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Can we do EeV particle physics at GRAND?
Yes — but it will be tricky

We will need

a Enough events

9 Sufficient energy and angular resolution

9 Additional flavor channels
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The new v physics matrix
Where it happens
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What can we do?

» Measure neutrino-nucleon cross sections at EeV

» Test new neutrino interactions via spectral distortions

» Test new neutrino interactions via angular distortions

» Test new physics via flavor composition?
» ANITA mystery events?
» Test tau physics?

> ?
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Cross section




Measuring the high-energy cross section

Distance from Earth’s surface to IceCube

Optical depth to vN int’s =

T(EV? GZ) X OvyN

Below ~ 10 TeV: Earth is transparent

Ty K 1
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Mean free path inside Earth

|l

Above ~ 10 TeV: Earth is opaque




Measuring the high-energy cross section

Distance from Earth’s surface to IceCube

. N int’'s =
Optical depth to VN int’s Mean free path inside Earth
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Measuring the high-energy cross section

Distance from Earth’s surface to IceCube

Optical depth to vN int’s = By, Bs) O O

1l

Mean free path inside Earth
Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
A‘i&
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Sensitivity to o0 in each bin

Number of contained events in an energy bin:

N\/ ~ (DV " OvN * e_T — (D\f *OvyN e_LGVNnN
Downgoing (no matter) Upgoing (lots of matter)
Nv,dn ~ D, - OvN Nv,up ~ N"v.dn J
Downgoing events fix the product @ - oynN Upgoing events measure oyN via T
Reality check:

Few events (per energy bin), so we are statistics-limited
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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What can we measure now and later?

1051

Neutrino-nucleon CC cross section (055 + 055) /2 [cm?]
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What can we measure now and later?

Center-of-mass energy /s [GeV]
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Our result

Center-of-mass energy /s [GeV]
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Extending cross section measurements
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Extending cross section measurements
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Extending cross section measurements
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Cross section at GRAND

» We are only sensitive to neutrinos +5° from the horizon

» So we do not have much range to compare upgoing vs. downgoing

» A more complete study is needed

» Worth thinking about: getting more downgoing atmospheric events

Mauricio Bustamante (Niels Bohr Institute)



Spectral distortions




New physics in the spectral shape: vv interactions

“Secret” neutrino interactions between

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

v
g s
Cross section: ¢ = .
47t (5 — M2)" + M2T?2
MZ
Resonance Eres = —
2m,,
energy:
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Neutrino energy resolution at GRAND
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Angular distortions




New physics in the angular distribution: v-DM interactions

Interaction between astrophysical neutrinos and the Galactic dark matter profile —
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Expected: Fewer neutrinos coming from the Galactic Center

Observed: Isotropy

Mauricio Bustamante (Niels Bohr Institute)






New physics in the flavor composition

*bﬁ Initial flavor
~ composition

Mauricio Bustamante (Niels Bohr Institute)



Flavor — there and here

At the sources At Earth

Neutrino oscillations

(Fof of)s = (1/3:2/3 : 0) > (0.36:0.32:0.32),

b, e, ot 06 0107 o, oo, 5 o o 602 | b, e, ot 06 0107 o, oo, 5 o o 602 |

fe,S fe,e
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Flavor — there and here
P+y =V, +v,+,
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Flavor — there and here
P+y =V, +v,+,

At the W At Earth
Neutrino oscillations

(Fuofifds=(1/3:2/3: 0) > (0.36:0.32:0.32),

Uncertainties in values of
mixing parameter (1o, 30)

b, e, ot 06 0107 o, oo, 5 o o 602 | b, e, ot 06 0107 o, oo, 5 o o 602 |

fe,S fe,EB
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Flavor ratios — The ideal world vs. the real world

If you measure very
precisely the flavor
ratios at Earth and...

You measure flavor

ratios at Earth poorly » ...mixing parameters up to a few deg.?:-k disfavor a few v production scenarios

1
1
|

and... ' '
1... little about v production scenarios.T:P.. say nothing about mixing parameters
1
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Flavor ratios — The ideal world vs. the real world

| 1
: The ideal world i
---------------------------------------------------------------- ]

1 ... you know very precisely... ... then you can infer very precisely. '

If you measure very
precisely the flavor
ratios at Earth and...

...the neutrino mixing parameters.. — ... flavor ratios emitted by sources

1
...the neutrino production mechanismr:’ ... values of the mixing parameters

ratios at Earth poorly =" ..mixing parameters up to a few deg.~—*® disfavor a few v production scenarios

|

and... ' '
1.... little about v production scenarios. %" k. say nothing about mixing parameters
1

-----------------------------------------------------------------
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Flavor composition — From Earth to sources

Earth (measured) Sources (inferred)
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Flavor composition — From Earth to sources

Earth (measured)
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EeV flavor composition at GRAND

» GRAND is predominantly sensitive to v, only

» So flavor composition studies are not possible unless...

» A different UHE neutrino experiment measures all flavors

Little work on the subject — for ARA, perhaps via angular distribution
S.-H. Wang, P. Chen, J. Nam, M. Huang, 1302.1586

» GRAND measures the all-flavor neutrino interactions in the atmosphere

Mauricio Bustamante (Niels Bohr Institute)



ANITA mystery events




E See Wed talk by Linda Cremonesi

3.1y . N Y ‘lm nin
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Mystery ANITA events — First UHE v detected?

» Two upgoing, unflipped-polarity showers:
» ANITA-1 (2006): 20°+0.3° dec., 0.60+0.4 EeV
» ANITA-3 (2014): 38°+0.3° dec., 0.56+0.2 EeV

» Estimated background rate: < 10 events

» Were these showers due to v..? Unlikely

» Optical depth to VN interactions at EeV:

Chord inside Earth ~ 7000 km

= = 18
Interaction length in Earth 390 km

» Flux is suppressed by ¢! = 10

ANITA Collab., PRL 2016 + 1803.05088

Mauricio Bustamante (Niels Bohr Institute)
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Mystery ANITA events — First UHE v detected?

> Two upgoing, unflipped-polarity showers: | Problems with diffuse-flux interp. ’
» ANITA-1 (2006): 20°+0.3° dec., 0.60+0.4 EeV e e :
» ANITA-3 (2014): 38°+0.3° dec., 0.56+0.2 EeV > Flux needs to be 10° times larger :
> No events seen closer to horizon
» Estimated background rate: < 102 events :-_-_-_-_-_-_-_-_-_-_-_-_-_-_- o _-I
1 1
Transient astrophysical event?
» Were these showers due to v.? Unlikely . .P. .y ........... i

> ANITA-1 event: none associated

» Optical depth to VN interactions at EeV: > ANITA-3 event:
Chord inside Earth 7000 km > Type-la SN2014dz (z = 0.017)
= = 18 » Within 1.9°, 5 hours before event

Interaction length in Earth 390 km »
» Probability of chance SN: 3 x 107

» v luminosity must exceed bolometric

» Flux is suppressed by ¢'® = 10°

luminosity of 4 x 10*erg s

ANITA Collab., PRL 2016 + 1803.05088
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Mystery ANITA events — What are they?

» Transition radiation [Motloch et al., PRD 2017]:
» Refraction of radio waves at ice-air interface could make horizontal v, look upgoing

» Assessment: Needs too large a diffuse flux of v,, because transition radiation is a small effect

» Sterile neutrinos [Cherry & Shoemaker, 1802.01611; Huang, 1804.05362]:
» Sterile neutrinos propagate in Earth, then convert v, — v,

» Assessment: Model predicts more (unseen) events at shallower angles

» Dark matter decay in Earth core [Anchordoqui e al., 1803.11554]:
» 480-PeV sterile right-handed v, in Earth core decays: v, — Higgs + v,

» Assessment: Viable, but exotic explanation

Mauricio Bustamante (Niels Bohr Institute)
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A feel for the in-Earth attenuation

Earth matter density

(Preliminary Reference Earth Model)
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A feel for the in-Earth attenuation
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Why are flavor ratios useful?

» The normalization of the flux is uncertain — but it cancels out in flavor
ratios:

Fl t Earth of v =e, W,
a-flavor ratio at Earth (f, ¢) = ux at Barth of v, (« b, ©) >~

Sum of fluxes of all flavors

» Ratios remove systematic uncertainties common to all flavors

» Flavor ratios are useful in astrophysics and particle physics

Note: Ratios are for v + v, since neutrino telescopes cannot tell them
apart

Mauricio Bustamante (Niels Bohr Institute)



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)

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