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High-energy neutrinos

Propagation
over
cosmological

(Gpc)
distances

/

/

Production in
high-energy
accelerators

(AGN, GRB, .
) Detection

Neutrinos can tell us about “standard model” physics:
 Nature of these accelerators
* Oscillation, interaction with intergalactic medium

 Detection: high-energy neutrino-nucleus cross sections
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New Physics?
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Current observations: lceCube (south pole)

Effective volume ~ 1km’
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Neutrinos carry an extra piece of information: flavour Llrltlrlrrrrrs
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Flavour: event morphology

Neutral-current / ve

Isolated energy
deposition (cascade)
with no track

Charged-current vy,

Up-going track

Charged-current v ¢

(simulation)

Double cascade

Images: icecube.wisc.ed?



http://icecube.wisc.edu

Aside: new physics can give new morphologies
Microscopic black hole signatures: Mack, Song, ACV 1912.06656

Multitrack (hard to see)

n-bang (only 0.2% of black hole events)

Kebab: (About 3% of cases)

3
5 \;?% Double black hole bang: (very rarell)
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Flavour composition in astrophysical sources

(GRBs, AGNSs, blazars, pulsars...)
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Different scenarios: different
production environments

Flavour can be distinguished
statistically in neutrino detectors:
different charged-current interactions
lead to different event morphologies
(there is some degeneracy)

Can we learn the flavour composition
at the source to understand the
production of astrophysical
neutrinos?
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Oscillation

Flavour eigenstates (¢ = e, 1, 7) are not
eigenstates of the Hamiltonian (1 = 1,2,3)
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Flavour basis PMNS mass basis
mixing
matrix

Distances are large and uncorrelated -> mixing averages out:
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flavour composition flavour composition
at Earth at source
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Flavour composition at Earth

lceCube 2020 Z

Two limiting factors:

e Systematics: precise knowledge
of oscillation parameters

!
D A flavour
@ composition
outside of this

region = new
physics (or you

messed up)
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Mostly uncorrelated except:

dcp
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NuFit 5.0 global fit

Parameter Normal ordering Inverted ordering
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0,, (“solar angle”): Solar, reactor experiments

60,5 (“atmospheric angle”) Atmospheric, long-baseline
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What does the future say about this?
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Statistics: need more Cherenkov telescopes!
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Song, Li, Arglelles, Bustamante, ACV 2012.12893

Statistics
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dcp/ T

* JUNO (Jiangmeng): 2022-2028: 20kt liquid scintillator reactor

measurement. 0.52% uncertainty on sin” @, ,

* DUNE (US): ~2026-2033: 40kt liquid argon long baseline

experiment. 03 & Op

 Hyper-Kamiokande: 187 kt water Cherenkov. 0,3 & 0p

* |ceCube Upgrade: dense instrumentation: constrain unitarity
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Standard oscillations, NO 0.0
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Flavour composition at the source?
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Flavour composition at the source

Dominant production mechanism can Assuming no neutron decay
be pinned down to within 20% using RAMMRARRIRERRsRaaas RasaaRassRRERSR R RS _
neutrino flavour alone. 10F 2020 (messured): ks -
k. = 0374237 (]0.00,1.00]) ]
14 B 2020 (projected): i

IC 8 yr ® NuFit 5.0 |
! kr = 0.887737 ([0.00,1.00]) -
12 B 2040 (projected): N
- (IC 15 yr+IC-Gen2 10 y1) ® 7
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10:— kr = 0.997299 (]0.73,1.00]) 2040

2040 (projected):
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(NuFit 5.0+JUNO+DUNE+HK)

kr = 0997050 ([0.81,1.00])
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0
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New physics: neutrino decay



Neutrino decay

Neutrinos propagate over gigaparsecs, so naively we would probe long lifetimes.
However, they are very highly Lorentz-boosted, so their rest frame travel time is quite
short.

Consider invisible decay: all but one mass eigenstate decays to invisible species:

m J’ZO dz

N, = Nz { v }
0P o (1 +2°Hp/Q0@

(1

neutrino lifetime at rest

Must be integrated over distribution of cosmic sources

See Abdullah & Denton 2005.07200 for a complete treatment of visible decay

20 Song, Li, Arguelles, Bustamante, ACV 2012.12893



v decay 0.0

All regions 99.7% C.R. 1.0 @ v .
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Sensitivity to single mass eigenstates
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Cosmology bounds didn’t compute phase space correctly, see
2203.09075 for weaker limits
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But these don’t include energy
dependence




The flavour composition can depend on energy

 Muon-damping: we see the neutrinos from the pion at
high-energy, and from the muon at lower energy

* Neutrino decay, Lorentz-invariance violation can give an E-
dependent step

» Different sources could dominate at different energy ranges
* We test three generic benchmark scenarios:

* Single power law with a flavour transition

 Broken power law, transition at the break

o Step, transition at the step

Liu, Fiorillo, Arguelles, Bustamante, Song, ACV 2304.06068
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Used in flux model True value

Parameter Symbol Units : N Prior
PL BPL Step (in proj.)
Spectrum shape parameters (Section 11 D)
All-flavor flux normalization at 100 TeV, 18 1 o 1 __—1 :
common to LE and HE ®,0 10 GeV™ " cm™“ s " sr v v 6.7 Uniform € [0, 10]
LE all-flavor flux normalization at 100 TeV @3 107" GeV~' ecm™? s™ ! sr™! v 6.7 Uniform € [0, 10]
HE all-flavor flux normalization at 100 TeV @f’% 10718 GeV™ ' ecm ™2 571 srt v (6.7/3) Uniform € [0, 10]
.l 200 Logip-uniform
Energy of flavor transition, LE to HE FEirans TeV v o v v or 103 € 60, 10%]
Spectral index, common to LE and HE v e v v 2.5 Uniform € [1, 4]
LE spectral index B e v 3.0 Uniform € [1, 4]
HE spectral index AHE ‘e v 2.0 Uniform € [1, 4]
Additional parameters used when measuring the flavor composition at Earth (Section IV A)
LE angle of flavor composition at Earth  sin® Oé‘aE e v v v 0.45 Uniform € [0, 1]
LE angle of flavor composition at Earth  cos 2v,bé‘aE e v o v v -0.01 Uniform € [—1, 1]
HE angle of flavor composition at Earth  sin* OgE o v Vv v 0.39 Uniform € [0, 1]
HE angle of flavor composition at Earth cos 21/)gE e v o v v -0.27 Uniform € [—1, 1]
Additional parameters used when inferring the flavor composition at the sources (Section IV B)
LE electron flavor fraction fé‘% e v v v 0.33 Uniform € [0, 1]
HE electron flavor fraction 2@ e v oy v 0.23 Uniform € [0, 1]
Present”: 0.304 £ 0.012
Solar mixing angle sin? 015 e v o v v 0.304 res§n
Proj.“: Normal, o = 0.002
Present’’: 0.45010 019
Atmospheric sin? 043 e v v v 0.450 re?s?en —0.019
Proj.”": Normal, o = 0.004
P t°7: 0.02246 + 0.00062
Reactor mixing angle sin? 013 e v o v v 0.304 rese?ri
Proj.” ": Normal, o = 0.00062
Present’’: 23072
CP-violation phase dcp ° v oV v 230 cesen —36

Proj.””: Normal, o = 6.687

Liu, Fiorillo, Arguelles, Bustamante, Song, ACV 2304.06068



Liu, Fiorillo, Arguelles, Bustamante, Song, ACV 2304.06068

Flavor Transition Measurements
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The HE flavor composition can be marginally distinguished from
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+ spectrum transition
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Liu, Fiorillo, Arguelles, Bustamante, Song, ACV 2304.06068



Liu, Fiorillo, Arguelles, Bustamante, Song, ACV 2304.06068

Comparison with the General Approach

0.0

If power law spectrum + no flavor transition is fitted

Assuming there is a flavor transition,
If the measurement models that there

IS no flavor transition, more

| 0.2 |
Gk constrained contours can be
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. lceCube 200LE + KB\ /\ All regions: 68% CLL obtained but no accurate detall is
. | | , Assumed v spectrum: step-like 00 'tOI d

b0 01 02 03 Ya  0UOb: D6 O7 08 099 10
Ve fraction, f, s

Flavor measurements must use flexible descriptions of the neutrino spectrum to
avoid reporting inaccurate flavor composition measurements.
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Distinguishing v vs 0?

* At high energies, neutrino/antineutrino separation
IS almost impossible

* Exception: the Glashow resonance.
At £y = My, or £, = 6.3 PeV, can produce on-

shell W for v, only. |
10-31 |
= _
= 1072
S :
0
2 10-33 o(vN-all
:&
2 0-34
10~ o(v.e”— W~ —=hadrons)

1 ) s 10
Zf— E, [PeV]



(Aside: India-based Neutrino Observatory proposal)

Currently stalled due to ecological concerns (blasting, excavation, ...)



What does v vs v do for you?

Are neutrinos coming from pp or py collisions? These give different 7z /7 ratios

{Ves Vet : AV Vp} 2 {Vr, s §

p+p—ng |7+t + 7] p+vy—= AT =7t +n
Production Source flavor ratio Earth flavor ratio v + Earth flavor ratio D,
pp {1,1}: {2,2} : {0,0} 0.33:0.34 : 0.33 {0.17,0.17} : {0.17,0.17} : {0.16,0.16} 0.17
DY {1,0} : {1,1} : {0,0} 0.33:0.34 : 0.33 {0.26,0.08} : {0.21,0.13} : {0.20,0.13} 0.08

Liu, Song, ACV 2304.06068/PRD



Event-Wise ldentification Liu, Song, Vincent [2304.06068)

I _

2040 proj.
The case where Glashow resonant events can be 68% vs 90%
identified on an event-by-event basis in the [4,10] PeV 05l __
deposited energy window. Only consider v, fraction. g PEPE 287
: PEPE E~237 |
W~ — hadrons Br-~67% T HESEETS
HEQ [ :

+/ escaping muons, the only irreducible background
is from NCDIS events

0.4}
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. C e . Number of Glashow resonant-like events observed
+/ track without the initial cascade comparing to v, CCDIS

3-flavor degenerate scenarios can be distinguished at

> 20 w/ the soft spectrum assumption and ~ S0 w/ the
hard spectrum assumption by 2040




4-Flavor Analysis
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2040 projection 90% credible interval
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QL, Song, Vincent [2304.06068]

3-flavor can be reconstructed and degenerated scenarios can
be distinguished at > 20 w/ the soft spectrum assumption

and = 40 w/ the hard spectrum assumption by 2040
-
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New Physics? Dark matter decay to neutrinos

Qinrui Liu, Ninggiang Song, ACV, in prep

* High mass (> PeV) decay to o T X TP
30

' 10 1 X = VvV 3

neutrinos produces an Y :

additional flux from LA .

electroweak corrections 0% [/ 1 s

* The v or v flux in the &10%] \ o ]
glashow window is different /

for asymmetric decay to 027k )

VS UL

i current 90% C.L. limits )

1026 ==== 2040 proj. 90% C.L. limits -

107 108 10° 1010 101

m,, [GeV]




Summary

* Our understanding of the high-energy neutrino sky will become 1-2 orders of magnitude
more precise over the coming two decades

* Neutrino telescopes cover at least 14 orders of magnitude in energy & can say all sorts of
things about the dark sector & new physics

* neutrino decay
 Dark matter

e More!

 We can go beyond 3-flavours and break the neutrino-antineutrino degeneracy, and thus the

pp-py degeneracy, by looking at the glashow resonance. This also allows new interesting
probes of new physics.
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