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What do we know about neutrino masses and mixing?
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http://dx.doi.org/10.1007/JHEP01(2017)087
http://dx.doi.org/10.1007/JHEP09(2020)178
https://arxiv.org/abs/2006.11237

What do we not know about neutrino masses and mixing?
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% CP phase - CP violation
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Opportunities with Atmospheric v's —- November 10th, 2021

Yuber F. Perez-G. - IPPP, Durham U 4


https://arxiv.org/abs/2007.08526

Atmospheric Neutrinos

“ Decay of instable mesons produces a flux of
neutrinos
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http://dx.doi.org/10.1007/JHEP01(2017)087

Oscillation Probabilities — MSW and Parametric

Neutrino propagation in matter:
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Oscillation Probabilities — MSW and Parametric
Matter effects matter
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Oscillation Probabilities — MSW and Parametric
Matter effects matter
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Oscillation Probabilities — MSW and Parametric

Let’s assume a three-layered Earth
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http://dx.doi.org/10.1007/JHEP01(2017)087

Oscillation Probabilities
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Parametric Enhancement!
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http://dx.doi.org/10.1007/JHEP01(2017)087
https://arxiv.org/pdf/2110.00003.pdf

Measuring Atmospheric Neutrinos
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Deep Underground Neutrino Experiment (DUNE)

<+ DUNE: 40kt and 10 years

Sanford Underground

Research Facility Fermilab
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DUNE — Reconstruction Capabilities

< Capability of identifying different types & 7 — 300 MeV, 1p07
of particles
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<+ Low-energy protons!
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We use NuWro to simulate neutrino interactions
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CP violation — Sub-GeV neutrinos
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Sub-GeV neutrinos
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DUNE — Analysis
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CP violation — Sub-GeV

Sub — GeV Atmospheric Neutrinos

neutrinos

_ < Assume as true value 6cp = 37/2
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Earth Matter Profile

Crust

Asthenosphere
Rigid mantle

Continental crust (granitichss
Oceanic crust (basaiﬂd?

A\

Continent — .
Ocean

+ How well do we know the density profile?
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Earth Matter Profile

How well do we know the density profile?
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Séismology tell us the

R Mass + Moment of
>

radii and density of Inertia

the layers

Earthquake

—— P-waves passing through mantle

—— P-waves passing through mantle and liquid outer core

—— P-waves interacting with solid inner core

HE neutrinos: absorption

A _gn(10g/em’) (10 TeV
R(‘D . P E

De Rujula, Glashow, Wilson and Charpak,
Phys. Rept. 99 (1983) 341.

. Donini, Palomares-Ruiz and Salvado,
Nature Phys. 15 (2019) 37 [1803.05901]
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Oscillation Probabilities
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Extremely dependent on

the densities of the layers

There are other
solutions besides
these ones
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http://dx.doi.org/10.1007/JHEP01(2017)087
https://arxiv.org/pdf/2110.00003.pdf

Earth Matter Profile I: Total mass*

Normal Ordering

— Joint Fit
—— CC—1p0rn
— CC—2p0rn
— CC—0pOrn
CC—O0pln

“)
2.0
M = (14 0.084) Mg (400 kton-year exposure)

Kelly, Machado, Martinez-

Soler, and YFPG,

*recall that oscillations are sensitive to the electron density, thus
2110.00003

we can extract the chemical composition as well
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DUNE — Reconstruction Capabilities

Parm Enhancement at

core-mantle @ multi GeV

N, - CC-1p0rm, p = {11, 5.1, 3.1} g/fem’ T\

AN, /NI, p ={17,1.2,7.1} gfem’®
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SubGeV MSW in
the mantle
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Earth Matter Profile Il: Core density

Mass and Moment of Inertia constraints Mg = 5.9722 x 10** kg
Ig = 8.01738 x 1037 kg m?

4 .
Mg = ?ﬁ [ocRE + prm (Riv — RE) + pum (RS — Rin)] Normal Ordering
8
Ip = % [pcRE + pum (Rim — RE) + pum (Re — Riw)] - 15

10
%< |
| Variation
due to ocp
|
0 5 10 15 20 25
¢ [g/cm’]
_ +0.088 3
pc—110><(10083)g/cm 0 1 T T T [ T T T [ T T T [ T T T [ T T T ] T 11
~ 7 9 11 13 15 17 19
Kelly, Machado, Martinez-
Soler, and YFPG, Ocore [g Cm—3]

2110.00003
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Earth Matter Profile Ill: No Constraints

At 1o C.L.:

pc = 11.0 x (1 £0.14) g/cm?

pLm = 5.11 x (11332) g/em®
- DUNLE, 400 kton — year exposure pust = 3.15 x (17097) g /em?
"""""""" PREM
19— R —— Three—layer approx.
~~~~~~~~~~~~~ Exclude a “coreless”
cog Earth at ~ 20 '
S I
o0 Exclude a “mantleless”
/E;\ 6l— Earth at 2> 30
E 1o Unconstrained { ~~~~~~~~~~~~~~
With J[@ ]@ -
I
| | | | |

0
0 1000 2000 3000 4000 5000 6000 7000
r [km]

Kelly, Machado, Martinez- !
Soler, and YFPG,

2110.00003
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Conclusions

< Atmospheric neutrinos and their oscillations through the Earth present a whole new
phenomena, yet to be fully explored.

<+ Expected capabilities of LArTPC offer a unique laboratory to measure atmospheric
neutrinos from ~100 MeVs up to ~30 GeV.

<+ Assuming realistic resolutions for different particles and topologies, we have
demonstrated that DUNE will be able to constrain the CP violation phase using sub-
GeV atmospheric neutrinos, excluding some regions with 2 3o.

<+ Moreover, DUNE has the capability to determine the total Earth’s mass at the 10% after
10 years, and the density profile, i.e., the densities of the Core and Mantle at a 9%
(25%) with (without) constraints on the mass and moment of inertia

% BSM?Z¢
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Thank you!
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Backup
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Accelerator Neutrinos

T2K, A)&NO"IO) =+1.2_
NOvVA, A;xj%\m!m) = +0.13

T2K+NOvVA, A)&NO’IO) = —1.8
0.3 | | |

‘ ; Alex Himmel, Neutrino 2020
MINOS, T2K, NOVA... Measurement of
DUNE Ams, 63 and Scp
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What do we know about neutrino masses and mixing?

Mixing l(
Neutrinos \ﬁv ) = u: v )J A p = Amgb
oscillate!! e mealman 4 2E
Tk 1T 1T 17 LiAgL v
P(vy — vg) = Y Uy, Up Uy U, € Am2, = mi? —m}
a,b

Neutrinos are
usually
ultrarelativistic

PMNS Mixing matrix

C12€13 $12€13 s;ze” %
1T — %) 5
U= | —s12c23 — 12523513 €"°  €12€23 — 512523513 €’ $23C13
1) i6
2 more phases if 512523 — €12€23513 € —C12523 — 512023513 € C23C13
neutrinos are
Majorana

¢;j = COS 91']' s;; = sin Ql-j
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2 to 3 flavor probabilities

% Solar limit E < Edy sin@,; — 0

P, v, ~ cos? 023P§2(Am%1, 012)

+ Atmospheric limit ~ Amj, - 0 and/or 6, > 0

B,

7!

.2 2f 2
v, ~ Sl 023Pa5(Am31,013)
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Earth Matter Profile Ill: No Constraints

pim [g/em?]

pum [g/cm?]

1 AtloC.L.:

pum = 3.15 x (15574

pc =11.0 x (1+0.14) g/em® 19

pLm = 5.11 x (12753) g/em’

DUNE, 400 kton — year exposure
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pc [g/em?]

19.0 1.0 3.0 5.0 7.0 9.0
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50 7.0 9.0

pum [g/em’]

Soler, and YFPG,

2110.00003
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5 |
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Kelly, Machado, Martinez-
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Oscillation Probabilities — MSW and Parametric

Parametric Enhancement!
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Oscillation Probabilities — MSW and Parametric

Parametric Enhancement!

p=1{11,53 gcm™

p=111,5,3} gem™

2
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