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General view




Class 1: outline




Neutrinos in the Standard Model

(of fundamental interactions)

three generations of matter interactions / forces
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Neutrinos in the Standard Model

(of fundamental interactions)

three generations of matter interactions / forces
(fermions) (bosons)
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Are neutrinos massive?

three generations of matter interactions / forces
(fermions) (bosons)
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Neutrino oscillations, 1

(two families)

1. Flavour basis (interaction eigenstates)

vV
(VZ) = (Va)flavour

Lcc ~ Ea’}"“ Piv,, Wu + h.c.

2. Mass basis (propagation eigenstates)
2
1 i —_ T
(I/2> — (I/l)mass Emass — Zl m,I/,I/,
I=

38



Neutrino oscillations, 1

(two families)

1. Flavour basis (interaction eigenstates)

vV
(VZ) = (Va)flavour




(...just as for quarks, 1)

1. Charged—current interactions (gauge basis)

Loc = -5 oy Prda W + 5= Tar*Prva W + hc.

V2 V2

Here av is a flavour index: (u, d) for quarks, (£, v) for leptons.

2. Mass diagonalization

U = Uu ulr—'nass? dL _ Ud dlr_nassg

b —: Uy €Tass, i = U, I/,r_nass.
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(...just as for quarks, 2)

3. Mixing matrices appear in the CC term After rotating to
the mass basis:

jmass UZ Ud ,},u PLdmass WJ—}—i Emass Ug Uz/ ,\/u PLI/mass WJ—

V2 ,

Lee =

&
V2
Quark sector: CKM matrix Vexm = Ul U,

0.974 0.226 0.0036\ Mixing angles
Verm =~ | —0.226 0.973  0.042
0.0087 —0.041 0.999 ) 49 ~13°, 9, ~24° 69, ~0.2°

Hierarchical, close to identity.
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Neutrino oscillations, 2a

(Three families)

Lepton sector: PMNS matrix

Upmns = U,T Uy.

0.82 055 015
Upmns ~ | —0.36 0.70 0.62

0.44 —-045 0.7/8

Mixing angles

0%, ~ 33°, 05, ~49°, @i ~8.6°.

— T g N M O i —

f For massless neutrinos...

...there would be no misalignment :
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Neutrino oscillations, 2b

(Three families)

3
Vo, = Z Uai Vi Pa—p(L) = Z Ui Uyie ' 28
i=1 '

o o AmiL - (amL) §
Pa—>ﬁ :_4Z’>1§R(UQIU61UQJUIBJ) S|n2( 4? ) +2Z,>J(\\S(UQIUB,UOUU§J> Sln(—zEJ )
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Neutrino oscillations, 2b

(Three families)

g (am) |
{250, O (UaiUz Uz Us ) sin (2—5’) '

’ % | 1% ; Am,?.L
| =4 Ei>j %(Uaiuﬁi Uaj Ugj) S|n2( 4

ICP-even
¢(disappearance and appearance
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Neutrino oscillations, 2b

(Three families)

" 3 2 — _ 2

§CP-even i
{(disappearance and appearancej
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Neutrino oscillations, 3a

(Probabilities in vacuum)

0.2|
0_0; L . : ) , )
0 1000 2000 3000 4000
L/E (km /GeV)

Muon neutrino oscillations, short range o

i-i vel Am? [(—cos20 sin20) [ve
dx \v,)  4E sin26  cos20) \v,)
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Neutrino oscillations,

(SuperKamiokaNDE data: atmospheric neutrinos)
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Neutrino oscillations, 3c

(KamLAND data: reactor neutrinos)
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- . Expected

B Observed

Japan’s Nuclear Power Plants Tomari (Hokkaido)

(As of March 10, 2020) ngashldorl

/f (Tohoku)

Oma (J-Power)

Kashiwazaki-Kariwa (TEPCO)
—
(12131 als ezl

Onagawa

Ghoki

Higashidori (Tohoku)
Shika (Hokuriku) (TEPCO)
ﬁ@ Fukushima Daiichi
T (JAPC) (TEP%

=y RO
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R 15)
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. a

Genkai (Kyushu)

Sendai (Kyushu)

lkata (Shikoku)

Output
) Under 500,000 kW

@ Under 1 million kW

. A ’ @ Over 1 million kW
o,

Resumed operation
- (incl. reactors offline for
routine inspections)

Created by Nippon.com based on power company reference materials.
Meets new standards

Tokai and reactors 1 and 2 of Hamaoka, which were all set to be
decommissioned prior to the 2011 Great East Japan Earthquake, are

included in the map. @ Under construction

X To be decommissioned

nippon.com




Neutrino oscillations, 3d

(SNO data: solar neutrinos NC vs CC)

Ratio to SSM Prediction (BP04)
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B Observed all neutrinos
B Observed v,
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Neutrino oscillations, 4

(Probabilities in matter)

All neutrino species

.d (Ve Am? [—cos26 sin26 V2Ggne(x) 0 Ve(x)
e | : & Vyu(x)
dx \Vyu AE sin2/  cos 26 0 0 H

§ Hands-on session, exercise 1: diagonalize and find the value of §
eeeenn e angle in vacuum for which there is resonant oscillation §
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Neutrino oscillations, 5a

(Probabilities in matter)

Oscillation Probabilities

0.2}
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— J(vacuum)
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. A- |
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Matter matters!
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Neutrino oscillations, 5b

(Probabilities in matter)
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Matter is CP-odd!

(if you are looking for

leptonic CP-violation,

better you know this...)

..........

Neutrino beam ' —




Neutrino sources

1. Solar neutrinos: v,

2. Atmospheric neutrinos: v,, v, U,, U

3. Reactor neutrinos: v,

4. Accelerator-produced: v, v, with some v, U, component

5. Geo-neutrinos: see L. Ludhova course

6. Astrophysical neutrinos (neutrino telescopes)

23



Class 2: outline




The Earth interior

Asthenosphere
. Rigid mantle

Crust

Continental crust (G
Oceanic crust (basalticr

. Atmosphere
Hydrosphere

e

Continent
Ocean
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Tomography

noun to-mog-ra-phy \ to- ma-gra-fé \

Imaging by sections or sectioning, through the use of
any kind of penetrating wave (Wikipedia)

a method of producing a three-dimensional image of the
Internal structures of a solid object (such as the human body

or the earth) by the observation and recording of the

differences in the effects on the passage of waves of energy
Impinging on those structures (Merriam-\Webster)

20



How densities are measured?

seismology

-
0(100)/year earthquake:
with magnitudo
larger than 6

~—

\

27



How densities are measured?

~ seismology
\ A
\““—“—f/ propagation of earthquake waves
through the Earth: p-waves and s-waves )
\“‘\\\\ (v, and v,) — g

N —— R
e ——— —

Adams-Williamson equation (1924)

dp g(r) - 2 49

— = —p(r)== d(r) =v: — —ve

d‘l’ p( )<I>(r) ( ) p 3 8
‘\\ Composition dependence! Gravitational profile dependence!
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The Earth’s core

29



1-dimensional density profile

........ N
o o ke g
Inner Core \ , x
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B Cuter Core

8l /
I /
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4
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[Dziewonski and Anderson, Physics of the Earth and Planetary Interiors, 25 (1981)]
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Uncertaintes from seismology

Density [kg-m ” x 10|

)
(=)

o0

Gravity
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Neutrinos to study the Earth’s interior

An old idea: first mentioned in an unpublished CERN preprint,

A.Placci and E. Zavattini, submitted in Oct 1973 to Nuovo Cimento;
rejected?... never received?....

and in a talk

L. V. Volkova and G. T. Zatsepin, lzv. Akad. Nauk. Ser. Fiz. 38N5 (1974)

In modern language, a long-baseline experiment

The idea was premature!

32



Neutrino tomography

Even more premature...

De Rujula, Glashow, Wilson, Charpalk,
Phys. Rept. 99 (1983)

33



Two ways to scan the Earth

* Neutrino oscillations (< 1 TeV)

A\ . . s (BeE\ (DAN? . a (AL
Pf=1- (B—f) sin”(26,3) sin” ( ; ) - (le) sin®(26y5) sin” (T)




Two ways to scan the Earth

* Neutrino oscillations (< 1 TeV)

=1 ‘) sin®(26,3) sm’ @ sin”(26y5) Sln’)

W. Winter, Nucl. Phys. B 908 (2016) 250; Km3Net, PoS ICRC2017 (2018) 1020
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Two ways to scan the Earth

* Neutrino oscillations (< 1 TeV)

Pr=1= ‘) sin”(26;3) sm’ @ sin2(26;) sm@

W. Winter, Nucl. Phys. B 908 (2016) 250; Km3Net, PoS ICRC2017 (2018) 1020

* Neutrino flux attenuation (> 1 TeV)

do,(E,T)
dr

= —O¢ot (E)(Du (E’ T)
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Two ways to scan the Earth

* Neutrino oscillations (< 1 TeV)

N -
Pele— sSin (2913 sm’ @ sin’ (26015) snn@)

W. Winter, Nucl. Phys. B 908 (2016) 250; Km3Net, PoS ICRC2017 (2018) 1020

* Neutrino flux attenuation (> 1 TeV)

o (E) = p(E) X o, 0(E)
dé, (E, )

dr o (L, 7)

Gonzalez-Garcia, Halzen, Maltoni, Tanaka, Phys. Rev. Lett. 100 (2008)
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Two ways to scan the Earth

* Neutrino oscillations (< 1 TeV)

9
P:E —1 — sSIn (2913) st @ sin” (2615) sm@

W Wlnter Nucl Phys 8908 2016 250 Km3Net PoSICRC2017 2018 1020 | B

“Neutrino flux attenuation (> 1 TeV)

Go(E) = p(E) X 0,,(E)
o, (E, ) @ 1

dr pv(Z,7)

Gonzalez-Garcia, Halzen, Maltoni, Tanaka, Phys. Rev. Lett. 100 (2008)
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lceCube: a1 km3 neutrino
telescope

39



The Eiffel Tower
356 m

[A 2400 m

The IceCube Experiment

40

Deployed in glacial ice
at the South Pole

Array size |km?, 86
strings, 60 optical
sensors (DOMs) per
string







Atmo-neutrinos are an optimal source

(1)

42

-

They reach a
detector
from all

directions

\

Ly
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Atmo-neutrinos are an optimal source
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IceCube Collaboration, Aartsen et al , Phys. Rev. D102 (2020)
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Atmo-neutrinos are an optimal source

<1TeV (2) >1 TeV

100. | 1' . (Conv) 1%8867sz
— 1011 =
= 10721 =
:.S 10_3 ' f‘ﬂl :
= 104}
E 105 =
£ 1076}
10-8E = :
= 1 10 10 10° 10°
E, [GeV]

IceCube Collaboration, Aartsen et al, Phys. Rev. D102 (2020)
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The IceCube IC86 data sample

1 year of data taking (2011-2012)
20145 muon events over 343.7 days
Ep. = [400 GeV + 20 TeV]

The muon direction is a very good proxy of the
neutrino direction, with Acos6 < 0.01

PUBLICLY AVAILABLE!
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The IceCube IC86 data sample

* 1vyear of data taking (2011-2012)
e 20145 muon events over 343.7 days
. Ep. = [400 GeV + 20 TeV]

* The muon direction is a very good proxy of the
neutrino direction, with AcosB < 0.01

. PU BLICLY AVAILABLE|

WE USED THIS SAMPLE IN 2018 TO PERFORM THE FIRST f
!  NEUTRINO EARTH TOMOGRAPHY. SEVEN MORE YEARS
OF DATA WERE NOT AVAILABLE AT THAT TIME f,
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Raw data as a function of E, and 6

Atmosphere
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Including energy cuts: N_../N

noatt
a Full sample b Above 5 TeV
L6l | All ' t | ' =' =i N i E”°°>5ITeV ' | 3 3
§ g events : % b : E
3 E =2
1.4 gl i
O'EI.O 08 06 04 02 0.0 ~1.0 —15.8 06 0.4 02 0.0
cos 05 cos B¢
////— T - ///"/—___——-——— S -y
/~ Fullsample y Forcos® >-0.6,
useful for )

attenuation can be
as large as 50%

;—J-/

normalization
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From raw data to measurements

(1) Atmospheric
Neutrino Flux

(3) N interaction
with nucleons

2  (2) Propagation
through Earth

74

A (4) Detector
response simulation |
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. (1) atmo-v flux model

exp

Primary cosmic ray flux:
Honda-Gaisser model +

Gaisser-Hillas corrections
| (HG-GH-H3a)

L /

-

" Hadronic model: QGSJET-11-04 J

==

/

- - ™~
/ \

We tried other options =2
“discrete” systematics

50



(3) neutrino-nucleon interaction

exp
Remember: 0. . =0, X .
2: ipém : N i VN (VN) cross-sections
2.05 | \ at 2-3% (4-10%) errors
\. 4
ur°3mw |
202 :Accglai;atd’ < e
0 ... |CECUBE MEASUREMENT
09, [5eV]) 1.3070%5 (stat) 222 (syst) x oy,

—

Aarsten et al, Nature 551 (2017) "

)
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. (4) detector simulation

" We use the official IceCube
MC to map
O _intoE"

exp

H v
E obs’ rec’ 0 rec

52



Nexo: (2) neutrino propagation

Propagation through the Earth with v-SQuIDs
\ y,
Arguelles Delgado, Salvado & Weaver, Comput. Phys. Commun. 196 (2015)

y \
'« Neutrino Oscillations: evolution Hamiltonian in matter
(dominant below 1 TeV)
* Neutrino Attenuation: inelastic CC and NC interactions with matter
(dominant above 1 TeV)
* Neutrino Regeneration: v, v, 2 v, 2> CCT2 v, Vv,
through leptonic decays
- * Migration to lower energy bins: due to NC interactions

y
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Our Earth’s model

[ 5 spherical layers J

[Inner Core, one Iayer}

A\ (L, =1242 km
[ Outer Core, two layers :
L, = 2373 km,
L, =3504 km ’
/Mantle, two layers o
L, = 4938 km,
L. = 6371 km §

[ No crust! J
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Our Earth’s model

[ 5 spherical layers J

ICB and CMB fixed!

Inner Core, one Iayer}
L, =1242 km

95

‘Outer Core, two layers
L, =2373 km,
_L; =3504 km

\

7

/Mantle, two layers
L, =4938 km,
L;=6371km

{ No crust!




First 1-d density profile with neutrinos

. — —— Analysis performed

= PREM Model

& Max 10 pos.| with MultiNest

30.0

=
o
o

5 Earth layers densities

: and

Density [g cm™?]
w
=

4 systematic errors:

* Flux normalization
* Pion-to-kaon ratio

.
o

| | | | | |
0.3 1000 2000 3000 4000 5000 6000 7000 ° Spectralshape

Earth Radius [km] DOM Efficiency
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0.8

0.6}

0.4}

0.2}

The Earth’s mass

Ma"

|
|
|
|
'
|
'
!
|
|
|
|
'
|
|
1

First measurement of the Earth’s |

mass using the weak force!

2.5

5.0

75

MY [10%%kg]

10.0

Vg

.

M

~ Gravitational measurement of the Earth’s mass

earth-grav

= (5.9722 + 0.0006) x 10?* kg

o7



0.8}

0.6}

0.4}

0.2}

The Earth’s moment of inertia

]'_',:;l\

|
|
|
|
|
|
|
|
|
|
|
|
|

0 5

10 15

14[10%7kg m*]

First measurement of the Earth’s

moment of inertia using

the weak force!

earth-grav

Gravitational measurement of the Earth’s moment of inertia

= (8.01736 + 0.00097) x 10%7 kg m?
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Earth’s non-homogeneity

i d First measurement of the Earth’s
0.8} core-mantle discontinuitg using
06f - the weak force!

0.2~' -
;J \‘1

0 10 20 30 40

(/.):'Iun' o /'::mml.-} lg cm :‘]

A homogenous Earth has a p-value p=0.01 !!!

2008 Claim: IceCube could reject a homogeneous Earth at 50 in ten years
\. 4
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The Earth’s core mass

U

[ SSER NAT 1 R T
First measurement of the E‘_ar’ch’ﬂ

COre mass usmg the weak force! ‘

‘[PRI M

core

----—----

00 15 30 45 60
M”._ [10%kg]

core
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Forecast with 10 years of data

N\

A much finer modelling of the Earth could be done

P/

P
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{04
{02

L] L L
/ Jo.e
Jo.e
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T
41.0

Test of the Inner-Outer Core

discontinuity
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f 3 ket
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t t t t t T
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y
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1.0

0.8

0,2

p

&

— -

Independent localization
of the

Core-Mantle Boundary
7/
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1-d density profile with 10 years

— PREM Model
4  Max 1D pos.
4  Max 1D pos. (10 yrs.) |

30.0

Density [g cm *]
[

w o

o o

=
o

0'30 1000

3000 4000 5000 6000 7000

Earth Radius [km]
A. Donini, S. Palomares-Ruiz, J. Salvado, Nature Phys. (2019)

2000
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An input to geophysics: g(r)

Free-fall acceleration of Earth

1o |inner Quter  Lower Upper Space |
o, Core Core Mantle Mantle ‘
g 10 — PREM
£ 8 Linear density
c / — Constant density
O 6 |
©
&
o 21
O
0

O 2 4 6 8 10 12 14
radius in 1000 km

The Earth’s gravitational profile is needed to compute p(r) from earthquake waves velocities
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An input to geophysics: g(r)

Free-fall acceleration of Earth

Inner Outer Lower Upper Space | l

—
N

Core Core Mantle Mantle ‘

10 — PREM
8 Linear density
— Constant density

acceleration in m/s?
(@)

2 14

'] 8 !
in 1000 k 1/r?

p(r)- dependent

) - . /

The Earth’s gravitational profile is needed to compute p(r) from earthquake waves velocities
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1 year measurement

Complement geophysics: g(r)

Free-1all acceleration of Earth

12 Inne* uter | Loweglipper Space | ‘
N, Cor ore l
g 10 | — PREM
£ 8 Linear density
c — Constant density
S 6 .
©
o 4
O
Q 2
v
0 :

0O 2 4 6 8 10 12 14
radius in 1000 km

The Earth’s gravitational profile is needed to compute p(r) from earthquake waves velocities
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10 years forecast

Complement geophysics: g(r)

Free-1all acceleration of Earth

{ 1
Innet Cuter L owegmlipper Space | |
Corgyy Gpre [Wfantiel Marftle l ‘

/NG . |
'7 ’ — PREM
;, Linear density

— Constant density

/

0 2 4 6 8 10 12 14
radius in 1000 km

-
N

—_—
o
|

acceleration in m/s2
(o))

The Earth’s gravitational profile is needed to compute p(r) from earthquake waves velocities
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Complement geophysics: g(r)

ree-1all acceleration of Earth

1o [Innet Quter lgowegaUPE Space | ‘
Corgh Gbre antle Mafil
10 - L — PREM |
ge |7 ’ Linear density
' Constant density

/| /
B New ICECUBE measurement

0 2 4 6 8 10 12 14
radius in 1000 km

acceleration in m/s?2
(o))

The Earth’s gravitational profile is needed to compute p(r) from earthquake waves velocities
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NEW measurement of Earth’s mass: two sigma off

Normalized posterior

0.4 0.6 0.8
Earth mass [kg]

68

1.0

95% HPD
68% HPD

- == rafarence value

1.2

x10%



NEW measurement of Earth’s moment of inertia: two sigma off

2.5
2.0
1.5
1.0
0.5

Normalized posterior

0.0

04 06 08 10

69

1.2
Earth’s moment of inertia [kg m?]  x10%*

1.4

95% HPD
68% HPD
= ww reference value
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Understanding the new
measurement

1. Which data push the Earth’s mass to large values?
2. What if we fix the Earth’s mass?

3. New vs Old analyses
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25

Density [g/cm?3]

cos(#) at tangent
-1.00  -0.99 -0.95 -0.90 -0.80 -0.50  0.00

simulated
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Density [g/cm?]

-1.00
20.0
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15.0 -
128
10.0
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2.5
0.0

cos(#) at tangent

-0.50
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Constraints and derived quantities

e Gravitational measurement of the Earth’s mass

~A4Am (B

" 3 8 247, .,
Mg = 3/ drrp(r) = 5.972 x 10-*kg

A derived quantity: Earth’s mean moment of inertia

87 [He
b = —
@ 35 Jb

A constant density would give Ig(p(r) = po) = 0.4 Mg R?

drrp(r) = 0.3307144 Mg RZ,
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Impact of constraints | oLb bATA

Adding the gravitational Earth’s mass as an external
constraint, results in fixing the mantle density:
p: = [1.22-4.78] g/cm?® =» [4.43-4.79] g/cm?

Rather small impact on the core density, instead:

= [10.2-20.8] g/cm?® =>» [9.7-18.6] g/cm?

pcore
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cos(f) at tangent

0.00

—1.00 —0.99 —0.95 —0.90 —0.80 —0.50
25 I | I I I
} data 68% HPD,
fixed mass
20 * data 68% HPD,
= fixed moment of inertia
= | ——— PREM profile
& 15 |- 1 S
.io‘ g
[z 0
. 5 e "»\‘Y
N . | [ - 5 | i
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7‘/ R,

YOU NEED LESS MATTER IN THE CORE
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Density [g/cm?®|

cos(f) at tangent
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My personal guess

1. Missing systematics: best choice could be related to ice opacity

Dust accumulates on mostly horizontal planes,

a wrong reconstruction may affect neutrino detection with low angle

i’



My personal guess

1

. -= Neutrino
08 3 - Antineutrino

2. Do you remember this?

Could you please check again?

© o
w (=)}
[ S

o JE, (10*¥ cm?/GeV)
o o
w o

o
[N

15 25 35 45 55 6.5
log,o(E, [GeV])

/8



How to use neutrinos?

What if we had a gravitational model different
fromm Newtonian gravity?

1) Adams-Williamson equation (‘20s)

The density profile depends on the gravitational model!
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1 year measurement
Complement geophysics: g(r)

ree-1all agcceleration of Earth
12 Innery Cuter | LowegmUppe Space

oA Corgy Gore | Mantle
g 10 | [— PREM
s 8 ~ Linear density
= — Constant density
O g
©
o 4=
2 Ll
O 214
© //

O :

0 2 4 6 8 10 12 14
radius in 1000 km
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Km3Net

New telescopes

2= .
o
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ew telescopes: Km3Net

ot m
ZJil ';”: mll
)"l
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New telescopes: Km3Net

4] Sound 1: 01_07_2024_18_27_00.wav

| o o B

Mediterranean Sperm Whale-singing recorded by Km3Net
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More telescopes
Km3Net 1 Km3

Lake Baikal 1 Km3

‘‘‘‘‘‘‘

........

0h
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HANDS-ON



MSW resonance

- _ y . _ . - . . _ . _

. Hands-on session, exercise 1: diagonalize and find the value of §

_the angle in vacuum for which there is resonant oscillation §
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Neutrino usefulness

4 A\ S5l - = - - \§ Sl g d - - B L5 F B © @ S g s - - S \§ S
- - Ty - _ e - - / _ - - ’ - - i = _ oS o - ’ _ - -
z o %3 N Ty T ' AT 6T Sho BT L R <3 ZAF V2 P OB o3 3 ) WY IR 3 P v o S . o — g

Hands-on session, exercise 2. estimate the exposure you need
to test a 10% difference between the PREM (Newton-driven)
and a mod-gravity model Earth’s core mass?

AR - ¥ ) pama il . D2 i AR e, ot L] AR = R mdt D AR - LW Ve S At et

-~ : o - o R \ S . . c . \ __~_- . . - . _ =~

Free-fall acceleration of Earth

12 Inner Quter qI:1_c>wer Upp;)er Spjace _ \
% " Core Core ®Mantle Mantle ‘ Assume 'th at
- —FREM errors from
£ 3 Linear density _
= — Constant density Se|smo|09y
2 6 | .
= 4 are negligible
| BeEn
8 2+ -
©

0

0O 2 4 6 8 10 12 14
radius in 1000 km
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SOLUTIONS



MSW resonance

i Hands-on session, exercise 1: diagonalize and find the value of §
_the angle in vacuum for which there is resonant oscillation

.d (v, Am? [—cos26 sin26 V2Ggne(x) 0 Ve(x)
TR | : T Vyu(x)
dx \Vy 4E sin2  cos 26 0 0 K

in 20, — sin 26 o 2\/§GFI7€E.

’ 2
\/(cos 20 — A)2 4 sin? 20 Am

MSW condition

A m? cos 2
Ares = cos20 = nL° = mtos 0.
2v/2GFE

89



Neutrino usefulness

4 A\ S5l - = - - \§ Sl g d - - B L5 F B © @ S g s - - S \§ S
- - Ty - _ e - - / _ - - ’ - - i = _ oS o - ’ _ - -
z o %3 N Ty T ' AT 6T Sho BT L R <3 ZAF V2 P OB o3 3 ) WY IR 3 P v o S . o — g

Hands-on session, exercise 2. estimate the exposure you need
to test a 10% difference between the PREM (Newton-driven)
and a mod-gravity model Earth’s core mass?

AR - ¥ ) pama il . D2 i AR e, ot L] AR = R mdt D AR - LW Ve S At et

-~ : o - o R \ S . . c . \ __~_- . . - . _ =~

Free-fall acceleration of Earth

12 Inner Quter qI:1_c>wer Upp;)er Spjace _ \
% " Core Core ®Mantle Mantle ‘ Assume 'th at
- —FREM errors from
£ 3 Linear density _
= — Constant density Se|smo|09y
2 6 | .
= 4 are negligible
| BeEn
8 2+ -
©

0

0O 2 4 6 8 10 12 14
radius in 1000 km
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Neutrino usefulness

1-year IceCube analysis

il S i ~ 37%.

mcore 2 .

mad) = (27+£10)x10%* kg =

15-year IceCube analysis (present)

mE2Y) &~ (274027)x 10% kg = 22 ~10%.

Mecore

Empirical scaling of the error Pure statistics would give:
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Neutrino usefulness

You need the error to go down to 2-3% in order to distinguish

between two models 10% apart...

%50 015 . 1~ o

615 01 V15 \F

Extra factor 10:

If you do not want to wait 150 years, we need at least 10 Km3
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BACKUPS



Flux and hadronic model dependence, 2

1 -
0.8 -
0.6 -
0.4 -
0.2-

r
Sl
z‘: ;‘
¢ ‘/'
/
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.
" \
’
.
}
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)
j

/o

o b caan e s meen came e

56 64 7.2 0.8
MY, [102%kg]

—— GH_HG_H3a + QGSJET -> GH_HG_H3a + QGSJET
—-— GH_HG_H3a + QGSJET -> GH_HG_H3a + SIBYLL2.3
——-- GH_HG_H3a + QGSJET -> ZS_pamela + QGSJET
GH_HG_H3a + QGSJET -> ZSa_pamela + SIBYLL2.3
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Forecast for
10 years of MC data



Systematics importance

» DOM efficiency

» Flux continuous parameters
» spectral index
» /K ratio
» v/v ratio Full Implementation

Important

Penat@aior HV Divder

» Air shower hadronic models Marginally
irrelevant precise check

» Primary cosmic ray fluxes Marginally
irrelevant precise check

» Hole Ice Irrelevant
» Neutrino cross sections lrrelevant

Bulk ice scattering/absorption
Irrelevant

v

Glass Fressure Fousmg

D.0O.M.
Not important

continuous systematics
discrete systematic
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Systematics importance

» DOM efficiency
» Flux ¢~ “\

>

>

Lol = 7

>

> Aiceh Not taken into account:
ITTHieY OPTICAL PROPERTIES OF THE ICE

» Primal
irrelev

» Hole |
» Neutri

» Bulk ice scattering/absorption e
Irrelevant

Glass Fressure Fousmg

D.0.M.
Not important

continuous systematics
discrete systematic
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Number of events

. 10°:
B
(1
B
—_
2
g
f~ |
2
0.99 HPD " 3 ATe 0.99 HPD
w068 HPD 10°; S 0.68 HPD
—— mode —— mode
. data . data
-1.0 —0.8 —06 —04 0.2 0.0 -1.0 —0.8 —0.6 —04 —02 0.0
cosf cosf
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