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UHE neutrino observations

IceCube, prL 125 (2020) 121104
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After being fully constructed in 2011, IceCube }’}as reportgql /move
than 200 UHE nu events in (10 TeV-10 PeV), which is of clear
astrophysical origin.
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UHE neutrino observations
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Cosmogenic neutrino fluxes
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Cosmic rays scatter off relic photons

*Cosmic rays are produced from
the extreme astrophysical
environment possibly via the
Fermi acceleration mechanism,
typically following a power lower
spectrum.

E. Fermi, Phys. Rev. 75 (1949) 1169

*There is a rapid cutoff in the CR
spectrum predicted by Greisen,
Zatsepin and Kuzmin (GZK).

K. Gerisen, PRL 16 (1966) 748,
G.T. Zatsepin and V.A. Kuzmin, JETPL 4 (1966) 78

o P+¥ous = P (Orm)+nx  Very efficient for E, 2 50EeV (p,+p,)" > (M, + M)’

o P+¥eys > A (1232)> p+7x’(or n+ ")
e T >V+.. E ~O(1EeV)

COM energy is just around 1
GeV, everything is standard and
well known here.

CR+CMB (CIB) = Guaranteed neutrino source at EeV!

V. S. Berezinsky, G. T. Zatsepin, PLB 28 (1969) 423
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Neutrino fluxes from eV to EeV

18 E. Vitagliano, I. Tamborra and G. Raffelt, Rev. Mod. Phys. 92 (2020) 045006
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Finished and on-going experiments @PeV

Ice- or water-based Cherenkov Most successful one sc +Acoustic
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Near future pro;ects @PeV

‘Next-generation H,0 Cherenkov TN
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Near future pro;ects @PeV

‘Next-generation H,0 Eherenkov T

Optimized for TeV-PeV nutrinos, |
but not the best for EeV nu!
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On-going campaign

Technique Approx. time of proposal or detection
Water and Ice Cherenkov Markov, ICHEP 60 (1960) 578

Acoustic Askaryan, Sov. JAE 3 (1957) 921
Fluorescence Greisen et. al., e.g. Proc. 9thICCR (1965) 609
Particle direct detection Linsley et. al., PRL 6 (1961) 485
Atmospheric Cherenkov Galbraith and Jelley, Nature 171 (1953) 349
Askaryan effect Askaryan, Sov.Phys.JETP 14 (1962) 441

Air shower radio Jelley, Il Nuovo Cimento 8 (1958) 578

Radar echo Blackett and Lovell, Proc. Roy. Soc., 177 (1941) 183

UHE CR and gamma detections

APS/Carin Cain
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On-going campaign

Askaryan radio emission+

Atmospheric radyo
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Cosmic ray
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On-going campaign

Atmospheric Cherenkov
+Fluorescence
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On-going campaign

Air shower detection Radar Echo
+Fluorescence 10T

+radio _} @
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More mechanisms

® Transition radiation

Ginzburg and Frank, J. Phys. 9 (1945) 353
Motloch et al., PRD 93 (2016) 043010

® Radio emission from
I—CH.J.FHRED-CUPHE[‘-JT SUdden death Of Shower

“WATER CHERENKOV INTERACTION :
DETECTORREY Revenu and Marin, ICRC2013, 0398
~M> EACH

TAMBO

DEEP VALLEY
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On-going campaign

Telescope Geography Technique Energy v flavor E2® Assumed time
EUSO-SPB2 [134-136] Balloon Atm-Cher, Fluo > 10 EeV v, 2.1 x 1077 100 d
PUEO [137,138] Balloon Atm-radio, Aska >04EeV v, v, ,, 63x1077 100 d
POEMMA-Limb [109] Satellite Atm-Cher > 10 PeV v, 3.2x 1077 5yr
POEMMA-Stereo [109]  Satellite Fluo > 20 EeV v, 1.6 x 107° 5 yr
GRAND [103,104] Mtn-val Atm-radio > 50 PeV v, 1.3 x 10710 10 yr
TAMBO [139] Mtn-val Atm-Cher > 3 PeV v, 4.6 x 10710 10 yr
Ashra-NTA [140] Mtn-val Atm-Cher, Fluo > 1 PeV v, 5.5 x 10710 10 yr
Trinity [105-108] Mtn-top Atm-Cher > 1 PeV v, 5.9 x 10710 10 yr
BEACON [141,142] Mtn-top Atm-radio > 10 PeV v, 1.9 x 1010 10 yr
IC-Gen2 Radio [143,144]  In-ice Aska >30PeV v, 12x10710 10 yr
RNO-G [145, 146] In-ice Aska > 30 PeV Vepr  24x1077 10 yr
ARA [147] In-ice Aska >30PeV v, 43x1077 by 2022
ARIANNA-200 [148] In-ice Aska > 10 PeV Ve jr 1.8 x 1079 10 yr
RET-N [149-151] In-ice Radar echo > 8 PeV Vopr 40X 1010 5 yr

Experiments sensitive to EeV nu are listed

Askaryan effect and radar echo can be used to probe all three nu flavors
Other techniques are mostly sensitive to tau neutrinos, thanks to the tau
decay length of 50 km at EeV energy scales.
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On-going campaign

JCAP02(2022)038 GYH, S. Jana, M. Lindner and W. Rodejohann
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On-going campaign
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Importance for astronomy and particle physics

‘B Measurement of EeV neutrinos is of great importance

for multimessenger astronomy.
O Improving our understanding of cosmic accelerators.
O The components of cosmic ray.
O The reionization history.

B Itis also a particle collider. We have free accelerated
UHE neutrino beam colliding with matter, as well as

clean signal versus CR background.
O COM energy can be as high as 43 TeV, for nu-N scattering.
O Compare to forward facility at LHC, only 43 GeV or so.
O Excellent facility to probe UV physics.
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J5>43 TeV

RS
Baret and Eléz;/vyck, RepsProg. Phys.
74 (2011) 046902 &'«
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l. Minimal new physics

q
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Representative diagrams New physicsis  What about photon
hidden here parton?? (later)

What can we do with tau neutrino telescopes?

Here, we assume no /ight fermions other than SM ones. New

mediators are very short-lived and active degrees of freedom are
only standard model constitutes.

There are theories with long-lived particles: sterile neutrino or dark
matter particles (refer to 40+ ANITA papers for model details)
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. |. Minimal new physics
Our beams: neutrino + electron, quark, gluon (and photon)
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Modification to nu cross section

10730

10731 I

10732 -

Guo-yuan Huang

Neutrino—nucleon scattering

108 10° 10" 10" 102
E, (GeV)

B The hadronic interaction benefits

from the enhancement of sea
quark and gluon PDFs, especially
those of second and third families.

However, the SM hadronic process
is a irreducible background.

Only the contributions from
leptoquark and charged/neutral

Higgs models can exceed the SM
background.

B The cross sections are maximally

allowed by laboratory limits.
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Modification to nu cross section

B Two types of contributions from the
leptophilic forces.
Neutrino—electron scattering B s-channel resonance
- B f-channel production

is suppressed at very high energies.
s/ﬁf}%p
' 100 GeV (5= Mig)* + (Mg Py ) .
e e e ®m f-channel processes can benefit
- from the small moment transfer, if
the mediator is vector and has small
mass.

o(s) = 8nl?%,
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5(2MH,+5)
M'?I,Jrs

327ms?

2 M2, M 4s?
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range enhancement.
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Sensitivity

Neutrino and tau propagation

B Solve the coupled integro-differential equations by discretizing the
momentum space, including tau regeneration and energy loss.

B The energy loss processes
Photonuclear, Pair production
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Sensitivity

_GRAND200k (8=3°) GRAND200k (5=3°)

: Charged Higgs 100 GeV with g=1
~~ 103 | coupled to the third family — 100k Mountain | Earth-skimming
S S
= 100¢ = [
N N
= 10 F = 10;
Z 1} 3 |
E i E 50 B |——|
= 50 P 5 —— ==
> - ] > [ == L
e Y PP NPT T 0 .
10 10 10 10 10 10 -4 -2 0 2 4
E. (GeV) Elevation Angle a (°)

® In general, the additional charged-Higgs contribution will
increase the cross section, and enhance the mountain events.
® The initial neutrino flux is fixed here.
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Sensitivity

o IceCube HESE (7.5 yr) extrapolated
IceCube vy, (9.5 yr) extrapolated
Heinze et al., fit to Auger UHECRs

E Rodrigues et al., all AGN
0 Rodrigues et al., all AGN
Rodrigues ef al., HL BL Lacs

Fang ¢t al., newborn pulsars
Qﬁ) Padovani ef al., BL Lacs

Muzio ef al., max. extra p comp.

Bergman & van Vliet, fit to TA UHECRs @ Fang & Murase, CR reservoirs @ Muzio et al., CR-gas interactions
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V. B. Valera, M. Bustamante, C.
Glaser, JHEP 06 (2022) 105

® Cosmic ray spectrum
and composition

® Reionization history

® Source modeling
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Sensitivity

GRAND200k (8=3°) GRAND200k (8=3°)
ol A larger flux = a larger cross section #events oc @' oo ] Fortunate ly, .the an.gylar
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_or. Marginalize fluxinput The detailed shape of initial neutrino flux is
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T reduces the uncertainty
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2
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Sensitivity

3 Leptoquark Charged Higgs
1 ‘ I 1 |‘ "’ 1 1 ) I il
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Existing bounds

B LHC pair production process sets a lower limit
B f-channel leptoquark exchange at LHC
B LEP Drell-Yan production

Potential of tau nu telescopes

B For the coupling, we highlight the sensitivity to second and third families
B The combination of different telescopes is very useful
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With a heavy sterile neutrino

10~

10-2
103 )
g 10
Z
= 405
6 Primakoff production of
" 1 heavy sterile neutrino via
o7 LEP d,z 1 nu transition magnetic
moment
1 10 102 103 104 105 GYH, S. Jana, M. Linder and W. Rodejohann,

arXiv:2204.10347
my (GeV)
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Strengths and weaknesses

STRENGTHS

® It is a neutrino-hadron collider with COM energy as
high as 43 TeV.

® PDFs of second and third generations of quarks can be
comparable to the first up and down quarks.

® Such facilities are very sensitive to the new physics
lying in the neutrino sector.

WEAKNESSES

® The initial flux spreads a wide range and is not under
our control.

® The SM hadronic process will be an irreducible
background for the new physics processes.

® At least from its primary principle, the event topology
is limited: a single tau bang.
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Double and multiple bangs

arXiv:2207.02222, GYH
Standard Model LO + NLO
Ty ™TTTTTIT ------q T ™TTTTIT
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Double and multiple bangs

Trinity station
2

cield Of view Vy _GRAND arrays

o

Rough event estimations by

Telescopes Single 7 Double 7 Triple 7 Sphaleron n 7 convolving the cross section
Ashra-NTA [33] 19 02 0007 0.7 (0.5) ratio with differential flux
BEACON (30, 31]| 137 1.6 0.062 7.1 (5) sensitivity

GRAND [20] 178 21  0.082 10 (7)

Trinity [21, 22] 16 0.2 0.006 0.6 (0.4) A dedicated investigation in
TAMBO [29] >7  >01 >0.002 >0.11 (0.08) the future should incorporate

all realistic experimental
effects.
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Other interesting topics

» Lorentz invariance, quantum gravity

S. Coleman and S. L. Glashow, PLB 405 (1997) 249; C. A. Argiielles, T. Katori and J. Salvado, PRL 115 (2015) 161303
M.C. Gonzalez-Garcia, F. Halzen and M. Maltoni, PRD 71 (2005) 093010; J. Liao and D. Marfatia, PRD 97 (2018) 041302
K. Murase, PRL 103 (2009) 081102; P. W. Gorham et al., PRD 86 (2012) 103006;

IceCube, Nature Physic, 14 (2018) 961; IceCube, arXiv:2111.04654

> Test of equivalence principle

A. Esmaili et al. PRD 89 (2014) 1130003;
Z.-Y. Wang, R.-Y. Liu and X.-Y. Wang, PRL 116 (2016) 151101;
D.F.G. Fiorillo et al., JCAP 04 (2021) 079; M. Chianese et al., Symmetry 13 (2021) 1353

> Fifth force

M. Bustamante and S. K. Agarwalla, PRL 122 (2019) 061103

> Unitarity

X.-]J. Xu, H.-J. He and W. Rodejohann, JCAP 12 (2014) 039; M. Ahlers, M. Bustamante and S. Mu, PRD 98 (2018) 123023;
P. B. Denton and J. Gehrlein, arXiv:2109.14575

» Microscopic black hole

Y. Uehara, PTP 107 (2002) 621; J. Alvarez-Muniz et al., PRD 65 (2002) 124015;
S. I. Dutta, M. H. Reno and I. Sarcevic, PRD 66 (2002) 033002; M. Kowalski, A. Ringwald and H. Tu, PLB 529 (2002) 1; P.
Jain et al., PRD 66 (2002) 065018; D. Stojkovic, G. D. Starkman and D.-C. Dai, PRL 96 (2006) 041303; and many more....

> Nonstandard neutrino interactions

K. S. Babu, P. S. B. Dev, S. Jana and Y. Sui, PRL 124 (2020) 041805 AND MORE
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