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A seismological Earth tomography
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A seismological Earth tomography
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Still in use!
This is the only one
used by neutrino
physicists!
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Uncertaintes from seismology
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A bit on seismic waves propagation

/ P-waves: \

Compressional waves,
travel through solid
and liguid media

S-waves:
Shear waves, travel
only through solid

\\medium / TN
N .

p

Difficult to extract
informations about the
Earth’s core

N (source of geomagnetism) )
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Using neutrinos to scan the Earth

/ Studying the Earth’s interior with neutrinos is an old idea, \
first mentioned in an unpublished CERN preprint:

A.Placci and E. Zavattini, submitted in Oct 1973 to Nuovo Cimento,
but not published. Rejected?... never received?....

and in a talk:

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

4 )
MAKE A NEUTRINO BEAM! SHOOT IT THROUGH THE EARTH!

The idea was premature for the ‘70s!... and for the '80, the "90s,
the ‘00s, the “10s and, probably, the ‘20s...

\_
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More ideas during the ‘80s

De Rujula, Glashow, Wilson, Charpak,
Phys. Rept. 99 (1983)
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Using atmospheric neutrinos

Model of Primary Cosmic
Ray Flux

+

s i ) I
Model of the interactions of

Cosmic Rays with outer layers
S of the atmosphere P

2

[Atmospheric Neutrino Fqu}
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Atmo-neutrinos are an optimal source
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(1)

a

X L

They reach a
detector
from all

directions

N

4

Lipari, NeuTel 2019, Venice
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Atmo-neutrinos are an optimal source

(2)

~ ||Emm 4, (Conv.) : 1208867 uHz ]
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[ BROAD SPECTRUM!}
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E, [GeV]
IceCube Collaboration, Aartsen et al , Phys. Rev. D102 (2020)
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Atmo-neutrinos are an optimal source

1<01 TeV (2) >1 TeV

u (Conv) 1208.867 uHz
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IceCube Collaboration, Aartsen et al , Phys. Rev. D102 (2020)
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Two ways to scan the Earth

* Neutrino oscillations (< 1 TeV)

Am)” o (BzLy  (Ap\? . o (AL
Pj:l - (Bf) 31112(2913) Slng( 3 ) = ( J;) 51112(2612) sin’ (T)
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Two ways to scan the Earth

* Neutrino oscillations (< 1 TeV)

A 2 A 2
szeE =1 — sin2(2913) sin) — sin2(2912) sin@)

See, e.g., 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)

Pef—l—‘) sin”(26;3) sm& @ sin®(26;5) sm@

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

« N
SEE TALKS BY BAKHTI, PETCOV, COELHO, TAKETA

KUMAR, PESTES AND MARTINEZ-SOLER

AT THIS WORKSHOP
- /
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Two ways to scan the Earth

* Neutrino oscillations (< 1 TeV)

PE=1 —‘) sin®(26;3) sm’ 0 sin?(264s) sm@)

See, e.g., W. Winter, Nucl. Phys. B 908 (2016) 250; Km3Net, PoS ICRC2017 (2018) 1020
* Neutrino flux attenuation (> 1 TeV)

do,(E,T)

dr = —Otot (E)¢V (Ea T)
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Two ways to scan the Earth

* Neutrino oscillations (< 1 TeV)

A 2 A 2
szeE =1 — sin2(2913) sin) = Sin2(2012) sin@)

See, e.g., W. Winter, Nucl. Phys. B 908 (2016) 250; Km3Net, PoS ICRC2017 (2018) 1020
* Neutrino flux attenuation (> 1 TeV)

do,(E,T)

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

Neutrino oscillations (< 1 TeV)

4 )
Pe=1- ‘) sin”(26;3) Sln’ /_m sin’(26;5) Sin

This is what we are

c . I
* Neutrino flux attenuation (3 interested in y

do,(E,T _
dT( ) — ,,(E,T) Oiot = GVN

Gonzalez-Garcia, Halzen, Maltoni, Tanaka, Phys. Rev. Lett. 100 (2008)

See, e.g., W. Winter, Nucl. Phys. B 908 (2016) 250;
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The IceCube Experlment

Halzen, NeuTel 2019, Venice
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The IceCube Experiment

lceCube

® Deployed in glacial ice
at the South Pole

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




The IceCube IC86 data sample

e Data taking: 2011-2012

* 20145 muons

* E,=1[400 GeV + 20 TeV]

e Good reconstruction of
v energy and direction

 PUBLICLY AVAILABLE! ey,

* 10 more years of data are P resolion <12
*Energy resolution AE/E a25%

not (yet) available.....
C. de los Heros, NeuTel 2019, Venice
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Raw data as a function of Eu and O
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From raw data to measurements
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exp

: (1) atmo-v flux model

a

\U

Primary cosmic ray flux:
Honda-Gaisser model +
Gaisser-Hillas corrections
(HG-GH-H3a)

>

o

[ Hadronic model: QGSJET-11-04 }

We tried other options =

“discrete” systematics

/
/ —
30/7/22’ MMTE Workshop, Salt Lake City
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Neyo: (2) Neutrino propagation

L Propagation through the Earth with v-SQuIDs }

Arguelles Delgado, Salvado & Weaver, Comput. Phys. Commun. 196 (2015)

(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 CCTt 2 v, v,
through leptonic decays
&Migration to lower energy bins: due to NC interactions /
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:(3) neutrino-nucleon interaction

exp
Remember: o,,, = o \ X P¢
o = . -
< 07 gl |V comaen VN (VN) cross-sections
| — at 2-3% (4-10%) errors
- /
<02 'ACcSl:t;ator':: ﬁ e I
o.o1-z5~ A ICECUBE MEASUREMENT
09,(E, [5eV) 1.307775 (stat) 232 (syst) x oy,
Aarsten et al, Nature 551 (2017) \_ -/

30/7/22
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. (4) detector simulation

exp
~ We use the official IceCube
MC to map
Euobs' el'lobs into Evrec' eVrec

- p

10° 10° 10°
Muon Energy Proxy [arb. units)
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“Observed” vs “Expected with NO EARTH”

a Full sample b Above 5 TeV

1.6 2 g All events > > | B> 5TeV §
150 4.
£

tle

InnerCi
OuterC
Mantle
Atmosphere
InnerCore
OuterCore
Atmosphere

0.6 ‘ ‘ ‘ ‘ ' 0.0 ‘ ‘ ‘ ‘
210 —08 —0.6 —0.4 —0.2 0.0 =10 —0.8 —0.6 —0.4 —0.2

0.0
cos 07 cos 03¢
Full sample
useful for
normalization

For cosB > -0.6,

attenuation can be
as large as 50%
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A five-shells Earth’s model

[Inner Core, one shell L, =1242 km

L, =2373 km, L; = 3504 km

Mantle, two shells
L, =4938 km, L; = 6371 km

Outer Core, two shells J

[ No crust!

30/7/22 MMTE Workshop, Salt Lake City 28



A five-shells Earth’s model

{Inner Core, one shell L, =1242 km

Outer Core, two shells
L, =2373 km, L; = 3504 km

Mantle, two shells
L, =4938 km, L, = 6371 km

—— [ No crust!
Depths of ICB and CMB fixed!
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First Earth Tomography with neutrinos

/Analysis performe)

T with MultiNest:

-+ Max 1D pos.

30.0

=
©
o

5 Earth layers densities

+

4 systematic errors:
* Flux normalization

i * Pion-to-kaon ratio

e Spectral shape

\\° DOM Efficiency /
60|00 7000

MMTE Workshop, Salt Lake City
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However: (1) The Earth’s mass

0.8

0.6}

0.4}

0.2}

.‘ ['»,(!‘zn'

|
§
|
|
|
|
|
|
|
|
|
|
|
|
|

First measurement of the Earth’s

mass using the weak force!

30/7/22

25 50

75

MY [10%*kg]

10.0

Gravitational measurement of the Earth’s mass

M

earth-grav

= (5.9724 + 0.0003) x 10%* kg
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However: (1) The Earth’s mass

1}' - ;
0.8
0.6
0.4 NO (SIGNIFICANT AMOUNT OF)
0.2 DARK MATTER INSIDE THE EARTH!

M = (5.9724 + 0.0003) x 102* kg

earth-grav

Gravitational measurement of the Earth’s mass J
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(2) The Earth’s moment of inertia

0.8}

0.6}

0.4}

0.2}

Ig,'x av

I
I
|
|
|
I
|
|
I
I
|
|
1

moment of inertia using

the weak force!

First measurement of the Earth’s

30/7/22

5

10 15

14[10%7kg m?]

Gravitational measurement of the Earth’s moment of inertia

earth-grav

= (8.01736 + 0.00097) x 10%” kg m?

MMTE Workshop, Salt Lake City
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(3) Core denser than the Mantle

i} d First measurement of the Earth’s
0.8} core-mantle discontinuity using
o6l the weak force!

0.4} :
0.2+F
= 1%
»

0 10 20 30 40
(P e — Plantte) (€ em™]

A Mantle denser than the Core has a p-value p =0.011 !!!

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

o

First measurement of the Earth’s

core mass using the weak force!

M PREM

core

00 15 30_ 45 6.0
MY, [10%kg]

core

{ Important constraint for seismology! }
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Forecast with 10 years of data

B 1lyr Data FLAT
I 10yr Forecas t PREM

{ Earth’s modelling: more shells }

‘ ‘ ‘ "o
Ho.8
H{o0.6
Ho.4
: ‘ : ‘
80}
7. 60

|

Test of the Inner-Outer Core
discontinuity

4 N
Independent localization

of the

110
1 40.8
i {06
1 0.4
7 40.2
(R ‘
k D

R . | Core-Mantle Boundary
' | RENS y
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1-d density profile with 10 years

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

30.0

=
o
o

Density [g cm ]
w
o

1.0

[ SIMULATION WITH PREM INPUT J

0.3

| | | | | |
0 1000 2000 3000 4000 5000 6000 7000
Earth Radius [km]
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1-d density profile with 10 years
= @ B
- N
’'M WAITING EAGERLY (FOR THREE YEARS)
FOR THE NEXT TALK!

__ Y,
{ SIMULATION WITH PREM INPUT 1

0.3

| | | | | |
0 1000 2000 3000 4000 5000 6000 7000
Earth Radius [km]
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MY OWN CONCLUSIONS AT THE

2019 EGU GENERAL ASSEMBLY
B AN EPIPHANY: B
It is eventually possible to make a neutrino tomography
of the Earth: first 1-dimensional density profile
(with just one year of IceCube data)!

K I\/Iearth' Iearth' ApCI\/IB' I\/Icore /
«

Precision will hugely increase as soon as
7 other years of IceCube data will become accessible!
We hope to present the new results here NEXT YEAR!

g

30/7/22 MMTE Workshop, Salt Lake City 39




MY CONCLUSIONS, NOW

<

OLD STUFF: the first 1-dimensional density profile
(with one year of IceCube data) gave us:

I\/Iearth' Iearth' ApCMB' I\/Icore

Donini, Palomares-Ruiz, Salvado, Nature Physics 15 (2019) 37

N

4

(U

Hopefully, we will see a 10 times increase in statistics
in next talk. Better measurements of the above

N

observables, possibly a finer Earth’s model (more shells) y

| WHAT NEXT? ]

30/7/22 MMTE Workshop, Salt Lake City
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MY CONCLUSIONS, NOW

N

New v-Telescopes under construction or planned:
ARCA, Baikal-GVD, IceCube-Gen?2....

1) increase in statistics will be approx. 10 times faster;
2) Looking from both emispheres: test of anisotropies! Y

<

ﬁSy approx. 2030\

6-8 km3 optical

detectors in the
Southern

and Northern

emispheres
A /

30/7/22 MMTE Workshop, Salt Lake City 41




b. ‘Andersonian’Earth

M »”o:“:: ;
New v-Tele = | slanned:
ARCA, Ba|k ----------- A )
1) increase Oy > times faster;
G) Looking 5 anisotropies! y
By approx. 2030\
i{ 6-8 km® optical
” detectors in the
" Southern
and Northern
~~~~~~ emispheres Y
MMTE Workshop, Salt Lake City 42
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Backup slides
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Backup on Geophysics

MMTE Workshop, Salt Lake City
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How densities are measured?

propagation of earthquake waves
through the Earth: p-waves and s-waves

(v, and v
4 1) Adams-Williamson equation (‘20s) A
dp g(r) 2 4 2
==t )w o(r) =v; - s
K %
4 N\
2) Free-oscillation modes (’90s on)
o J

Composition dependence! Gravitational profile dependence!

\
3077722 MMTE Workshop, Salt Take City
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Model dependence of the profile...

p [kg/m3|

0 3000. 3500. 4000. 4500.
e _____‘_T‘:I | | ==
0 « Density variation in N
& the
\ CRUST
B |- for different
g; parameter choices:
_CO0
600 = K 3 SA) /

[Kennett, Geophysical Journal International, 132 (1998)]
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Inner core uncertainties

/

Strong dependence of the IC density
on temperature, pressure and
composition

\

30/7/22

Density (g/cm?)

14

(@) p

10000 KA

L%
'\
.\

3000 K

¥ 2
N V09, Solid, 5000K

-l(]()l_)\K

) 0K O\ _ 420 M BM86, Solid

\ w10 6000 K BM86, liquid

\ TN Db0O, Solid, S000K

O P -==-U01, Solid, 5000K
- ==~ DwOS, Solid, 5000K

1}/ ® A0, Liquid, 7000K |

i// A00, Liquid, 6000K
) /

A0O, Liquid, 5000K
100 150 200 250 300 350 400

mOo

I800K

— KF10, Liquid, 5000K
A K94, Liquid, 5415K

Estimated temperature range still
very large: 4000-10000 K

Composition guessed
(iron-nickel?)

Missing Xenon problem

Ishikawa, Tsuchiya, Tange, J. GeoPhys. Res. (Solid Earth) 119 (2014)
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An input to geophysics: g(r)

Free-fall acceleration of Earth

Inner Quter Lower Upﬁer Space . |

Nw 12 Core Core Mantle Mar:tle ’

E " T \ — PREM

= 8 // /\ Linear density
— Constant densit

S o Y |\ nsity

© /

o 4+ f 4 |

3

O 2- . .

©

0

> 4 6 8 10 12 14
radius in 1000 km

o

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

19 Inner Quter Lower Upp:er Space | |
Core Core Mantle Mantle ‘

10 //\ N — PREM
8 Linear density
// \ — Constant density

acceleration in m/s?

{p(r)- dependent }in 1000

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

]Eree-rall acceleration of Earth

1o [inneq Quter | Low pper Space L

NU) Cor, Core | Mantle] Maritle

4 N

e 10 / | ! — PREM

£ 8 Linear density
— Constant densit

e V/ Nl= isiy

© |

o 4- R

®

S 21 |

©

0

4 6 8 10 12 14
radius in 1000 km

o
N

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

30/7/22 MMTE Workshop, Salt Lake City 50



Complement geophysics: g(r)

'free-? Il acceleration of Earth
1o |innet Quter lLow pper Space | |
N Corgla ( rre antle] Marijtle ‘
=10
= */ — PREM
£ 3 Linear density
c a» — Constant density
HE) AN
o /
S 21 — ]
©

0 . (

n m A o (& 4 N 4 M 4 A

p

-

A GOOD NEUTRINO MEASUREMENT OF g(r) COULD BE ADDED
TO SEISMOLOGY AS A CONSTRAINT TO REDUCE ERRORS

\

30/7/22 MMTE Workshop, Salt Lake City
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Backup on Forecasts and new data

30/7/22 MMTE Workshop, Salt Lake City 52



Oscillation forecast

PINGU
20— —- - - :
GLOBES 2016 a @ @
g AE .
5| = s |50 After 10 years of data taking
_ | £ £ ls| & at PINGU or ORCA using
— = o = = o . . .
B ! B |2 2 |3 § neutrino oscillations
5 10 B e &= :
2% & |3 = = ,
Jd £ |3 ] Winter, Nucl. Phys B908 (2016)
L
0161 102 104

Depth [km]
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Oscillation forecast

PINGU
20 —————— - -
GLOBES 2016 a =
P T E .
" £ s |8 After 10 years of data taking
. |% g |3 at PINGU or ORCA using
- < - © |E . . .
- g |2 2 |8 neutrino oscillations
=10 = c = T
2. o o = -
= .
I Winter, Nucl. Phys B908 (2016)
016‘ 102 104
Depth [km]
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,.5 LILLAL LB LI ] LI ]

1.25

0.75

05

Absorpion forecast

.
3
'
d
4

lllllllll

e

Level-2

smmu |

E“">10‘°Tev"

lllllllll

-1 -075 -05 -025
Ccos 6

-1 -075 -05 -025
cos 6

-1 -075 -05 -0.25 0
cos 6

After 10 years of
data taking
at IceCube using
neutrino
attenuation

Claim: IceCube could reject a homogeneous Earth at 5o in ten years

Gonzalez-Garcia, Halzen, Maltoni, Tanaka, Phys. Rev. Lett. 100 (2008)

30/7/22
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New IceCube samples

“00000000000000000
£l
IUJ . - ' | - I

—— Astrophysical (1.44 x (E/Ey) -2.28)

- Conventional Atm. / \

10°= —— Prompt Atm.

Sum Same happens
¥ B D with the 9.5 years
IceCube sample

s I N J

Number of Events per Bin

1.05) —
U 1.025 - J. Stettner, this workshop
=
1000 R L i e i e o =
8 ¢ B a2
8 0975

Possibly an up-

0.950 — r LnH Jz u.'u { goin g eve nts

cos{Zenith) SupprESSiOn
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Backup on Systematics
and Statistical Errors

MMTE Workshop, Salt Lake City
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ANALYSIS INGREDIENTS

Primapf CoSHiC- 1oy sfcctmm Hadronic-interaction mode

Models for cascade development

§-P0|:>u|ation models to fit cosmic-ray data

cmes yecion (mb)

A. F’cdgnitch, J.B. Tjus and P. Desiati,
Phys. Rev. D86:114024, 2012

—— SIBYLL-Z.1 & cHGp

@, (EGeV)*’ (e’ s & GeV)'

- SIBYLL-21 + GH

A. chgnrtch, J. B. T]us and P. Desiati,

Phys. Rev. D86:114024, 2012
Earth tomography with neutrinoa

Sergio Palomares-Ruiz



Flux and hadronic model dependence

1 [ a T T ‘ T T ]
0.8+ i
0.6} 1
0.4} l
0.2} | — HG_GH_H3a + QGSJET-II-04
\ — HG_GH_H3a + SIBYLL2.3

25 50 7.5 100 75 + QGSJET-II-04

M'f; [1()24kg] """ ZS + SIBYLL2.3
1l ¢ ' ' "]
0.8} _
0.6 _
0.4} _
0.2} 5 -
N 10 15 0 10 20 30 40

123[1037 kg m2 ] (pZone_pgmntle) [g Cm_3]
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Flux and hadronic model dependence, 2

I
B o
’ ./ Y /
NS
0.8 7 / '; ) }.I
Py ik
0.6- / l! '
4 o !
' '! e
0.4 {1 Iy
c“ -’, |
0.2- Ry i
i I N
."/I ' ‘;\ \\. \\
- T 1 T - T T T —
4.8 5.6 6.4 1.2 0.8 1.2 1.6 2.0
MY, [10%kg} Mol 102%kg]
—— GH_HG_H3a + QGSJET -> GH_HG_H3a + QGSJET
—-— GH_HG _H3a + QGSJET -> GH_HG_H3a + SIBYLL2.3 Forecast fOI’
——- GH_HG_H3a + QGSJET -> ZS_pamela + QGSJET 10 years of MC data
------ GH_HG_H3a + QGSJET -> ZSa_pamela + SIBYLL2.3
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Flux and hadronic model dependence, 2

1
a LN I T
- 7 72N
0.8 i\ ‘
i ‘ "-.i',f Impact difficult to quantify
0.6 i Improvable by better
. \ understanding of fluxes
0-4 3 ',' .u" : ',I . \ »
'.' -’l I .\-
0.2- /! }
A I A
ate? } S
4.8 5.6 6.4 7.2
M [10%%kg]
—— GH_HG_H3a + QGSJET -> GH_HG_H3a + QGSJET
—-— GH_HG _H3a + QGSJET -> GH_HG_H3a + SIBYLL2.3 Forecast for
——- GH_HG_H3a + QGSJET -> ZS_pamela + QGSJET 10 years of MC data
------ GH_HG_H3a + QGSJET -> ZSa_pamela + SIBYLL2.3
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Earth’s profile dependence

0.8

0.6

0.4
0.2
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— FLAT - HG_GH H3a + QGSJET-1-04
-—- PREM- HG_GH H3a + QGSJET-11-04
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Systematics importance

» DOM efficiency

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

» Air shower hadronic models Marginally
irrelevant precise check

» Primary cosmic ray fluxes Marginally
irrelevant precise check

» Hole Ice Irrelevant
Neutrino cross sections lIrrelevant

» Bulk ice scattering/absorption
Irrelevant

v

continuous systematics
discrete systematic

30/7/22 MMTE Workshop, Salt Lake City

Important

Not important
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Systematics importance

» DOM efficiency

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

Important

Panetrator HYV Divider

» Air shower hadronic models Marginally
irrelevant precise check

» Primary cosmic ray fluxes Marginally
irrelevant precise check

» Hole Ice Irrelevant

v

Neutrino cross sections lIrrelevant

» Bulk ice scattering/absorption
Irrelevant

Glass Pressure Housing

D.O.M.

continuous systematics Not important

discrete systematic

30/7/22 MMTE Workshop, Salt Lake City
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Systematics importance

» DOM efficiency
» Flux continuous parameters

-

>

» Air st

irrele
» Hole
» Neuti
> Bulkl\\

Ao

irreley Not taken into account:
> Prim OPTICAL PROPERTIES OF THE ICE

Irrelevant

continuous systematics
discrete systematic

30/7/22

MMTE Workshop, Salt Lake City

Glass Pressure Housing

D.O.M.
Not important
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Impact of systematics on the error

— fixed

—-— free

00 1.5 30 45 6.0 0 10 20 30 40
Mcore[ 1025 Kg] (F_)core - F_’mantle) [Kg Cm_3]
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What are the dots?

HG-GH-H3a + QGSJET-II-4
HG-GH-H3a + SIBYLL2.3
ZS + QGSJET-1I-4

ZS + SIBYLL2.3

p2 [gecm3]

p3lgem=3]

“Central values” represent
the Maximum of the
Posterior Probability

\

palgecm™3]

1.0

0.8

0.6

0.4

0.2
11.0
10.8
10.6
10.4
10.2

30

30/7/22

6.0 9.0 12.0
p1lgem=3]

L L
12 16

pa [gcm™3]

25 50 7.5 10.0
ps [gem™3]
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How to get asymmetric (bayesian)
credibility intervals?

{110 11.0
108 40.8
10.6 —10.6
10.4 10.4

\ 10.2 10.2

1 ‘\l‘~ i — |

30 60 90 120 25 50 7.5 10.0
p1 [gem™3] ps [gecm™3]
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How to get asymmetric (bayesian)
intervals?

120 _ ”/\I‘ 11.0
/ 10.8

“Credibility intervals”
are the shortest intervals 19-6
covering 68% of the posterior H0.4
: probability \ {02
~—— T —
30 60 90 120 25 5.0 7.5 10.0
p1 [gem™3] ps [gcm™3]
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Variability for different models

Piecewise flat Earth’s profile PREM Earth's profile
HG-GH-H3a + QGSJET-1I-04 | HG-GH-H3a + SIBYLL23 | ZS + QGSJET-I-04 | ZS + SIBYLL2.3 | HG-GH-H3a + QGSJET-1I-04

M [10* ke] 6.0415 Bahis 6241 5.512 5.3+1%

Mo [10* ke 2.721 0% 2.790 83 3.271 0% 2.847052 2.621 03¢
1% [10°7 kg em?] 6.9+24 54253 6.7 5.52%2 5315

Plore — Plnaatla [8/cm”] 13.1458 140759 15.9*5% 135481 12,363

p — value
1.1 %1072 2.4 x 1073 9.4 x 101 4.6 x 1073 3.8 x 1073
mantle denser than core

30/7/22

MMTE Workshop, Salt Lake City
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Impact of constraints

a

g

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?3

N

o

/

<

Rather small impact on the core density, instead:

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

pcore

N

o

30/7/22 MMTE Workshop, Salt Lake City
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30/7/22

Ne utrhonuckon cross section, 665 [10-3¢ cm?]

More on HE cross-section

Center-of-mass energy /5 [GeV]
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Valera, Bustamante, Glaser, JHEP 06 (2022)
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