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1. What?
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3. Neutrinos
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What?

Broad and fashionable topic: cosmic rays, neutrinos, gamma rays, dark matter, . ..

The field started with a discovery by Victor Hess (balloon flights, 1911)

A radiation of high penetrating power entering the atmosphere from above,
which can’t be caused by radioactive emanations

Physics Nobel Prize 1936 shared by
V. Hess

for his discovery of cosmic radiation &
C.A. Anderson

for his discovery of the positron

in cosmic rays!

[muon, pion, kaon, ... followed]
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Cosmic rays

“Massive particles striking the Earth”

Primary Cosmic Rays

Primary cosmic ray

entering the upper atmosphere
[p, n, nuclei, e, 7, ...]

Secondary cosmic rays

from subsequent interactions in atm
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Cosmic rays || Flux

Primary spectrum
From 10*m™2s!'@1GeV to 1km2yr ! @10 GeV and even more !!!
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Cosmic rays || Flux

Types of experiments: size matters!

Direct detection:
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Cosmic rays || Flux

The “cosmic ray leg”
(broken power law spectrum)
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Cosmic rays || Flux

Beam energy up to 7 orders of magnitude > in man-made accelerators, and
CM energy up to 3 orders of magnitude > in a collision with a nucleon at rest
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Does this spectrum have an end?
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Cosmic rays || GZK suppression

e Photons have an absorption length ~ 10 Mpc, producing e*e~ with CMB and IRB
e Electrons lose energy very rapidly via synchrotron radiation

e Protons and neutrons lose 20% of their E every 6 Mpc above Egzx ~ 5 x 101 eV
by scattering off CMB: p + o7k — AT — p+ 7' (n+ 71")  [Greisen; Zatsepin, Kuzmin ‘66]
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Cosmic rays || GZK suppression

e Nuclei undergo photodisintegration in CMB: A + yo7xk — (A—1)+ N
for E 25 x 10" eV

The fraction of surviving cosmic rays from a distance > D [1406.1117]
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Since there are not (many) powerful sources nearby, the UHECR must experience
a suppression above Egzk
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Cosmic rays || Acceleration mechanisms?

e “Bottom-Up” scenarios:

— Direct acceleration by high electric fields, within or near very compact objects.
But no power-law spectrum

— Fermi mechanism:
stochastic schock-wave acceleration in magnetized clouds. It predicts a
power-law spectrum but too inefficient to account for the observed UHECRs?

e Exotic:

— “Top-Down" scenarios:
decay or annihilation of super-heavy particles or cosmological relics, like
topological defects or magnetic monopoles.
But almost no pairing and flatter spectrum

— New Physics:
Breakdown of Lorentz invariance or General Relativity? Too speculative . ..
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Cosmic rays || Where are the sources?

The maximum energy of a charge Ze particle, within a site of size R (Larmor radius) is

B R "
Fmax ﬁz(lﬂG> <1kp0)10 e

with B the magnetic field inside the acceleration volume, 8 the shock wave velocity

_ Hillas plot
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Neutrinos

(terrestrial and reactor are not astroparticles)

=10*
'> =
= 10° T
- - Cosmological v
510
" 102 b Solar v
b a Supernova burst (1987A)
Q108 T
-] i Reactor anti-v
4 |
Z10¢ | \_—
1 F Background from old supernovae
104 F
108 } Terrestrial anti-v
1012 : Atmosphericv
roer 'v from AGN
10—20 -
10-24 : Cosmogenic
10+ !
10¢ 1073 1 10° 10° 10° 10" 10'° 10
ueV. - meV eV keV MeV GeV TeV PeV EeV

Neutrino energy

|l Let me focus here
(background to ET v in
neutrino telescopes)

v < GZK process!
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Neutrinos || Atmospheric neutrinos

e The atmospheric neutrino problem
— Cosmic rays produce 7t in the atmosphere that should give a flux of
ve and v, in (1:2)

T — Vyh — VyVyvee

— The observed flux of v, is largely reduced
= Explained by oscillations v, — v

e BUT this is only true for low energy muons (E < 10 GeV), since otherwise they
will typically reach the ground before decaying!

YT = %T < hg (height of the atmosphere)

The lifetime is T = 600 m. Taking hy ~ 10 km, one gets E < 10 GeV

e On the other hand, 7t are not the only source of atmospheric neutrinos ...
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Neutrinos || Atmospheric neutrinos

e Components of atmospheric lepton (i, ve, vy, v7) fluxes according to parent j:

(7)

(at high energy)

_ M

YT = Aj. =ho = |Critical energy | ¢; z ho

Source ] + antipart. CTj £ [GeV] BR to leptons

v’ Standard 7t — utuy, 8m 115 100%

Kt — {pFvy, e}t 15m 210 67%

Kt — {p vy, eTve} 4m 850 69%

v' Charmed DT — {]ﬁvy,e*ve}fo 310 um 0.38 x 108 18%

DY — {pTvy, et} K- 125 um 096 x 108 7%

D — T 150 um  0.85 x 10° 6%

AF — {putvy, et JAT 60 um  2.40 x 10° 4%

| Unflavored 7,7’ — utuy <A — ~107*
pw, ¢ —up ()
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Neutrinos || Atmospheric neutrinos | (at high energy)

e Components of atmospheric lepton (4, ve, vy, v7) fluxes according to parent j:
=Y ¢/ (E,0)
J

v (E,0) = ¢y (E,0) + ¢ (E)

Qby(E/ 9) _ (Pstand(E 9) (Pcharm< ) + (PunﬂaV( )

at ground level

e Applying an integro differential equation that takes into account sink and source
terms in the particle propagation in the atmosphere (Z-moment method) we
obtain the fluxes of the different components at ground level from a given profile
of the primary nucleons in the top

ON = KE™*
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Neutrinos || Atmospheric neutrinos | (at high energy)

e The results are [1010.5084]

CPStand( 0) ~ Eq(a )KE (a+1) © E>10TeV  (far above critical)
cos

Peharm(E) o~ CSharm (s )KE™% ,  E <107 GeV  (below critical)

More accurate results valid also for E < 10 GeV (just standard flux)
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Neutrinos || Atmospheric neutrinos | (at high energy)

e The results are

¢*d(E, ) ~ Eo(s 9) KE~®+D)  E>10TeV (far above critical)

¢Charm( ) ~ CCharm( JKE™®, ES 107 GeV  (below critical)

And comparing standard (77/K) and charm components above 10 TeV
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Neutrinos || Cosmogenic | (at ultrahigh energy)

e We fit a cosmogenic flux to an average of several models compatible with the
experiments in [1310.5477] and show it together with atmospheric fluxes below
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Neutrino || Telescopes

The IceCube Neutrino Telescope

[ ]
lceCube Array _ .
B6 strings including 8 DeepCore strings  Seat
i
1 'Skm 60 optical sensors on each string {{! &
2004: Project Start 1 string =
H
T

2011: Project completion 86 strings -
Amundsen-Scott
South Pole station

5160 optical sensors

- - [
L ANNEE e

Digital Optical Module (DOM)

The event rate is neutrino flavor (v) and interaction (int) dependent:
ymox A0y

. d¢
L — v,int e N 5%
Ny it = TN / d0 /E B M () g Pl (62 o) /y Ty
y = 1— E'/E, (inelasticity)

d() = 27t dcos 6,
19
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Neutrino

Telescopes

Showers vs Tracks

e Two types of energy deposition

Showers (by electrons and hadrons)

Ny, NC Esn = yEy
Nve,CC Esh = Ey
N, cC—had

v, CC—electrons

Tracks (by muons)

Z\,1/y,CC Eqy = yEv

v, CC—muons
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Neutrino || Telescopes || Effective IceCube mass

e The effective mass is interaction, flavor and energy dependent: [IceCube 14]
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= About 500 Mton, that is 0.5 km? of ice, at ultrahigh energy
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Neutrino

Telescopes

Survival probability

e Neutrinos stopped by CC interactions

CC
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Cosmic rays and neutrinos

Take home messages

e Cosmic ray interactions reach several orders of magnitude beyond the
largest energies available at (even future) man made accelerators

e Neutrinos point back at their sources (neutrino astronomy!)

whereas cosmic rays are bent by (inter)galactic magnetic fields

e Both are ideal laboratories to explore new physics at UHE

e Furthermore, standard neutrino interactions are weak so any new physics effect

does not compete with the SM physics (TeV gravity, for instance), in contrast with

the large hadronic cross sections of cosmic ray interactions
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Cosmic rays and neutrinos

Take home messages

e Astroparticles are cool !!
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