THE ASTROPHYSICAL MUPPET SHOWV:

WATCHING THE OPENING OF A NEW
(ASTRO)PHYSICAL WINDOW IN REAL TIME!

Pasquale Dario Serpico (LAPTh, Annecy-le-Vieux)
LPSC - Grenoble 21/05/2014



OUTLINE OF THE TALK

» Some generalities on detector and observations (also borrowed from lceCube talks)
» Why considering Dark Matter interpretations: motivations and specificities.

~ » Other constraints (or hints for?) new physics: a couple of examples.
|

Some references to my papers:

A. Esmaili and PS,
“Are lceCube neutrinos unveiling PeV-scale decaying dark matter?,”
JCAP 1311,054 (2013)

E. Borriello, S. Chakraborty, A. Mirizzi and PS,
“Stringent constraint on neutrino Lorentz-invariance violation from the two lceCube PeV neutrinos,"
Phys.Rev.D 87,no. 11, 116009 (201 3)

Other useful references:

M. G.Aartsen et al. [IceCube Collaboration], “Evidence for High Energy Extraterrestrial Neutrinos at
the lceCube Detector,”" Science 342,n0.6161, 1242856 (2013)

B. Feldstein, A. Kusenko, S. Matsumoto and T.T.Yanagida, " 'Neutrinos at lceCube from Heavy Decaying
Dark Matter," Phys.Rev.D 88, [,015004 (201 3)

V. Barger and W.-Y. Keung, “Superheavy Particle Origin of IceCube PeV Neutrino Events,”
Phys. Lett. B 727 (2013) 190

K. Harigaya, M. Kawasaki, K. Mukaida and M.Yamada, “Dark Matter Production in Late Time Reheating,”
Phys. Rev. D 89, 083532 (2014)
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But ... why
bothering to
open new astro
windows in the
first place?
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.PAVING THE WAY TO “"APPLICATIONS
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e High efficiency PMT

® “4XIC sensor density

e 20 Mton detector

The detector

~1 Glon instrumented volume
e Completed in December 2010

® 599% of DOMs survived installation
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The detector
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Neutrino signals

CC Muow Neutrine  NC/Elecktron Neubkrino CC Tauw Neubrino
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Hints of HE astrophysical v

Cosmic ray showers f
from above /,
Two different kinds of events :,',:/
Closely related scientifically {-’/
Wi
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Two not-so-significant (~2 and ~3 o) but nicely converging hints from IceCube

4+ slight excess in the diffuse muon neutrino flux at E~100 TeV
+ two cascade events at E~1 PeV



Hints of HE astrophysical v?

Cosmic ray showers *
from above /,
Two different kinds of events ﬂ,}'
Closely related scientifically "ﬂ
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Neutrinos from all directions o0 =
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from below

Two not-so-significant (~2 and ~3 o) but nicely converging hints from IceCube
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4+ slight excess in the diffuse muon neutrino flux at E~100 TeV
+ two cascade events at E~1 PeV

Perhaps on the verge of opening a new
branch of astrophysics!




Hints of HE astrophysical v

Signatures of high energy v, N lceCube

Zenith angle adds 25% sensitivity

Energy distribution Zenith angle distribution
The three neutrino components have Additional sensitivity through
different spectral slopes characteristic angular distributions
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Conventional, prompt and astrophysical neutrinos can't be decoupled and need to
be looked at together in a HE neutrino analysis.

IceCube-59,
Anne Schukraft NOW2012 348 days live time 7



Hints of HE astrophysical v

The final v, energy spectrum - Best fit lceCube-59,

348 days live time
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~2 0 ‘excess’ coming from the last ~5 points, all above atm. v, extrapolation



Hints of HE astrophysical v

alone poorly convincing; if real, would imply ~2 showers @ PeV energies:

The two EHE events In IC86

Expected event numbers

Atms. Background (conv. v + {) 0.06

threshold of the IC86 EHE analysis!

10 ) .
Events look like good neutrino cascades.

Probability to be consistent with conv. atms.
;. Oorpromptisvery small.

7
Energy IceCube-79,86
616 days live time

I 1 1 1 | Il
6.5

Prompt atms. V (Enberg et al. + knee) 0.13
Prompt (IC59 limit) 0.30
i | | . Astrophysical (IC59 best fit) 1.7
- T Comemtonatstmospheric v 1 03 x10°%Gevem?stsrt
10 §_ HE ;:::l?l;}thaiz:lrpheﬂcv (Emberg et al) E : : :
s — ﬁﬂ 1 Astrophysical (IC59 limit) 9.1
% I_J_r_l_ e — (h\""-fcl:fsl;;};e“r(a‘.g?;c" slem? E_ =10"GeV E 1 4 X 10_8 Ge\/ Cm_z S_l Sr—_l
% - :% Preliminary 4 G7K (various models) 0-4
T W' =
: _f:F = 1 Data 2
E _j:FWL ]
S W g4 First PeV-events detected at the low-energy
.%é ]
Z E
7.

5.5

logm NPE

Anne Schukraft NOW2012 16
lack of shower counterpart in surface array (lceTop) makes CR contamination unlikely



Hints of HE astrophysical v

alone poorly convincing; if real, would imply ~2 showers @ PeV energies:

The J[V\/O EHE e\/eﬂts |ﬂ |C86 note lack of events at higher energy

Expected event number
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WELCOME TO BERT & ERNIE
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1.04 £ 0.16 PeV 1.14 £ 0.17 PeV

[...] The probability to observe two or more candidate events under the atmospheric
background-only hypothesis is 2.9x 1073 (2.80) taking into account the uncertainty on the
expected number of background events. These two events could be a first indication of an
astrophysical neutrino flux, the moderate significance, however, does not permit a definitive
conclusion at this time.

M. G.Aartsen et al. [IceCube Collaboration],

“First observation of PeV-energy neutrinos with IceCube,"
Phys. Rev. Lett. | 11,021103 (2013) [arXiv:1304.5356].



A NEW WINDOW TO THE UNIVERSE!

o | 0l T showes e -
M. G.Aartsen et al. [lceCube Collaboration], “Evidence for High Tracks +--<---

Energy Extraterrestrial Neutrinos at the lceCube Detector,™ o0 -
Science 342,n0.6161, 1242856 (2013) [arXiv:1311.5238] 40 - % ix i
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> First, 2 shower events just above the PeV
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» Later, extension to lower energies (down |
to 30 TeV): overall 28 events (both
showers and tracks) wrt 10.6*°03¢

| background expected (>4 O! ordinary atm.
origin rejected at 5.7 O)

A [ Background atmospheric muon flux

102F oo mmm Bkg. atmospheric neutrinos (/K)

Background stat. and syst.uncertainties

— Atmospheric neutrinos (benchmark charm flux)
— Atmospheric neutrinos (90% CL charm limit)
—— Signal+bkg. best-fit astrophysical E-? spectrum
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signal (fully Galactic plane disfavored, but could ); -
have Galactic component) ~ 10° )

102 108
Deposited EM-equivalent energy in detector (TeV)

Birth of high energy neutrino astronomy!

IceCube-79,86
(662 days live time)



A NEW WINDOW TO THE UNIVERSE!
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BEYOND THE TEV DARKNESS!

VHE photon

F The Universe is opaque to VHE Y’s, due to EBL

ot (extragalactic background light, UV to IR)

absorption.The 10-100 GeV (Fermi) range is the
last e.m. probe of the deep universe

EBL photon
(at higher E: CMB, radio)

log(particle or photon energy, eV)

25

20

15

- ¥ note: @ PeV even extragalactic CR
i T are not likely to arrive to us:
I ~ typical diffusion time > lifetime of the

. highest observed p energy

universe already @ E~10'7 eV
NG protoﬂs
| M. Lemoine 2004,

R.Aloisio and V.S. Berezinsky 2004

i highest observed ¥ energy

. galaxy

photons '.
local group

Nearby clusters | ]
B AGN & QSOs | l

- cosmology |

Dl 3 vl 3 vd v v vl sl
0.01 0.1 1 10 102 103 104

Observable distance (Mpc)




A DARK MAT TER ORIGINY?

B. Feldstein, A. Kusenko, S. Matsumoto and T.T.Yanagida, PRD 88, |,015004 (2013) [arXiv:1303.7320] (“PeV line” only)
A.Esmaili and PS, J|CAP 1311,054 (2013) [arXiv:1308.1105] (all events)

LOTS OF THINGS ARE INVISIBLE, BUT WE DONT
KNOW HOW MANY BECAUSE WE CANT SEE THEM .




PROBLEMS WITH ASTRO INTERPRET.?

Equatorial

0 TS=2log(L/LO) 12.4

While it is likely that astrophysical sources are responsible for those events, some features
allow one to entertain the possibility of a DM origin, notably

I. no events beyond ~2 PeV (vs.~8 expected if flux set to a ~E-? astrophys. benchmark)
Il. dip of events in the 0.4-1 PeV range (but still <2 0 fluct.)

Ill. Observed ratio downgoing/upgoing (> 1 due to Earth absorption) events ~ 6
Accounting for 4 contamination, down to 4.5+=1.0

Expected for an isotropic E-2astro-background ~1.8 P Lipari, arXiv:1308.2086

IV. Some exce.s.s towards (.;C’ bout no oGalactlc Plane correlation L4(0.06-2 PeV)~5 10% erg/s
(7 of the contained events in 30° x 30°, 8% chance prob.) Ly(>1 TeV)~7 1034 erg/s




WHAI |F DUE TO DARK MAT TER?

Can it be a WIMP?

XX —— Ul

Densily
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\ Increasing <o,v>
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. :
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= = PO el el e Y
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Stable, massive particles in chemical equilibrium down to 5 \ gy
T<<m (required for cold DM!), suffer exponentially suppression :*: \ v
of their abundance. S ol \
s Neg |
what is left depends on the decoupling time, or their annihilation !
cross section: the weaker, the more abundant... |
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Stable, massive particles in chemical equilibrium down to Voo Y
T<<m (required for cold DM!), suffer exponentially suppression :*: s !

of their abundance. G

what is left depends on the decoupling time, or their annihilation
cross section: the weaker, the more abundant...

4 )
A textbook calculation proves that But cross-section cannot be arbitrarily high! Unitarity bound
5 Ulele o Ar(2J +1) 3 x 10722(2J + 1)cm®/s
QX h It Uy Ul D) ~ 2
<O'U> T Vel (mx /TeV)

Too high mx = too small annihilation = T h2 > 1.7(3.4) % 10~ \/mX/TF (mX/TeV)2

too large th. abundance to match observations

K. Griest and M. Kamionkowski,
mx S 0(100) leV I PRL 64,615 (1990).

must be non-thermal DM



ONE ALTERNATIVE PRODUCTION

From inflaton decay, into DM or into particles cascading
and decaying into DM (and typically for low reheating)
2
o
nx 3 nx 590G H | '
- — TRH i 2t Br(¢ i X) _2:‘ ms=10"2GeV %‘SO_/
SR 4 Po | T 4m & [ Br(DMs)=0.02 <

or, accounting from indirect production (via cascade
and decay products of inflaton decays)

nx
S

E e ZBI O — 1)l

logl O(TRH / G@V)

my=10""GeV
Br(DMs)=1

logo(mpm/GeV)
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From inflaton decay, into DM or into particles cascading
and decaying into DM (and typically for low reheating)

nXlTRH = Bl“(¢ v X) n¢‘TRH

e Br(¢p — X)

or, accounting from indirect production (via cascade
and decay products of inflaton decays)

— = Br(¢ —
S Inow 4m¢ Z I’¢ Z)

K. Harigaya, M. Kawasaki, K. Mukaida and M.Yamada,
“Dark Matter Production in Late Time Reheating,"
PRD 89,083532 (2014) [1402.2846]

~

IOgIO(TRH/GCV)

ONE ALTERNATIVE PRODUCTION

ms=10'2GeV
- Br(DMs)=0.02

logl O(TRH / G@V)

my=10""GeV
Br(DMs)=1

log,o(mpm/GeV)




SIGNAL SHOULD COME VIA DECAY

( The right o.o.m. can be obtained by invoking Planck suppressed operators
(plus GUT-related or B-L breaking or...)

A 2 m, 4 More details on model-building e.g. in
BS~S T _X mx Feldstein, A. Kusenko, S. Matsumoto and T.T.Yanagida,
PRD 88, 1,015004 (2013) [arXiv:1303.7320
mp) mp) (et ]

ex.: R-parity violating gravitinos, hidden sector gauge bosons, ... alternatively and singlet fermions in an extra dimension...

\_ J




SIGNAL SHOULD COMEVIA DECAY

4 . . . : N
The right o.0.m. can be obtained by invoking Planck suppressed operators
(plus GUT-related or B-L breaking or...)
A 2 m, 4 More details on model-building e.g. in
BS~S T _X m Feldstein, A. Kusenko, S. Matsumoto and T. T.Yanagida,
mpy mp X PRD 88, [,015004 (2013) [arXiv:1303.7320]
L ex.: R-parity violating gravitinos, hidden sector gauge bosons, ... alternatively and singlet fermions in an extra dimension... )
4 = 10™ | | . | |
Alternatively, from “right-handed” neutrino decays gra | s o // j
(in leptons and gauge bosons/higgses) e e —
2 101 Lo ooy
y|"mx 9 10 :
P 'V, y Y 10 % (0.01Mp;, 10'° GeV)
167 S, 10’
Caveat: many unnatural small parameters... still 107 | © X
a problem for anyone! 10° |
10° }
Plus: can “embed” it into a more complete model, 10° |
also accounting for inflation (B-L breaking “higgs”), 10° 5
leptogenesis, even BICEP 2...
\ v

T. Higaki, R. Kitano and R. Sato,
“Neutrinoful Universe,” arXiv:1405.0013




PHENO ASPECTS: # |

» Both Galactic and extragalactic contributions present, roughly comparable in size

d.J;, 1 dN, [
——(l.b) =
dE,,(’)

d [, 0
g | ds lr(s L)

very different situation with
respect to annihilating DM!

djeg QDMPC /OO 1 dN,/
d 1 Ly
Ay ap [0+ 9B

dEV B 47TmDMTDM dEV

Small uncertainties since - galactic

“the clumpiness factor” does not
enter the leading term, only
cosmological parameters and global
Galactic properties (e.g. total DM
mass) matter.

[a—

<
(U
-
\

..... extragalactic

——  galactic+extragalactic

[a—
|

(U

(U

Even the Galactic profile only matters
mildly for angular studies, not for the
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FEIEINO ASPECTS: #8

» almost isotropic, slight anisotropy towards inner Galaxy due to off-center position of
the Sun with respect to the GC (much milder and less uncertain than for annihilation!)

10* ————————

1000} Annihilating DM |

J (6) !
100 F H
J (900) /

10}

’I
’f
2

Decaying DM

~100 ~50 0 50 100
6 [deg]

» In 2 30° aperture cone around the Gal. Center, one expects about twice the number
of events than for an isotropic flux (~15% vs 7%)

» Currently hard to tell apart, but interesting test possible over O(10) yr timescale.



PHENO ASPECT: #3

10- 71 .
» Abrupt energy cutoff expected above |-2 PeV i '—l—' ;
g |=[=----"" —1-- [ -
» Dip expected for a mix of hard+soft channels, e.g. > o i TR = =
leptonic + hadronic/cascade contribution. s | I T 1=
o C — data
dN,/ dN,/ dNV | ==- E~% spec.
— 1 e b + b : — > VYV, qq
dEV ( H) dEl/ Q 5 dEI/ U O.1f o ] " o .
10° 10°
Loosely, low-E tail fixes I, by I the PeV “line” E, (TeV)

» Accommodated in a variety of final states/b.r./

| T | |
lifetimes (i.e. not particularly fine-tuned, e.g. decay T g0, T T = DM v (15%) bb (85%) ]
via operators containing LH OK, no specific flavor T —— DM = v,7, (12%), € (88%) :
structure), typically e | e DM = e~e* (40%), qg (60%)
>
s 10° s c ]
=
= §>
bH N O L] 1 [ ] O (] 4 Lﬂ

» Associated to measurable gamma flux
(below current bounds, but not by huge factors)

In a few words: Scenario testable with forthcoming IceCube data!



MORE EXOTICS...




LEP TOQUARKS?

“We interpret the PeV shower events observed by the IceCube collaboration as an s-channel
enhancement of neutrino-quark scattering by a leptoquark that couples to the flavor and light quarks.
With a leptoquark mass around 0.6 TeV and a steep E-*3 neutrino flux, charged-current scattering gives
cascade events at | PeV and neutral-current scattering gives cascade events at 0.5 PeV. This mechanism
is also consistent with the paucity of muon-track events above 100 TeV”

V.Barger and W. Y. Keung, Phys.Lett.B 727,190 (2013) [1305.6907].

vy +q— LQ —7+¢q

vr+q— LQ — v +g¢

Vr
T

LLQ — fLST(u,d)L 2 ( ) —I—fRSTuRTR—I— [a¥et
L

scalar S of charge -1/3, which couples to the first generation quarks and the 3" generation lepton
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LEP TOQUARKS?

Intrinsic Flux: astrophysical & with a steeper than normally inferred;
“bump” at PeV due to the opening of new channel. Peculiar predictions:

E-shape (dip due to CC vs NC type of reactions)

flavour composition (little tracks due to tau excess)
» collider signatures (quoted CMS bound from LHC-7 of 525 GeV..))
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V. Barger and W. Y. Keung,

10"

Phys. Lett. B 727, 190 (2013) [1305.6907].



PARAMETERIZING LORENTZ VIOLATION

Lorentz invariance violation (LIV) effect can be phenomenologically parametrized in terms of &

2
v OF D
ol — — | J s e ) = 9
2 2
Vo dp \/ 0 = T
N\ J
4 p
assuming that there is at least one frame in which space and time translations and spatial
rotations are exact symmetries (typically the lab one), there one can write
2 % 2
g0 g
\ J
4 R
with f containing e.g. cubic or quartic powers of p inducing “linear” (n=1) or
“quadratic” (n=2) deviations, respectively, from LI occurring at a mass scale Mqg.
D n
5 U 1 Vo 8f E
Vo b 6}? e e MQG
\_ v,




REMEMBER OPERA!

o . i -5
Initial claim of evidence for 0 ~5H x 10 OPERA collab.1109.4897

argued internally inconsistent with CERN beam L S A.G. Cohen and S. L. Glashow,
survival due to fast allowed “Cherenkov” decay v V'€ € PRL107,181803 (2011) [1109.6562]
\ J
(" )
For finite (but much smaller!) &, same channel open at PeV scale if:
e 2me/\[ ~ PeV\/10—18/5
with a loss rate
I CEUBG %,
Tk — L =255 x 10°°6°Ep.y Mpc ™™
L2t 1O e
G J

Little Problem: here we do not know the initial beam flux!
How to translate this observation into a constraint?



COSMIC APPLICATION

4 -
The e* pairs from the decay induce e.m. cascades, with

gammas being reprocessed in the ~1-100 GeV band of the
gamma extragalactic background.

Fermi-LAT puts an upper limit to the total energy density

stored in the initial neutrino flux!
\_ ,

Wy = _W/ iy < B eV/cmg. . = —

= 107 i 7 ic di
spectrum
5 e S Sauraaground ~E-241£0.05
il R 1(>0.1GeV)=
= 10 (1.03£0 .17)x
% 10> cm2 s ! sr!
W
10_4:_ ° °
: Solar emission
- Abdo et al. - IGRB —
" PRLI04 (2010) 101101 ) hored
o oIy 1ot ===+ — | (consistent with == CR background
10° 10* 10°

ey ey | D€INg isotropic)




A HUGE JUMP IN CONSTRAINTS!

1.2 PeV 9
ity i 47 d E
Energy density mferred. from wObS By dn ¥ dE = o 10_9 eV/cm3
the observed 2 events is: L4 C dE
1 PeV
J
4 -
Py . obs
So, if this is the relic of a huge, suppressed flux, ~I'd ~ W, =)
the maximum tolerable suppression is € ~ ~ 10
=y
\ J
~ )

For cosmologically distant sources d> Gpc, which implies that

5 = R < 10_19 i.e. channel closed, 5 < 10_18




A HUGE JUMP IN CONSTRAINTS!

1.2 PeV 9
Energy density inferred from wObS o 4_7T dSDE dE e 10—9 eV/cm3
the observed 2 events is: L4 C dE b L,
1 PeV
J
4 -
b
So, if this is the relic of a huge, suppressed flux, ~I'd ~ W,(j i =)
the maximum tolerable suppression is € ~ ~ 10
=y
\. J
4 )
For cosmologically distant sources d> Gpc, which implies that
| 5 — 26 X 10—19 i.e. channel closed, 5 < 10—18 ;

weaker bound (but better than existing ones) follows from the process VV —> I/7Y

which is however independent on the assumptions on the LIV bound in the e-sector
(this also follows from direct bounds from Crab flare, see EW. Stecker; APP 56, 16 (2014))

Note |:purely Galactic origin for the totality of the signal excluded by angular distribution
study, plus lack of plausible origin... and even in that case one would gain over existing bounds

Note |1:for d close to the opening of the channel, one may clearly ‘induce the PeV cutoff’
via LIV, EW.Stecker and S.T. Scully, 1404.7025



CONCLUSIONS

» The era of high energy neutrino astrophysics has started!
» The event rates are in the ballpark of what expected for astrophysical fluxes, but the

flux spectrum (and angular distribution) show some departures from expectations.
» If significant/confirmed, they will either give clue on astrophysical sources or strengthen

“exotic” interpretations:

S

* Decaying, non-thermal dark matter?
* Leptoquarks?
* Lorentz violation!?

» Independently of taste (i.e the appeal that these scenarios have on each one of us)
~they share an important (albeit lately out-of-fashion) feature: they are testable!
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d » The era of high energy neutrino astrophysics has started! N
» The event rates are in the ballpark of what expected for astrophysical fluxes, but the
flux spectrum (and angular distribution) show some departures from expectations.

» If significant/confirmed, they will either give clue on astrophysical sources or strengthen

“exotic” interpretations:

* Decaying, non-thermal dark matter?
* Leptoquarks?
* Lorentz violation!?

» Independently of taste (i.e the appeal that these scenarios have on each one of us)
~ they share an important (albeit lately out-of-fashion) feature: they are testable!

\

Final remark
any new astrophysical window has soon or later opened unexpected possibilities to
fundamental physics probes (what of CMB cosmology without “microwave telescopes™?)
No reason to believe that this time will be different! Maybe we have not thought yet of
the most clever way to use this opportunity...
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Courtesy ANITA Collaboration, Antarctica

Merci pour votre attention!



