainty from
extrapolating parton
distribution functions
(PDFs) to Bjorken

x ~my/E, ~10°

Bertone, Gauld, Rojo, JHEP 2019
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Softer-than-linear

dependence on E,
due to the W pole

Uncertainty from
extrapolating parton
distribution functions
(PDFs) to Bjorken

x ~my/E, ~10°

Bertone, Gauld, Rojo, JHEP 2019
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» NNLO
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» Nuclear corrections
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[ 6,=934°
Below horizon

Use NuPropEarth for in-Earth propagation v

. L0, =934°
[github.com /pochoarus/NuPropEarth] o .
= * x r  Below horizon

Interactions:
» BGR18 vN deep inelastic scattering (DIS) on partons (dominant)
» DIS on photon field of nucleons

» Coherent vA scattering Sub-dominant:
increase attenuation

mono mono
N [ /N;

» Elastic & diffractive vN scattering by ~10% oy, L v
. . L 6,=90.0° L 6;=90.0°
» v scattering on atomic electrons I Horizon B | orivon [

Includes v, regeneration:

» TAUSIC: Energy losses of intermediate t
» TAUOLA: Distribution of t decay products

5:| |‘| | i ] O ] S
Matter inside Earth: e | T 4
» Density: Preliminary Reference Earth Model DY ISy
» Top layer of ice : e -

» Varying element composition (non-isoscalar)

Final neutrino energy log,(E, r/GeV)

Transmission coefficient T

We propagate v,, v,, v,, V,, V,, v, separately o Ny A B

1 e B B S f
5 6 7 8 9 10 5 6 7 8 9 10

Garcia, Gauld, Heijboer, Rojo, JCAP 2020 Initial neutrino energy log,,(E, i/ GeV)



https://github.com/pochoarus/NuPropEarth

Use NuPropEarth for in-Earth propagation

[github.com /pochoarus/NuPropEarth]

Interactions:

» BGR18 vN deep inelastic scattering (DIS) on partons (dominant)
» DIS on photon field of nucleons
» Coherent vA scattering

» Elastic & diffractive vN scattering
» v scattering on atomic electrons

Sub-dominant:
increase attenuation

by ~100/0

Save look-u

Includes v, regeneration: tables o
» TAUSIC: Energy losses of intermediate t propagated
V spectra

» TAUOLA: Distribution of t decay products

Matter inside Earth:

» Density: Preliminary Reference Earth Model
» Top layer of ice
» Varying element composition (non-isoscalar)

We propagate v,, v,, v,, v,, V,, v, separately

Garcia, Gauld, Heijboer, Rojo, JCAP 2020

Final neutrino energy log,(E, r/GeV)
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https://github.com/pochoarus/NuPropEarth

Use NuPropEarth for in-Earth propagation

[github.com /pochoarus/NuPropEarth]

Interactions:

» BGR18 vN deep inelastic scattering (DIS) on partons

» DIS on photon field of nucleons
» Coherent vA scattering

» Elastic & diffractive vN scattering
» v scattering on atomic electrons

Includes v, regeneration:

» TAUSIC: Energy losses of intermediate t
» TAUOLA: Distribution of t decay products

Matter inside Earth:

» Density: Preliminary Reference Earth Model
» Top layer of ice

» Varying element composition (non-isoscalar)

We propagate v,, v,, v, v,, V,, V, separately

Garcia, Gauld, Heijboer, Rojo, JCAP 2020
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https://github.com/pochoarus/NuPropEarth

Detector geometry

Underground cylinder
Area of lid: 500 km?

Height: 1.5 km

Detector geometry now
available in NuPropEarth

[github.com /pochoarus/NuPropEarth]

Work led by Victor Valera
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UHE source neutrinos UHE cosmogenic neutrinos Inside Earth

v detection
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Detector effective volume

IC-Gen2 has stations containing:
» Shallow antennas
» Deep antennas

MB, Valera, Glaser, In preparation




Detector effective volume

IC-Gen2 has stations containing:
» Shallow antennas
» Deep antennas

We simulate the effective volume of
with NuRadioMC & NuRadioReco

MB, Valera, Glaser, In preparation



Detector effective volume

IC-Gen2 has stations containing:
» Shallow antennas
» Deep antennas

We simulate the effective volume of
with NuRadioMC & NuRadioReco

MB, Valera, Glaser, In preparation
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Detector effective volume

IC-Gen2 has stations containing:
» Shallow antennas
» Deep antennas

We simulate the effective volume of
with NuRadioMC & NuRadioReco

Note: For now, we turned off the
contribution of secondary lepton

For v, CC: Use the CC V4
For v, CC, v, CC, v NC: Use the CC V 4

MB, Valera, Glaser, In preparation
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No sensitivity to downgoing v due to little

Detector effective volume T g e T

1.00

10!

0.75

IC-Gen2 has stations containing:

0.50

» Shallow antennas —— 005
» Deep antennas |

0.00

ey
(e}
o

—-0.25

T

nn

We simulate the effective volume of

?: ~0.50 I S \

with NuRadioMC & NuRadioReco S oz | & |
i -

'*?:) ~1.00 i 1011-%‘3,
= 1.00 0
Note: For now, we turned off the 2 o \z
. . = =
contribution of secondary lepton E s :
z
0.25 10_2:8
0.00 i

For v, CC: Use the CC V4 o
For v, CC, v, CC, v NC: Use the CC V 4 o

—-0.75

v, CC deep- IC / vy, CC deep]

Ll e, 1 .

7 s 9 10 117 8 9 10 11
Neutrino energy log,,(E,/GeV)

—1.00

MB, Valera, Glaser, In preparation



Total volume = 169 shallow-only stations + 144 hybrid (shallow+deep) stations
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UHE source neutrinos UHE cosmogenic neutrinos
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UHE source neutrinos UHE cosmogenic neutrinos Inside Earth

(

UHE source v

—
i
@

LR | LA R R | LR Sl | LB i | L ""_" _9__ L LR R |
PH-PP-HEMP "+) 10 : PH-HEHP

10*“2—

10-°%

29, [GeV ecm 2571 sr_m

[
o
T T

Flux at detector E,%dﬂet [GeVem—2s 1sr ]

s PH-LELP =107
5 100k -
I e e e
= 10 E —— Surface 3
3 [ --- Earth-skimming (cos6; = —0.03) ~ _z&=—- -~ ]
g 10_11 Eleesees Below horizon (cos 8, = —0.21)
g 10~ 1L
<
&
'<_f: ¥ i 1 —13:.-"' PRI TTT! B R AN TIT] BT ATIT) B urmrwrww ]
T ) O VY MUY BRPRUOTH 1 WA N 0™ e 6 7 3 9 10
0 10 106 107 108 10° 1010 10 10 ' 10 10 10 10
k Neutrino energy E, [GeV] j Neutrino energy E, [GeV]
UHE v from pp and py interactions, account for Propagate each flavor of v and v separately:
cosmic-ray spectrum & mass composition, deep inelastic scattering, diffractive

source properties scattering, v, regeneration



UHE source neutrinos UHE cosmogenic neutrinos Inside Earth
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Event rate at IC-Gen2 Radio




Event rate at IC-Gen2 Radio

Real event rate

d3 NCC
dE,dydcos 8.,

E.: Neutrino energy
y: Inelasticity

cos@,: Neutrino direction

Includes:

» Flux

» In-Earth propagation

» Effective volume

» Inelasticity distribution




Event rate at IC-Gen2 Radio

Real event rate

3 ATCC
d° N, 2 Detector effects
dE,dydcosf, >

Each v species
computed separately

E.: Neutrino energy
y: Inelasticity

cos@,: Neutrino direction

Includes:

» Flux

» In-Earth propagation

» Effective volume

» Inelasticity distribution




Event rate at IC-Gen2 Radio

Real event rate Detected event rate

3 ATCC 2 A7CC
d NVa Detector effects d N’/a
dEV dyd COS Hz > dEdep d(gz,rec

Each v species
computed separately

E,: Neutrino energy Eoep’

Deposited energy

y: Inelasticity
: . cosb, ... Reconstructed direction
cos@,: Neutrino direction '

Includes: Includes, in addition:

» Flux . » Connection between v

> In—Ear.th propagation energy and shower energy
» Effective volume » Energy resolution

» Inelasticity distribution » Angular resolution



Event rate at IC—GenZ RadiO Note: Calculations are similar for CC and NC

Real event rate Detected event rate

3 ATCC 2 A7CC
d NVa Detector effects d N’/a
dEV dyd COS Hz > dEdep d(gz,rec

Each v species
computed separately

E,: Neutrino energy Eoep’

Deposited energy

y: Inelasticity
: . cosb, ... Reconstructed direction
cos@,: Neutrino direction '

Includes: Includes, in addition:

» Flux . » Connection between v

> In—Ear.th propagation energy and shower energy
» Effective volume » Energy resolution

» Inelasticity distribution » Angular resolution



Real event rate

d3 NCC D; doCC (E y)
‘e = 2rTNay 1 Vag . (Ey, cos 6,) —L—
dE,dydcosf, A Mo eﬁ’”"‘( cos 0:) dy

O (E,, cos )




Real event rate Number

of target
nucleons

d3NCC - Ap ! doCS(E,,y)
e = 20T Nay——Vag . (Ey, cosf,) ——
dE,dydcosf, A M., ctve (B, cos6-) dy

O (E,, cos )




Real event rate Number

of target
nucleons  Effective volume

A
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Real event rate Number

of target
nucleons  Effective volume

d3 NCC r A,O N - dg- (E y)
e = 21T Nav~——Vag . (Ey, cost v Y) gdet (B cosd.
dE,dyd cos 0, A Miee e (i, cos0:) dy oo (Ey,cos0y)
(& ~ )
Flux at

detector




Real event rate Number

of target
nucleons  Effective volume

d3 NCC r A,O N7 A dg- (E y)
- = 21T Nay 2 VI (B, cos0,) N 20 D gdet( B cos g
dE,dyd cos 0, e Mie e (Ey, o5 0:) dy (Ey,cos0y)
. ~ I\ ~ )
Inelasticity Flux at

distribution detector




Real event rate Number
of target
nucleons Effective volume

A A
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U ice N vy Y det
& = 20 TNy VEeC (B, cosf ud o7 (F,, cos b
dFE,dyd cos b, Y Miee e (Bv, ) dy (B, 2)
(G J\ S
1031 g S v v
G = ;(éf; - 11%77?3\ Inelasticity Flux at
A — CCE=10°GeV ] distribution detector

----- NC, E, = 1010 GeV

—_
()
|
w
N

p DIS cross section do}\S/dy, doG/dy [c
=

0.0 01 02 03 04 05 06 07 08 09 1.0
Inelasticity y

/v




Real event rate Number

of target
nucleons  Effective volume
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Detected event rate

Interaction » Shower » Detection
Final-state Shower energy is

v+ N—=I+X particles (I, X) deposited in

shower & emit radio the detector

Real event rate




Detected event rate

Interaction

v+ N —>1+X

Neutrino energy:

Real event rate

» Shower

Final-state
particles (I, X)
shower & emit radio

» Detection

Shower energy is
deposited in
the detector




Detected event rate

Interaction » Shower » Detection
Final-state Shower energy is
v+ N—=I+X particles (I, X) deposited in
shower & emit radio the detector
Neutrino energy: Shower energy:

E’i

sh,v,,

yE,, for v, NC
(E,,y) = E,, for v, CC

ykE,, forv, and v, CC

Real event rate




Detected event rate

Interaction » Shower » Detection
Final-state Shower energy is

v+ N—=I+X particles (I, X) deposited in

shower & emit radio the detector
Neutrino energy: Shower energy: Deposited energy:

| yE,, for v, NC
E, By . (Euy) = E,, forwv, CC Eep
ykE,, forv, and v, CC

Real event rate




Detected event rate

Interaction » Shower » Detection
Final-state Shower energy is
v+ N—=I+X particles (I, X) deposited in
shower & emit radio the detector
Neutrino energy: Shower energy: Deposited energy:

| yE,, for v, NC
E, o (Busy) = E,, for v, CC Eep
ykE,, forv, and v, CC

a? NCC 42 NCC
Va > Vq
dE,dydcosf, dEqepdl; rec

Real event rate Detected event rate




Detected event rate

d2N§C +1 o0 1 dSNSC
o« / dcos, / dE, /O dy—— i pp—r Ri[Edep, B, (Ev.y)|Ro. (02 rec, 0-)




Detected event rate

Real
event rate
4 A N
dZ2NCC +1 oo 1 43 NCC
Ve — 0. dE, d Va RplEq. ’Ecc E,. 1) Ry (0 rec. 6.
dEdepdez rec /1 feos /Edcp »/O ydEydydCOS 0. E[ dep sh,ya< y)] 9'2( ’ )




Detected event rate

Real
event rate

A
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d2N§C +1 00 1 dSNSC o
o :/ dcos@Z/ dE,//O dydE dydgosé’ RE[Edep,ESh’Va(E,,,y)]RQZ (02 rec, 62)
_ 14 z g

vy

v

Energy
resolution




Detected event rate

Real
event rate

A
4 N

d2N§C +1 o0 1 d?’NEC
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Baseline: 0log,, B4, = 0.1

RE (Edepa Es ) —




Detected event rate

Real
event rate

A
4 N

d2NCC +1 %) 1 dBNCC
_ 0

Yy v
dEdepdez rec 1 Edcp dEydyd COS QZ o Sh, « R )
'l Y
Energy Angular
resolution resolution
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Detected event rate

Real
event rate
A
' N\
d2 NEC +1 00 1 dSNCC
- d cos 0 dE d Yo RplFaen, ESC, (E,,y)|Ra. (04 rec,
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Energy Angular
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Detected event rate

Contribution from all

values of real direction & Real
energy, and inelasticity =~ event rate
A
' Y4 N
d2NCC +1 o0 1 43 NCC
o« _ d cos 0 dE, | d Ya  Rp[Eaeps ESS, (Ey,9)]Re. (0 rec, 0
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resolution resolution
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Detected event rate
Sum over NC & CC, and all flavors of v and v:

NC,CC e,u,T 2 N\T1
d>N, d” Ny
— = (87 % _O{
dEdepdez’reC ; ; (dEdedeZ,reC —|_ Y Y )

max
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Number of events in IC-Gen2, van Vliet, TA fit to UHECRs (10 yr)
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Number of events in IC-Gen2, van Vliet, TA fit to UHECRs (10 yr)
1074 103 102 101 1

Reconstructed direction, cos 8 rec
—ROO0O0O OO HOOOCID OO ROOOO OOOoOoR

'obo'cmbiooioh;b\bo OO INONBRO0 OONRNONBROND

Dep051ted energy, lo‘g10 Edep / GeV

MB, Valera, Glaser, In preparation



Number of events in IC-Gen2, van Vliet, TA fit to UHECRs (10 yr)
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Number of events in IC-Gen2, van Vliet, TA fit to UHECRs (10 yr)
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Effect of energy & angular resolution
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Five directions

Advanced A c Discovery potential for UHE v

Approximate
level of
progress

(N.B.: All results
are preliminary)

Nascent

a Inferring the spectrum of UHE v

e Measuring the UHE vN cross section

e Testing other UHE v BSM models

e UHE v physics using flavor ratios




.
Discovery potential

for UHE v



Work in progress, stay tuned ...




II.
Inferring the spectrum

of UHE v
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A generic, empirical model of the UHE v spectrum
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The empirical model fits all benchmark fluxes to within 10%, i.e.,
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Work in progress, stay tuned ...




I1I.
Measuring the

UHE vN cross section



High-energy vN cross section: prediction
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High-energy vN cross section: prediction

Softer-than-linear

dependence on E,
due to the W pole

Uncertainty from
extrapolating parton
distribution functions
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High-energy vN cross section: prediction
Center-of-mass energy /s [GeV]
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» NNLO

» Treatment of small-x effects
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» Nuclear corrections

» Heavy-quark corrections
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Measuring the high-energy vN cross section

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

20N

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




Measuring the high-energy vN cross section

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

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




Measuring the high-energy vN cross section

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

==

N'V,l.lp

~@ P s @ O¥N
Nv,dn

/TN

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




High-energy vN cross section: today

BGR18 prediction from:
Bertone, Gauld, Rojo, JHEP 2019

See also:
Garcia, Gauld, Heijboer, Rojo, JCAP 2020

Measurements from:
IceCube, 2011.03560

MB & Connolly, PRL 2019
IceCube, Nature 2017
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High-energy vN cross section: today
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High-energy vN cross section: today
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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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IV.
Testing other

UHE v BSM models



Main high-energy
v observables

SN




Standard expectation:
Power-law energy spectrum

Standard expectation:

Isotropy (for diffuse flux)
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Main high-energy
v observables

SN

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz




Note: Not an exhaustive list

« DM-v interaction

DE-v interaction
,Lorentz+CPT violation

Neutrino d
Heavy relics eutrino decay,

DM annihilation, Long-range interactions.

Secret vv.interactions
DM decay. Ve Supersymmetry.

« Sterile v Effective operators,

Boosted DM. Leptoquarks
NSI Extra dimensions,

Superluminal v
Monopoles
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(Acts at production)
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(Acts during propagation)

(Acts at production)

Monopoles

Note: Not an exhaustive list



(Acts during propagation)

(Acts at production)

Monopoles

(Acts at detection)

Note: Not an exhaustive list



Standard expectation:

i Standard expectation:
Power-law energy spectrum g &g\km

Isotropy (for diffuse flux)
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DM decay.
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(Acts at detection)

Standard expectation:
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Note: Not an exhaustive list

Standard expectation:
Equal number of v, v, vz



Standard expectation:
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(Acts at detection)

Standard expectation:

v and y from transients arrive
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Standard expectation:
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Note: Not an exhaustive list
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Standard expectation:
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simultaneously
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Equal number of v, v, vz

Note: Not an exhaustive list
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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
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Standard expectation: Standard expectation:

Power-law energy spectrum Qec,&“’m Isotropy (for diffuse flux)
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Reviews:
Ahlers, Helbing, De los Heros, EPJC 2018
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvad, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]
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Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

More: PoS ICRC2019 (1907.08690)
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Standard case: v free-stream
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Non-standard case: high-energy v scatter of CvB
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vSI with the UHE difftuse flux

M? 5
Resonance energy: Eies = —— .
2 < 2m, (\llcn
£
Coupling matrix: Different .
flavors can 3
Gee e GJer have different =
Q= a couplings I
= | Yer YGup YGur oL
Jer  Gur YGrr é
Q
RS
vSI dips and bumps in the diffuse UKE v flux: ;3

» In the cosmogenic flux
» In the flux from sources

q)oc/ (I)tot

Work in progress, stay tuned...

O. E 11 1 I I | 1 Ll L1
105 10° 107 108
Neutrino energy E, [GeV]

MB, Mésson, Valera, In preparation
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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



New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

i 0.0

» Neutrino decay i _ 10 log(Veu/eV)
[Beacom e al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; Std. mping param.: m
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] Varying 1¢ (IO) "\ 0.9 2o 2i_ o 15_1g_ 47 1

» Tests of uni
[Xu, He, Rodejo

Aers M, UHE flavor sensitivity is prom1smg

» Lorentz- a

el Stjdrnholm, Ericsson, Glaser, PoS (ICRC 2021) 1055
;’SteleCky& | Glaser, Garcia-Ferndandez, Nelles, PoS (ICRC 2021) 1231
» Non-stanc®

[Gonzélez-Garcia et al Astropart Phys 2016
Rasmussen et al., PRD 2017]

] Standard mixing

0.7 JCE‘Cube,Z 154
o+

an®
N
..........

» 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] 0.0

Reviews: few MB & Agarwalla, PRL 2019
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




Rough time frames



Five directions

Advanced A c Discovery potential for UHE v
. Late 2021 /
Approximate a Inferring the spectrum of UHE v
level of

progress

(N.B.: Al results e Measuring the UHE vN cross section pElCeval

are preliminary)

vSI:
e Testing other UHE v BSM models RECSAIW,
Early 2022

Nascent

e UHE v physics using flavor ratios



How it

10-20 years
started o3

from now

EeV v discovered
Precision tests with PeV v

First tests with EeV v

VPLATE (vplate.ru)



End



PhD position in high-energy cosmic neutrino physics «— INSPIRE ]ObS ad

Bohr Inst. - Europe

Contact:
g Mauricio Bustamante (Niels Bohr Institute)
(Q peadiine on 0ct 31, 2021 mbustamante@nbi.ku.dk

Ea 0 —

Job description:
The Niels Bohr International Academy invites applications for a PhD studentship in high-energy neutrino physics with cosmic neutrinos.

The preferred starting date is April 01, 2022 (earlier dates can be discussed).

Applicants are requested to submit their electronic applications including a cover letter, CV, research statement, BSc and MSc academic transcripts, and two reference letters via AcademicJobsOnline. Please see application
instructions below.

In order to receive full consideration, complete applications should be received by October 31, 2021.

Pushing neutrino physics to the cosmic frontier

What is Nature like at its most fundamental level? What are its building blocks and how do they interact? What are its organizing principles? These questions lie at the core of Physics, science, and human curiosity. During the last
century, we steadily found deeper answers, using increasingly powerful particle accelerators that revealed fundamental particles, interactions, and symmetries. Yet, ample territory remains unexplored at higher energies, ripe for
discoveries.

Today, accelerators still churn out valuable data, but, so far, fail to guide us in furthering our view of fundamental physics. Observing particle processes at higher energies would provide guidance, but they lie beyond the reach of
accelerator technology. Fortunately, Nature itself provides a way forward: we must turn from man-made particle accelerators to naturally occurring cosmic accelerators. These are extreme phenomena—exploding and colliding

stars, black holes—that emit particles with energies millions of times higher than man-made accelerators. Among these, neutrinos stand out as incisive probes of particle physics.

During your PhD, you will learn how to harness the vast potential of high-energy cosmic neutrinos to unearth the particle physics that awaits at the highest, unexplored energies. You will look especially for signs of new physics,
beyond the Standard Model.

The principal supervisor will be Assistant Prof. Mauricio Bustamante (INSPIRE profile) at the Niels Bohr International Academy. Your PhD will be part of the project "Pushing Neutrino Physics to the Cosmic Frontier”, funded by the
Villum Fonden (project no. 29388).
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