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(Reference Earth Model,
Dziewonski, Anderson, 1981)

(http: //igppweb .ucsd.edu/
~gabi/rem.html)

(taken from W. Winter, ISAPP School 2016 « Understanding and imaging the Earth» )



Fe + Ni, light elements ?

Pyrolite (silicate Earth)

(http: //igppweb .ucsd.edu/
~gabi/rem.html)

(taken from W. Winter, ISAPP School 2016 « Understanding and imaging the Earth» )



The Preliminary Reference Earth Model (PREM)

0.014 |

6zieron§ki &|And|erso|n, Physii:s o# the IEarth &
Planetary Interiors, 25 (1981) 297—356

0012 Uncertainty on

core-mantle &
inner-outer core
boundary position
<10 km

outer core

0.010

0.008

0.006

transition zone

0.004

[ Uncertainty on
— average density
—<1%

I R N
O.OOO0 5000

0.002




Core-mantle
boundary

Zenith angle (°)

Horizontal

1(°

Néutrino energy (GeV)

~A Antineutrino |

...driven by the
increase of
neutrino-nucleon
cross-section
at high energies
(~10 TeV - PeV)

e = "

0,/E, (x107%8 cm? GeV-")

— Weighted combination

Transmission probability

IceCube Coll., Nature
551 (2017) 596-600



All events

—
o
MunnerCore
OuterCore

Mantle

Atmosphere

210 —08 ~0.6 04 02 0.0
cos 07

Er* > 5TeV +

OuterCore
Mantl
Atmosphere

a n
Ine
i 15
: T InnerCore

210 ~0.8 ~06 —04 —02 0.0
cos B¢

No attenuation (transparent Earth)
— PREM expectation

Absorption tomography is
sensitive to Earth matter density

I
- PREM Model
4 Max 1D pos.
4 Max 1D pos. (10 yrs.)

[
o
o

Density [g cm™]
w
o

A. Donini et al., Nature (2018)

1 1 | 1 1
1000 2000 3000 4000 5000 6000
Earth Radius [km]

1st study with real data:
lceCube 1 yr sample (2011-2012)
20145 up-going v, with 400 GeV < E < 20 TeV

- (much) more statistics needed
- Systematics must be controlled: neutrino flux,
cross-section & detection effects (ice model) 6

7000



Ordinary matter contains e€’s but no y’s or 1's

—> extra potential in propagation Hamiltonian, o
proportional to electron density in medium L = 2}zEarth cos 0
A — :I:\/§GFN6 detector

m ~ rtan 2 . 2 m _:
P3" (v, — V) & sin” fa3 sin” 2675 sin

Am3;
sin? 207% = sin? 20,3 ( 31 )

A™m?
A", 2 — \/(Am?)l COS 2913 — 2. Am31 sin 2913)

- Resonance energy (for neutrinos in NH/antineutrinos in IH)

B = Am3, cos 26,3 ~ 7 CeV 4.5 g/cm3 ( Am3, ) Sy = 3 GeV (core)
T 2V2GpN. p 2.4 x 10-3eV? e

Density (g/cm®)

= 7 GeV (mantle) .



Measured in neutrino oscillation patterns assume known matter density

profile from PREM model
"

detector _

A E
°
\/ 2
D
. . C
Constrain Z/A in core/mantle 3
0 0.46 0.5
------ I I L R § § 1}
b it
0.39 0.4656 | [ | ‘ 0.4957 056
Pb pure Fe pyrolite H
CORE ? | 1oy Fo + iaht MANTLE
elements
CORE ? H,0

—\ Oscillation tomography is
Typical values of Z/A for chemical elements or alloys present in the Earth ; SenS|t|Ve to Earth CompOS|t|0n



Pure Iron _Z/A —0.465

E / GeV

150 170 180
zenith angle / deg

Iron+ light
elements

Z/A = 0.»’19517

) 150 170 180
zenith angle / deg

« PINGU Lol detector (26 strings x 192 DOMs)
« ~4 Mton effective mass @ 2 — 6 GeV
* only up-going v, CC events

« systematics included: oscillation param.,

atmospheric flux, detector energy scale
+ fixed (pyrolitic) composition in mantle

Energy (GeV)

10

N, :lronvs N, : LightCore

*]3
8+

7t Prelimimary

3k

f20 130 140 150 160 170
Zenith angle (Degree)

PINGU Lol, arXiv:1401.2046

See also C. Rott, A. Taketa and D. Bose, Sci.Rep. 5 (2015) 15225

180

1.00
0.75
10.50
10.25 E
10.00 =
1-0.25 ZL
| 0502
—0.75
~1.00



« ORCA layout:
115 lines x 18 DOMs

« 5,7 Mton effective volume

* Tracks & cascades;
reconstruction/PID
performances as in neutrino
mass hierarchy studies

« Oscillation probabilities
computed with OscProb
(J. Coelho)

« Earth density profile:
42-steps PREM model

« 3 chemical layers

» Log-likelihood ratio
analysis for outer core and
mantle

- 3 chemically distinct layers
= Z/A uniform in each layer

Mantle: R, = 6300 km
pyrolite (rock model)
Z/A = 0.496

Outer core: R, ~ 3480 km
pure Fe (+ 5% Ni)
Z/A =0.4656 (0.4661)

Inner core: R, = 1220 km
pure Fe

42-steps PREM model [2]

Z/A = 0.4656

15 . T N P ———
- | : —— 423-layer model |
— :__—‘-]'____ | —— 42-ayermodel | |
g i : ‘qq%‘% —— 2-layer model |
S 10 i —
> B : 7
= | ! i

2 i |

(o) | ]
o - | .
5 51 ; T ]
0 e T
:Inner core | Outer core X Mantle ]

M S I R |
00 2000 4000 6000

Radius [km]

Density (g/cm®)
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Z/A varied by 5% in outer core only

True cosé,

Projected Iy2l

Signed y? for v, CC + v, CC events

: ORCA 10 years, perfect detector

-0.4r 7 _|_ V_
- Outer core composition
o :u’ lu’ model A: Z/A =p0.466
-0.5— model B: Z/A = 0.489 (+5%)
-0.6/— i i i i
- o ny —n’g) X |n% —n
- signed x?(bin i) = (s = 1) - i)
~0.7F A
-0.8—
—0.9:— "u
PLEAN ™ h-, e———
2 3 4 5 6 7 8 910
True E [GeV]
x2forv, CC + ¥, CC events
40 7]
-/ -]
35 2 _I_ ~ 1
30 ]
25 ]
20} E
15[ E
105— —;

5 6 7
True E [GeV]

8

910

Effective mass [Mton]

True cosé,

Projected Iy2l

|
©
»

Signed %2 for v, CC + vV, CC events

= Outer core composition
- Ve _l_ Ve model A Z/A =0 466
-0.5[— model B: Z/A = 0.489 (+5%)
-0.6F-
0.7
-0.8-
-0.9F f
o -
_1 :.: - 1 L & L 1
2 3 4 5 6 7 8 910
True E [GeV]
x? for v, CC + v, CC events
40 — .
s e T Ve E
30F- ]
25 E— —E
20F- E
15(- E
1o :
51 -
of — - .
2 3 4 5 6 7 8 910

True E [GeV]

-0.08
-0.1
-0.12

Effective mass [Mton]
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Z/A varied by 5% in mantle only: ORCA 10 years, perfect detector

True cosé,

Projected Iyl

Signed %2 for v, CC + v, CC events

—0.4r
o Mantl iti
F Uy T V)| mantte compositon
-0.5— model B: Z/A = 0.521 (+5%)
-0.6—
-0.7
~0.8- 1.‘
—0.9F- Wy
_1 ; " " N " " " " 1
2 3 4 5 6 7 8 910
True E [GeV]
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40~ :
stV + v M .
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5f- .

2 3 4 5 6 7 8 910

True E [GeV]

-0.1

-0.2

-0.3

0.4

Effective mass [Mton]

True cosé,

Projected Iy2

Signed %2 for v, CC + v, CC events

-0.41
: Ve T Ve | Mertiscompostion,
-0.5— model B: Z/A =0.521 (+5%)
-0.61
-0.7
o8- j y
-0.9F- -
: " -
1l 1 . . S -
2 3 4 5 6 7 8 910
True E [GeV]
x? for v, CC + v, CC events
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0.01

-0.01

-0.02
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» Theoretical signal more visible in muon (track) channel
» Theoretical signal is higher for outer core, but concentrated in fast-oscillating
patterns at low energy

» Detector effects described by response matrix from full MC simulations:

e True (E, cosf,, Yg;) Reconstruction
ificati e Reco (E, cosf,, Yg;
o True channel: & Classification ( . 2 | i)
— CC v, /T, Uu /T, Vs [T :> e Event classification (”flavour ID”):
— NCv/v — Track / Cascade / patm

» Both channels end up with comparable contributions to asymmetry:

B
|t

010 ol

1

-0.10

——— i 0.10 ——— w010
oof. KM3NeT Preliminary 1' 2or. KM3NeT Preliminary il
i 1 —o.05 i ] —0.05
E 60_— ] g 60~ ]
o 40:_ h _: _o.00 o sl 1 _o.oo
g | : : - ]
- i -0.05 o) 1 -0.05
20 2b

1 1 1 1 1 1 1 l 1 1 1 1 1 1 ll
3 4 5 6 78910 3 4 5 6 7 8910
E [GeV] E [GeV] .



¢ Oscillation parameters from NUFIT 3.2
sin?0,,=0.5; d.p =0

% Systematics treatment improved:
- includes MC sparseness effect

- flavour and polarity skews

- channel-by-channel normalization

% Simultaneous fit of other layer

Combined measurement:

Fit 4 osc. + 8 syst.
08— 1 71—

.=~

0.7

0.6

0.5

.

- KM3NeT

1
1
’

0.4

Test Z/A outer core

\

10 years, true NH; sin’0,; = 0.50; 5, = 0
|

0.3

-U
-
@

| 3 _
>

L m .
-

IIIl\ﬁlII|IIII|IIII|IIII|IIII

IIII|IIII|IIII|IIII|IIII|IIII
~

O.&

40

Ll
0.45

0.50
Test Z/A mantle

Ll
0.55

0.60

w

Test Z/A mantle

Fit Z/A core only

core + 3 osc.

core + 4 osc. + 8 syst.

Test Z/A outer core

Fit Z/A mantle only
mantle + 3 osc.

mantle + 4 osc. + 8 syst.

1

.......
""""
. -
________
- ~

True NH

IIII||}’II|IIII|IIII|IIIII

Pealiai

~
o

0.45

Test Z/A

0.60
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Novel methods to probe the Earth’s with neutrinos:

\/

s absorption tomography

- inform on Earth matter density

—> needs large statistics of events at >10 TeV energies

- main systematics: atmospheric neutrino flux, detector performance,
crosssections

\/

¢ oscillation tomography
- inform on Earth composition (actually on p x Z/A)
—> needs large statistics of events at ~GeV energies:
... a case for Super-ORCA/Super-PINGU ?
- main systematics: atmospheric neutrino flux, detector response
- need to resolve first the neutrino mass hierarchv
+ better knowledge of oscillation parameters

.
EN
o~

+ Opportunity for combined measurements:

reconstruction of 3D density profiles

—>Possibility to resolve large-scale : A
inhomogeneities in the lower mantle: ® -+ 4

lceCube + ARCA ?
Super-ORCA + Super-PINGU ?

-

" Credits:

Detector C. Rott
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Backup slides



Log-likelihood ratio

Model A: pure Iron

Outer Core Electron Fraction

X = observed data

L(CUIB)]

2 __ —
AXT = —2In [L(a:|A)

A,B = model hypotheses

Normal Hierarchy, Baseline Reconstruction & 6,, =42.3°

0.56

Statistical + Systemati
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Expected

matter profile precision

PINGU ORCA
20 20
ic.mm;szom s @ GLoBES 2016 s 5 (NO,
. P B £ i |E 10yr)
| < 2 |2 < £ | 8
15 2 @ g 15 o % g
' 2 § | £ § £
—~ | g |3 = |2 - | & |3 z |2
” = ] L) = = b
g FB g 2 .a £ 2 g 2 .E
$° 5 |3 s |8 $° &5 |3 5 |E&
| Q
s | g I
5| & - 5| 3 2
| §_ = } § = }
0 . 0 .
10! 10° 10° 10! 10° 10°
Depth [km] Depth [km]
Layer PINGU ORCA
NO 10 NO 10
Crust (1) No sens. No sens. No sens. No sens. Precision
Lower Lithosphere (2) No sens. No sens. No sens. No sens. on
Upper Mesosphere (3) ~53.4/ 4550 No sens. ~51.2/ 4534 —~69.1/452.2 Z/A
Transition zone (4) —79.2/ +38.3 No sens./ + 72.2 —61.2/+35.6 =52.7/+45.8 p.X
Lower Mesosphere (5) -5.0/4+5.2 ~10.5/+11.6 ~4.0/ +4.0 ~4.7/ 448 n %
Outer core (6) ~7.6/ +8.2 ~40.2/No sens. ~5.4/+6.0 ~6.5/+17.1
Inner core (7) No sens. No sens. ~60.8/ +32.9 No sens.

WW, special issue “Neutrino Oscillations: Celebrating the

Nobel Prize in Physics 2015, Nucl. Phys. B908, 2016, 250

Waiter Winter | PANE 2018 | 31.05.2018 | Page 22



e Continent-sized anomalous zones with low
seismic velocity at the base of Earth's mantle

® Large low shear velocity provinces (LLSVP) up to
[,200km above CMB :

Anisotropic lower mantle

Muon neutrino survival probability
Z/A=0.4957 Z/A=0.5007

Srr il Aoty
Eangy [De¥]

S XN 4339 aa

»
X3
x4
X ]
.9
A
.3
2
X}

- - A5 08 07y - S L 5 0
p—— Codre arin A CasreZavh Ag

1 0% 09 066 08 478

® Tomography with multiple detectors

ISAPP Summer School 2018 38 'S Carsten Rott




parameter treatment true value  prior 16 width
sign(Am?,) fix NHorlH -

|Am%, |vu (eV?) fitted 2.4941073 no

\Am?%, | (eV?) fitted 2391103 no

Am?, (eV?) fix 740107 -

013 (°) fitted 8.54 yes 0.15
012 (°) fix 33.62 - -
623 () fitted 45 no —
ocp () fitted 0 no -
Inner core Z /A fix 0.466 E ~
Tracks normalization fitted 1 no -
Showers normalization fitted 1 no -
NC events normalization fitted 1 yes 0.10
Ve /Ve flux ratio fitted 0 yes  0.10
Vi /Vyflux ratio fitted 0 yes  0.10
e/ flavour flux ratio fitted 0 yes 0.10
Energy slope fitted 0 no -
Zenith angle slope fitted 0 no -
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