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Neutrinos are quintessential quantum particles

A neutrino is created But may be detected with a
with one definite flavor, e.g., different flavor, with some probability

It travels a long

Ve distance to the detector Ve Vﬂ vV,
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“flavor oscillations”
Neutrino source (Nobel Prize 2002, 2015) Neutrino detector

We use quantum mechanics to compute probabilities over macroscopic distances!
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Astrophysical sources Earth
| Up to a few Gpc |
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Astrophysical sources Earth
| Up to a few Gpc |

|
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Different production mechanisms yield different flavor ratios:
(fe,S/ fp,S/ f‘T,S) = (NE,SI NH,S/ NT,S )/Ntot

Oscillations change the number

L T L

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

Flavor ratios at Eartw, () e ,
| Standard oscillations |
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new physics
B=e,u,T i '



0.40 H

Full 3v oscillation probability: 0as

o

W

©
I

o

[}

a1
T

. ey .o Am?jL
Pap(E,L) = bap—4)> Re(UiUsiUq;Us;) sin e
1>

Probability Pva_wﬂ
o o
o
=)

= .
a1

o
—_
o

[ Am? L

il

oo LLLL T

0.0 0.2 0.4 0.6 0.8 1.0

Oscillation length for 1-TeV v: 27t x 2E/Am? ~ 0.1 pc Distance L [arb. tnits]

~ 8% of the way to Proxima Centauri
< Distance to Galactic Center (8 kpc)
< Distance to Andromeda (1 Mpc)

< Cosmological distances (few Gpc)

We cannot resolve oscillations, so we use instead the average probability:

3

2 2

Pog = Y |Uail” Usil
1=1




0.40 H

Full 3v oscillation probability: 0ss
Am2. L 0.30
* * -2 ? 3
P.s(E,L) = {45—4 Z Re(UZ,UpiUq;Uj;) sin ( 4EJ ) Jon
1>) ;5 0.20 |
;é 0.15

o
—_
o

[ Am? L

il

o LLLL T

0.0 0.2 0.4 0.6 0.8 1.0

Oscillation length for 1-TeV v: 27t x 2E/Am? ~ 0.1 pc Distance L [arb. tnits]

~ 8% of the way to Proxima Centauri
< Distance to Galactic Center (8 kpc)
< Distance to Andromeda (1 Mpc)

< Cosmological distances (few Gpc)

We cannot resolve oscillations, so we use instead the average probability:

3

2 2

Pog = Y |Uail” Usil
1=1




Flavor composition at the Earth:
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Flavor composition at the Earth:

fe,@ Pee Pe,u PeT fe,S
fu. — Pep Puy  Pur 1 — fe,s
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Assume no v, production,

so we only need vary the v, fraction
Farzan, [HEP 2021
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New physics in flavor composition

Use the flavor sensitivity to test new physics:

» Neutrino decay Mixi ng + decay 0 No decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; -
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] GU, SCP: var. 36 0.1 = D =0.50
D =0.10
NH ,
°¢ M D=0.01
0.3 (complete)
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Argitielles et al. (inc. MB), EP]C 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017
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Use the flavor sensitivity to test new physics:

» 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, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]
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Use the flavor sensitivity to test new physics:

» 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, 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; O)
Kostelecky & Mewes 2004; Argiielles, Katori, Salvado, PRL 2015]
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New physics in flavor composition

Use the flavor sensitivity to test new physics:

» Neutrino decay Detection effect 0.0 @ NSis in Earth
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 1.0
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] 0.1 ® Det. NSI
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, Salvado, PRL 2015]

» Non-standard interactions
[Gonzalez-Garcia ef al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

0.0
000102030405060.708091.0

Reviews: § e+e,Q Rasmussen etal, PRD2017

Argitielles et al. (inc. MB), EP]C 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

ﬂ "
» Neutrino decay 95% cred. int.
[Beacom ef al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 0.0,1.0 NH
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] (1:2:0:0)
» Tests of unitarity at high energy all considered 0.2 0.8 ll:l] ;B
[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018; . . . :
Ahlers, MB, Nortvig, JCAP 2021] exp. included 8 ?

» Lorentz- and CPT-invariance violation
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvado, PRL 2015]

» Non-standard interactions
[Gonzalez-Garcia ef al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing
[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argiielles et al., [CAP 2020; Ahlers, MB, JCAP 2021]

0.0 0.2 0.4 0.6 0.8 1.0

X = Brdar, Kopp, Wang, /CAP2017

Reviews:
Argitielles et al. (inc. MB), EP]C 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017
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Use the flavor sensitivity to test new physics:

» 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, 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, Salvado, PRL 2015]

» Non-standard interactions

[Gonzalez-Garcia ef al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing

[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argiielles et al., [CAP 2020; Ahlers, MB, JCAP 2021]

» Long-range ev interactions
[MB & Agarwalla, PRL 2019]

Reviews:

0.0
log(V.,/eV
Std. mixing param.: og(Veu/eV)
Varying 10 (I0) ) 0.9  _20.21-20-19-18-17—16

08 O Standard mixing

Argitielles et al. (inc. MB), EP]C 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017
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From sources to Earth: we learn what to expect when measuring f, o
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One likely TeV-PeV v production scenario:
p+y —-mt—ut+v, followedby utr—et+v.+v,

e Full 1t decay chain
u-damped
' A A ndecay (1/32/30)5

Muon damped
(0:1:0)s

Neutron decay

(1:0:0)s
00 01 02 03 04 05 06 07 08 09 10 Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes
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Measuring flavor composition 2015-2025
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Measuring flavor composition 2015-2025

71 2015: IC combined fit 0.0

Lo @ mdecay: (1:2:0)qg

0.9 O pu-damped: (0:1:0)g
A ndecay: (1:0:0)q
8

All regions at 68% C.L. or C.R.
/ 7 # 7 7 7 7 7 7 7 7~ 0.0
00 01 02 03 04 05 06 07 08 09 1.0

IceCube Collab., 2510.24957, 2507.06835, Fraction of Ve, fe @
EPJC 2022, PRD 2019, Ap] 2015, PRL 2015 !




Measuring flavor composition 2015-2025

7] 2015: IC combined fit 0.0
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Measuring flavor composition 2015-2025
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Measuring flavor composition 2015-2025
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Measuring flavor composition 2015-2025
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Measuring flavor composition 2015-2025
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How to measure
flavor in TAMBO
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Number of events in TAMBO (10 yr)
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Diffuse UHE v
flux predictions



@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)

Valera, MB, Glaser, PRD 2023
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@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
iz y p
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IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
iz y p

Bergman & van Vliet, fit to TA UHECRs

Valera, MB, Glaser, PRD 2023
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IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
iz y p

Bergman & van Vliet, fit to TA UHECRs
Rodrigues et al., all AGN

Valera, MB, Glaser, PRD 2023
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IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
iz y p

Bergman & van Vliet, fit to TA UHECRs
Rodrigues et al., all AGN

Valera, MB, Glaser, PRD 2023
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@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy, (9.5 yr) extrapolated

Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs
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@ IceCube HESE (7.5 yr) extrapolated

@ IceCube vy, (9.5 yr) extrapolated

Heinze et al., fit to Auger UHECRs
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani et al., BL Lacs
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani et al., BL Lacs
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Event rates
in TAMBO



Rate of neutrino interactions:




Rate of neutrino interactions:

Rate of detected showers:

dN, >C dN,
= _/ OCRESh(EvshyEwl/)

= dLb,
dESh E.y dE,/




Rate of neutrino interactions:

Rate of detected showers:

dN, >C dN,
= _/ OCRESh(EvshyEwl/)

= dE,
dESh Esh d v

Rate in terms of reconstructed s I energy:.

dN, o dN,
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Rate of neutrino interactions:

Rate of detected showers: Gaussian with width

'/ op., =0.62 E,

d.V, > d.V,
Va _ dE, “>Re. (Eaq, E,
dESh /ESh d y Esh( h )
Rate in terms of reconstructed s I energy:. Gaussian with width
OErﬁc = 0.80 Esh
ANy, —/OOdE dN”aRq , Eqn)
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Rate of neutrino interactions:

Rate of detected showers: Gaussian with width

'/ op., =0.62 E,

dN > dN
Vo _ dFE, —=>Rp (E4.,FE,
dESh /ESh d y Esh ( h )
Rate in terms of reconstructed s I energy:. Gaussian with width
OErﬁc = 0.80 Esh
Flavor measurements — dN, Voo > dE dN, Ve R((E E )
are based on this d Egﬁc - 0 sh dEg B




Total event rate in TAMBO:
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Events on and off the Glashow resonance:
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lefuse-ﬂux event rates Flux: Joint fit to Auger + IceCube (pre-KM3-230213A)
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Measuring £, . only

KM3-230213A UHE v-inspired flux
[Muzio, Yuan, Luan, 2502.06944]
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Measuring £, . only

KM3-230213A UHE v-inspired flux Joint fit to Auger + IceCube (pre-KM3-230213A)
[Muzio, Yuan, Luan, 2502.06944] [Muzio, Farrar, Unger, PRD 2022]
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lefuse-ﬂux event rates Flux: Joint fit to Auger + IceCube (pre-KM3-230213A)
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lefuse-ﬂux event rates Flux: Joint fit to Auger + IceCube (pre-KM3-230213A)

1 00 [Muzio, Farrar, Unger, PRD 2022]
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Measuring ﬁ,@ only — with x10 event rates
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Flavor composition at TAMBO

KM3-230213A UHE v-inspired flux
[Muzio, Yuan, Luan, 2502.06944]
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Flavor composition at TAMBO

KM3-230213A UHE v-inspired flux Joint fit to Auger + IceCube (pre-KM3-230213A)
[Muzio, Yuan, Luan, 2502.06944] [Muzio, Farrar, Unger, PRD 2022]
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Flavor composition at TAMBO

IceCube-Gen2 optical IceCube-Gen2 radio
TeV--PeV v > 100-PeV v
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[IceCube-Gen2 TDR] [Coleman, Ericsson, Glaser, MB, PRD 2024]




Flavor composition at TAMBO

IceCube-Gen2 optical TAMBO (x10) IceCube-Gen2 radio
TeV--PeV v 1-100 PeV v > 100-PeV v
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[IceCube-Gen2 TDR] Aske’s work [Coleman, Ericsson, Glaser, MB, PRD 2024]




Recent work:
Tianyi Ding & Qinrui Liu,
arXiv:2607.26128



Same question, asked independently

Answered with dedicated end-to-end Monte Carlo simulations:
V] TauRunner propagates v through Earth
V] Pythia 8.3 simulates W-boson decays
] Topography of Colca Valley

Ding & Liu, 2607.26128
106 TAMBO: 5000 units TAMBO: 22000 units TRINITY
v; + U, (This work) V. + U, (This work) V; + U, (This work)
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Trinity
Atmospheric Cherenkov imaging applied to PeV tau neutrinos

Pioneered by MAGIC (pointing at Atlantic), ASHRA, and NTA (Mauna Kea)
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Trinity
Atmospheric Cherenkov imaging applied to PeV tau neutrinos

Pioneered by MAGIC (pointing at Atlantic), ASHRA, and NTA (Mauna Kea)

Trinity: 3 arrays each of 6 mirrors of 10 m?

Trinity Demonstrator:

1.36 m?

Frisko Peak, Utah,
deployed 2023

particle
shower

-
....
-
-
-----
-----
Chae

Detector placed on a
mountaintop looking
towards the horizon



Assumed v flux: IceCube E, **° extrapolated to ultra-high energies
(This is a somewhat optimistic choice)

TAMBO: 5000 units
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Ding & Liu, 2607.26128



Measuring the flavor ratio
oy
Py 1o,

e

Compress flavor information into R =

(Same information as f. o = R/(1 + R) from Bustamante & Matthiesen)

Different v production mechanisms predict different R:
Proton-proton (pp): 0.53 (pure), 0.32 (muon-damped)

Proton-photon (py): 0.25 (pure), 0 (muon-damped)
Neutron decay: 2.64

Forecasts: upper limits using 10 yr of TAMBO + TRINITY




Measuring the flavor ratio

TAMBO: 5000 units + TRINITY TAMBO: 22000 units + TRINITY
10 11 —— 90% C.L.
— 8% C.L.
—/\— Model Predicted
© 3
[IN
+
=
S 6f 1t
— d [E
< |1
Y I
& |1
I I |
54 —— ||
2 L 4 F
ol —— A ) —— A ,
pp  pp u damped py  pyudamped n decay pp 1 damped )24 py u damped n decay

Ding & Liu, 2607.26128

pp and py channels are indistinguishable
Neutron-rich channels (and possible BSM) might be




Where to?




Main challenge:
Measuring flavor in TAMBO requires higher event rates than nominal

Dealing with this:
Possible to improve the effective area? Identify GR events better?

(Other improvements in the calculation possible)
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Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:
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Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:

( Coefficients fixed by Nature

(o = (650/0 + 18% @ + 17O/oﬂ)

V., V, V3
“flavor state” “mass state”

Defined flavor (¢)  Defined mass (71,, m,, 11,)
Undefined mass Undefined flavor




Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:
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Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:
V; V, V3
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Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:

V; V, V3
Ve o — ( Uel 2+ Ue2 0+ Ue3 @ )
v,e = (U,8+ 0,8+ U,0)

V‘L'o :(Urln_l_Uan_l_UrSo)




Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:

(‘

.

Vi \Z V3

Vo = (U, B+ U,8+ U,0)

v,;e = (U,B + U,8+U.,0B)

v,e = (U B+ U,8+ U,D)
3

Or, you can write: Vg = Z U;iuj for a=e,u, 7
J=1

\

./




Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition
/\H\ IWA /VQ\

V.o = ( ,nlrUdznlngbo)‘

' | ' | ' |

vV, 0 =(UA1|:+1UA2|:|+,1UA3:|),|
\ \

/ I I

\ \

V.0 = ( An#zunﬁ Ao]

\_/ \_/ \_/

— _/
~

V., Vo, V5 have different masses, so they travel at different speeds

So the coefficients of the superposition change with time!
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Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:
Vi Va V3

Producedas: V,@ = (U, B+ U,.8 + U.0O)

Travel a distance
L to the detector
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Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:
Vi Va V3

Producedas: V,@ = (U, B+ U,.8 + U.0O)

Travel a distance
L to the detector

A A A
l e \ ( \ s

\
i —imoL/E —imsL/E
Detected as: U, e "liEg yy, e imb/ifg Uy, e /P g




Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:

Vi V, V3
Producedas: V,@ = ( U B+ U,8 + U.0)
. The mass states
Travel a distance evolve with time
L to the detector
l A A A
s N ( \ s

\
i —imsL/E —imsL/E
Detected as: U, e mlliBg Ly, emimb/iEg U, e ml/E g




Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:

Producedas: V,@ = (U

e

Travel a distance
L to the detector

l

Detected as:

Vs V3
+ UeZ n + Ue3 u )

A

+ U

e

The mass states
evolve with time

A

a LE'\ ' LE\
JemimL/Eg Ly eimsl/Eg

_—

——
This isno longera Vv,
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