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Neutrino Physics

up charm top gluon ll)-g%gﬁ

d © 0| @

down strange bottom photon

e 81 T Z

electron muon tau Z boson

De Du Dr W

electron muon tau
neutrino neutrino neutrino W boson



Neutrino
Oscillations

* flavor . °* mass
states |ya> o Z Uaklyk> states

Uy = Vg Uy Uy k Uy = Uy, Uy, U3
PMNS matrix
1 0 0 ([ coso, 0 ePrsing,)(cosd, sind, 0
U= |0 cosby; sinby; 0 1 0 —sind,, cosb,, 0
0 —siné,; cosb,, \—e—"‘scpsin 03 0 cost; | 0 0 1
0,; ~ 49° 0, ~ 8.6 0, ~ 33.4°

¥ Solar, atmospheric, reactor and accelerator experiments |
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top down

What we know, and
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Fermions —] Bosons
First. Second First ( W
generation generation generation

3 Higes —
1 Top quark -
10% ,_’

w Z
10! Bottom quark :
Charm quark g

0 6} v Coupled to e, u, T via it

o @ sionc qvark charged weak interactions.
| o Flavor mixing (oscillations)
E R due to non-zero mass. The only neutral
g @ vp ek Are oscillations the same for elementgry fgrm1on.
e neutrinos and antineutrinos? Canit be its own
s | Blectron antiparticle?
10" RN ® G -
o Muon neutrino | Tau neutrino | ™ Photon
Flectron neutring (@)
ol @ Neutrino abundance in the Universe
Very, very small masses. similar to photons (10° x baryons)
Why so small? Due to What role did they play in Big Bang?

Higgs or See-saw? Matter/antimatter asymetry?



The next big questions ?

A J1v EB 'v: ‘B3I ——
< v t g . . Am;° ~ 8 meV
2l . : x A
B ] " v
q V. B'M V2 § V’ Am::3 ~ 50 meV

A B v ll A £
?7? absolute mass
scale unknown

>

normal Ordering inverted Ordering

Are neutrinos Majorana? What is the
effective mgp?

Many upcoming Neutrino-less Double
Beta Decay Experiments (SNO+, ...)

PMNS

'V-l '\’2 \'3
Jm -
c=| - wE W

- —— left-handed
t : v m B neutrino

= 3x10-5 = 0.03 sin Op

.I quarks ] leptons

What is the ordering of the neutrino

e ) (\ - masses?
matter effects in
i oscillations @DUNE
p-decay (kinematic) cosmology
model independent model dependent
- ACDM
my = VW M= Z ™

double beta decay

-
model depandent mﬂp = I E "l'-l!;il
- lepton numher vinlation

- light Majorana neutrino exchange i

Is there CP violation in
leptons? Is it enough to explain

right-handed : o

mggn Rtrino the dom1.ne}nce of .mat.ter.

y | precision oscillations

’ Q:?"f‘;é._.,;,l(\ o v vs anti-v @DUNE
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O e Sudbury Neutrino
i " Observatory (SNO)

2 km deep!

Deepest clean lab in the world.
Ideal conditions for neutrino
physics (and DM search)




1. Water phase
2017-2019

Detector
and phases
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3. Tellurium
phase. From

2024 on

2. Scintillator
phase. Started
April 2022

1.5 Partial-fill phase.
Most of 2020.



Supernova

Physics Program Neutrinos

Solar Neutrinos

Neutrinoless™ g
Double Beta Decay

e Y
Invisible
Nucleon
Decay

Reactor Anti-Neutrinos



Cleanroom

Counts/event

099 oo e
e X Full optical calibration
PE A vaw JINST 16 P10021 (2021)
L ¢ Z axis
%00 a0 200 0 '

0.6% data/MC agreement,
improvement over SNO

Sozl(z)rooe Radial ?gsit:ion (cmt%]0

Highest neutron detection

—ea— AmBe data
Background .

— Total fit

efficiency (50%)
PRC 102,014002 (2020)
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f | B Emission Grid Addition
so o | [ Fixed Grid Addition .
ol Charge/time model and
“ E S reconstruction. See
W E .| poster by J. Antunes!
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First observation of reactor

Ph'YSics highlights (anti-)neutrinos with a pure

water detector. Upcoming!
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Double Beta Decay in SNO+

» Half-life sensitivity 2x1026 yr (3y)

I Ovpp (100 meV)

é [ 2ven

> o * About 10x better than CUORE

: T current limit with same isotope
N B VES

[ Cosmogenic

* Highly competitive field

 KamLAND-Zen at that level, but
mass limit highly dependent on
NME

* Upcoming Legend-200: 1027 yr
sensitivity. Schedule...

26 27 28 29 3

Reconstructed Energy (MeV)

* Loading Tellurium in liquid scintillator
* Low intrinsic backgrounds (solar v dominate)
» Large amounts of 130Te (1.3 tons)

* Novel technique developed by SNO+. Main
challenges: stability, optics

* Further R&D needed for 1.5% loading

* Underground Purification plants under
commissioning. 0.5% loading 2024

QRPA-FFS

105 @ K-Z (S5yr)

e
w

-]
W

~
wn

L200 (Syr)

(=)
w

@initial deoloymen?)

Neutrino Mass (meV)
‘,ﬂ

£
W

35

13



TEETH] o BT LIIXIIEN I
LITITIRN) TITTIY ned

|
v =
- o

re
a2 2
> o
+e
S

@camaramunicipaldelis







Y™ DEEP UNDERGROUND
/mm— NEUTRINO EXPERIMENT

Sanford Fermilab
Underground p—
Research . goomies g -EEESEEEEEEN
FaCillty g el L‘aw k'\\omele\’v
_ o . —

Beamline

_ Far detector
> + 4x17 kton Liquid Argon modules

»

Powerful new
proton injector

.

Near detector

. Movable LAr + B UNDERGROUND CA
- s ey N (60 M DEPTH)
' =™ GAr tracker + PN
H4 - / beam monitor
: ey
CIYO & DAQ CRYOGENICS
. - AND UTILITIES
i PRISM DETECTOR
— MONITOR == SR A S MOVEMENT SYSTEM

DETECTOR




Neutrino oscillation prospects

0.14- Neutrinos

W=+ ¢ ve appearance in a wide-band
intense v, beam (and anti-v)

1285 km .
0.12  Normal Ordering Haee=0

Scp =12

* CP violation and hierarchy effects
stronger in different energy
regions. DUNE can measure both.

45 .
DUNE Sensitivity BN 7 years (staged)
All Systematice 10 years (staged)
40F Normal Ordering i :im::‘::ry:l
sin?28, = 0.038 =0.003
2 3 45678 35}-sin®, - 0.580 unconstrained e & unconsirained
23~ "

Neutrino Energy (GeV)
30

25

DUNE Simulation
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20 3 > r -,

E/A\\W /2N CP violation
10 o ! _.-"'. X "'. .-"' & p h a S e

5 sensitivity

lz1 -08-06-04-02 0 02 04 06 08 1

Scp/n

3cp Resolution (degrees)

* Plus a rich program of Supernova
Neutrino physics, nucleon decay
Neutrino energy (GeV) search, BSM beam physics 17




Liquid Argon TPC

sensc Wires

V wire plane waveforms

Liquid Argon TPC
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rate e | Vi H * LAr TPC advantages
"\ e v //‘:,' 7/V] v ’»/ 1 . . .
Y 1 * 3D tracking with few mm resolution
oa J ;‘I;‘if‘: ' | : _‘: | R .
& \ . iy Y —A » Excellent calorimetry
S v T A S — . .
&/ oo | « Particle ID via dE/dx, range, topology
’ A V' Y .
1 izl it  Event reconstruction
//.‘:{/:/ ardbd .
Farit oy * Convolutional Neural Networks

X wire plane waveforms , * Ideal ground for Machine Learning

Far Detector #1
Horizontal Drift
Readout in wire planes

I

3.6 m

|
|
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Far Detector #2
| Vertical Drift
4 . Readout in PCB planes
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I
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ProtoDUNE(s) at CERN

Operated 2018-2020
New run 2022 2023 to test final design choices
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ProtoDUNE
Single-Phase
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i Neutrlno PIatform at CERN \
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LAr ionization by intense

. > a

Laser
calibration | i

Callection wire ccordinate fem]

O - )

* Laser system for DUNE FD improves
MicroBooNE

* Prototypes to be tested at ProtoDUNE
* Pl:internal, retractable

* P2: external, extra movement

@ —{Laser box ||Laser box @

Optical feedthroughs -

‘--é and periscopes ~.

Steerable
cold mirrors

Periscope 2

Field Cage .

Cryostat




ProtoDUNE systems

* Designed/built by LIP+LANL

* Many parts of periscopes 1 and 2 built and
tested at LIP. Fantastic work by MW/DL !

* Full assembly and cryo tests at LANL

* Installation at CERN in August!
- Periscope 2 feedthrough built

e at LIP, assembled at LANL

Jorge
Moreira
At S =
“-@
o - 2, S -
@ -
Tests of motor
control and o Custom wide electrical
precision (better break, good He seal

than 1 mm @ 5m) 21



Tests at LANL

Visible here:
half of 3.6 m
periscope




Laser Beam

Location System
* 4 target pads for alignment

e UV mirrors: beam OK when we
see reflections

8% Vacuum port
Cold Mirror

Thermal
insulation

— = = = —

. Reflectivity in First 2 pads installed
cold=room T at ProtoDUNE



Laser Control Electronics

 Single-point interface and
coordination for

* Operation/sync of all calibration
components - laser, motors, optics

» Central DAQ and Slow Control.
Timestamp, beam direction for data
reduction

Off-the-shelf motherboard
(Trenz TEBF0808) + SoC (Xilinx UltraScale+)

* Full LIP responsibility

* Hardware design

Custom in-house

de51gned interface
board

* FPGA programming

* Implementation of software
applications

24



Laser ionization model -

=10000F= X
© p0 4.3690+04 + 3268

pi -0.0004888 + 1 9568e-05

s L
2 8000

* Current laser beam model based k
on muons with MS off, OK for simple aoool
track position

a000—

* But we aim to do charge-based
measurements (electron lifetime).

20i

Electron Lifetime I

Need charge evolution along track ! s
* Developing a more detailed :5\ Grou;ld state atoms |
model, collaborating with Univ. =
de Alfenas, Brazil s ) o
* Numerical solution of equations =~~~ Excited atoms| B W&
describing excitation, ionization £/ T 4@ ,~
* Then interface with LArSoft .. | “
* Basis for data analysis e/

Time
25



Next steps

* SNO+

» Stable detector until Te fill. Plenty of
opportunity for solar, reactor neutrinos
analyses

* DUNE

* Very busy with laser system construction.
Next months crucial to test the system

* Then data analysis!



