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NEUTRINO

Neutrino oscillation is a window to Beyond Standard Model Physics
but difficult to study

# 3
e Neutrino oscillation Vo = EthUmVi(a==edLT)

> three flavor (V,V,,V;) and three mass

(V1,Vy,V3) eigenstates related via the

Pontecorvo—Maki—Nakagawa—Sakata (PMNS)

matrix
Am?, [
» non-zero neutrino mass P(Va N Vg) — Z UaiUgiU;jU,Bj exp [—i . Jt E
» difficult to study due to extremely low @]
interaction cross sections (~ 10-44 cm?) Oscillation probability

from flavor a to B
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NEUTRINO

DUNE will measure v, /v, beam oscillation to v, /v,
using 1300 km baseline

Neutrino
production

Fermilab

Sanford Underground
Research Facility
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NEUTRINO

DUNE will focus on a broad range of physics goals

//"

vV, oscillation physics
>Measure oscillation

parameters

>Resolve neutrino
mass ordering

>»Measure amount of CP

Am?2 L
PVa_>V — UON,U*U*U exp | —1 i
( ﬂ) % BiY aj"Y B p[ ? 9 E]
Oscillation probability
from flavor a to B
NO : m;y <m, <mg
P(v,~v,)#P(v,~7,)

I0 : my<m; <m,

\\\\‘ violation in leptonfl//

CP violation

Neutrino mass ordering
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NEUTRINO

DUNE will focus on a broad range of physics goals

//"

vV, oscillation physics
»Measure oscillation

parameters

>»Resolve neutrino
mass ordering

>»Measure amount of CP

Other primary physics‘\\\

goals
> Search for Proton

decay

» Measure v, flux from

\\\\¥ violation in leptonf///

///"

\\\\» Supernova explosioi///

Secondary physics goals

» Atmospheric/Solar

neutrino science

> v-N interaction

physics using Near

Detector

=

~

/
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NEUTRINO

THE NEAR DETECTOR COMPLEX

rino
uction
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

The Near Detectors will constrain effects of cross section, flux,
and detector energy response to enable the oscillation physics
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DUNE Near Detector complex
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NEUTRINO

THE FAR DETECTOKRS

Sanford Underground
Research Facility
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DMEUTRINO

DUNE Far Detector will consist of four 17 kt

)
LAr modules kept 1.5 km underground T
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Liquid Argon Time Projection Chambers (LArTPC) allow
imaging of particle interactions with sub cm resolution

Sense Wires

V wire plane waveforms
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Working principle of LArTPC
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NEUTRINO
ProtoDUNE : An extensive R&D program at CERN to develop the Far

Detector technology using two ~800 ton LArTPC detectors
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NEUTRINO

ProtoDUNE : An extensive R&D program at CERN to develop the Far
Detector technology using two ~800 ton LArTPC detectors
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Example events from 2 GeV and 6 GeV beam
nt beam interaction from ProtoDUNE I data

Tick [500 ns]

4500
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Channel

[-2 ¢01] (Puuey> /313 /08101

First results on ProtoDUNE-SP liquid argon time projection chamber
performance from a beam test at the CERN Neutrino Platform
03/07/2023 | GRAPPA10 (https://arxiv.org/pdf/2007.06722.pdf)
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NEUTRINO

DUNE activites @Nikhef

« At Nikhef, we are working on
5000

> Improving event reconstruction performance

of the LArTPC detectors 4500
» Understanding and validating EM shower = o
o
response using ProtoDUNE data B,
<
=
» ProtoDUNE II construction and operation 4500

4000

0 100 200 300 400
Channel

[—2 ¢01] Puuey>/3p13/031RYD
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NEUTRINO

DUNE activites @Nikhef

« At Nikhef, we are working on

> Improving event reconstruction performance

of the LArTPC detectors

» Understanding and validating EM shower

response using ProtoDUNE data
» ProtoDUNE II construction and operation

> Dedicated setup to characterize detector
components interaction with scintillation

light for LAr/LXe experiments
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NEUTRINO

Summary

« DUNE 1is an upcoming neutrino oscillation experiment that

» will answer fundamental questions about neutrinos with precision measurement
of v,/v, 2 v./v. oscillations
> has a broad range of physics goals possible due to intense neutrino beam and

complex detector technology

> has an extensive R&D program running at CERN for developing the DUNE Far

Detectors

2024 2028

ProtoDUNE II First two FD modules
_run are operational

Beam and ND
complex are ready_




DEEP UNDERGROUND NEUTRINO EXPERIMENT

Thank You
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Backup
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NEUTRINO

CP violation sensitivity

DUNE CPV Sensitivity
All Systematics
Normal Ordering

Phase Il + ACE
p—] acp - -1'['/2
50% of 5., values

m—— 75% Of 5, values

Assuming certailn
construction timeline
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0 2 4 6 8 10 12 14 16 18
Years
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NEUTRINO

Neutrino oscillation experiments measure the PMNS matrix elements via
appearance/disappearance of different flavors.

-> Pontecorvo—Maki—Nakagawa—Sakata matrix

Ve Uel Ue2 Ue3 V1
(Vy> — U,ul U,u2 Uﬂg <V2>
Ve UTl UTZ UT3 V3

Ami{? = m#?- m,?
* Amilzt 2
P(vy = vg, t) = ‘z UpiUgi exp (—i >|
i 2E

0.8 0.5 0.1 1 0.2 0.004
lUPMNS| ~ 0.5 0.6 0.7 |VCKM| ~ 0.2 1 0.04
0.3 0.6 0.7 0.008 0.04 1
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NEUTRINO

CP violation in lepton sector can be studied from differences
in oscillation between P(v, 2 v,)and P(v, > V,)

Atmospheric Accelerator/Reactor Solar
1 0 0 C13 0 8136_7;5CP cio S12 0
U= 0 C23 S923 0 1 0 —S12 C12 0
0 —S93 Co3 —slgei‘sCP 0 C13 0 0 1
V. . vy Ve
S e UL JNC}

Z1 R

3 Mixing angles: c;;, sij (cos 6;;and sin 6,;) e
R M31 > Am2, <0
1 CP violation term & 3
v, . oo

1.99n 1.96n
v, I 5 vz 111n Y

Amgll

NO 10)
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

CP violation in lepton sector can be studied from differences
in oscillation between P(v, 2 v,) and P(v, 2 v,)

Deep Underground Neutrino Experiment

Sanford
Underground

Research iles | T =
Facility <

Fermilab

vo.fl ™S I e Em s
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Probability of detecting electron, muon and tau neutrinos
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[_NUFIT 5.2 (2022) | NEYTRINO

Current best fit
values

DUNE:

Target resolution of
~0.005 on

sinZ20,3 and sin2203

Normal Ordering (best fit)

Inverted Ordering (Ax? = 2.3)

bfp 1o 30 range bfp 1o 30 range
sin® 612 0.3031+9:912 0.270 — 0.34T 0.3031+9:912 0.270 — 0.341
= : )
= | 612/° 33.41%9:75 31.31 — 35.74 33.41%9:75 31.31 — 35.74
(-]
5 | sin® 023 0.572713:05% 0.406 — 0.620 0.578712:05¢ 0.412 — 0.623
= : )
% 023 /° 49.171-9 39.6 — 51.9 49.519-9 39.9 — 52.1
g
= | sin® 013 0.0220319:99955  0.02029 — 0.02391 | 0.02219793-:99950  0.02047 — 0.02396
= 613/° 8.541313 8.19 — 8.89 8.57+91% 8.23 — 8.90
=
S | scp/° 197132 108 — 404 2861327 192 — 360
= Am32
ﬁ 7.4175:38 6.82 — 8.03 7.411538 6.82 — 8.03
Amge +0.028 +0.032
103 o2 +2.511+9-:928 +2.428 — +2.597 —2.498719-932 —2.581 — —2.408
Normal Ordering (best fit) Inverted Ordering (Ax? = 6.4)
bfp 1o 30 range bfp 1o 30 range
sin? 012 0.303+9:912 0.270 — 0.341 0.3031+9:912 0.270 — 0.341
g | 012/° 33.411+9:75 31.31 — 35.74 33.411+975 31.31 — 35.74
=
% sin? 023 0.45173:912 0.408 — 0.603 0.569712:05¢ 0.412 — 0.613
= | O23/° 42284 39.7 — 51.0 49.071°9 39.9 — 51.5
w2
=]
fEG sin? 013 0.0222513-99055  0.02052 — 0.02398 | 0.0222379-99958  0.02048 — 0.02416
e 013/° 8.5819 171 8.23 — 8.91 8.57+9 171 8.23 — 8.94
= | Scp/° 2327+36 144 — 350 27671322 194 — 344
E
Am§1 +0.21 —+0.21
m 7.41_0.20 6.82 — 8.03 7.41_0'20 6.82 — 8.03
Amge +0.026 +0.025
103 o2 +2.507+9-926 +2.427 — +2.590 —2.486719-925 —2.570 — —2.406
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NEUTRINO

Neutrinos are produced in a variety of physical
processes with energy from meV to EeV

Extra-Galactic

Py -1
'E 10
v10-4

5 ;

K \ _§ - Galactic

m‘b 1070 Ac-celerator
« Sources for neutrino oscillation 7] Atmospheric
. O 101 SuperNova
experiments &

-16
> Solar 10
» Atmospheric 10"
> Reactor 102
> Accelerator o
\ / 0%
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Neutrino Energy (eV)
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NEUTRINO

DUNE will focus on a wide range

Other primary physics
goals

» Look for Proton decay

» Measure V. flux from

Supernova explosion

of physics goals

ADC counts
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dE/dx measurements
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03/07/2023

Michel Electron Analy5|s

ProtoDUNE-SP Run 5809 Evel 25216 @2018-11-07 12:56:11 UTC

DUNE plans to search for supernova
neutrinos (10’s MeV) and to measure
solar neutrinos (few MeV).

ProtoD NE-

muon
stopping

point
| o \ /
Michel electrons: a calibration sample to ; \
measure detector response to low

energy electrons (~10’s MeV).
Mlchel

charge
inside

A cone is defined at the muon end point
to include hits produced by Michel.

1200

The Michel electron selection achieves s

a 96% purity. B e e | et
[ Bkg MC
¢ Data

A good data and MC agreement in
reconstructed energy.

200

MC
Entries 6520
Mean 24.39
Std Dev_ 11.88

150

# Events

The energy resolution is 26% at 50
MeV. B

50

Data
Entries 3288
Mean 2421
Std Dev 11.92
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b
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NEUTRINO

An intense neutrino beam is necessary to probe neutrino
oscillations with sufficient precision

Decay tunnel

Ejection
Proton
accelemtor
Focussing of
Proton beam Target neutrino parents
~120 GeV

Shielding

Not to scale!

« 4.0 x 10'° neutrinos per

Neutrino detector

v mode
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Neutrino energy spectrum in DUNE
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Liquid Argon Time Projection Chambers (LArTPC) allow imaging
of particle interactions with sub-cm spatial resolution

A v, (46—?/ )interact with Ar via inelastic resonance (RES)
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Example v, interaction event simulated in DUNE Far Detector



) NEUTRINO EXP

DUNE timeline

2024 2028 2031 203X -...

Start of ProtoDUNE II

FD I and II are ready for
operation

1 1
1 v Physics without I
I
1

1 beamline starts
eam and ND complex are
ready for operation

I
I vv Start of oscillation
I physics measurement

- em RS o e e e e e o = -

Add FD III and 1V,
upgrade Beam power and
complete ND

I
I' v DUNE at full design
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NEUTRINO

DUNE activities @ Nikhef

» 1Y event reconstruction
» Important background in neutrino flavor identifcation

» Important candle for validating detector EM shower

response

03/07/2023 | GRAPPA10
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NEUTRINO

DUNE activities @ Nikhef

» 1Y event reconstruction
» Important background in neutrino flavor identifcation

» Important candle for validating detector EM shower

response

Corrected reco energy (MeV)

1000 A

800 A

600 -

400 A

200 A

Shower energy reconstruction

200 400 600 800
True energy (MeV)

- 140

120

100

80

60

40

20
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NEUTRINO

DUNE activities @ Nikhef

350 I All daughter shower pairs
: Distinct showers from single n° decay
: Same shower from single n° decay
0 . 300 L Showers from different n° decay
o 7-[ event reconstructlon : Other shower pairs
250__ %j ( Data
B /\ L} 7° invariant mass
: . . . . B )
» Important background in neutrino flavor identifcation sl A/ \\
»n -
e //
. 8 B /
» Important candle for validating detector EM shower 150/— //
L ;/ L
response 100{— /
- A \
: o —l_|_| Q\_
Ogﬁ'l:.}i.lli::.1|%"ll

0 50 100 1 50 200 250 300 38
Reconstructed n° mass [MeV/c?]
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NEUTRINO

DUNE activities @ Nikhef

artic!®
* Photon Detection narg®d P
C liquid argon
scintillation

system of DUNE A// \ light

» X-Arapuca: light 127 nm

Y PTP

trapping to maximize
PPing N\ LAr

PDE. <~ — WLS plate

\/ LAr

Reflective surface

SiPM
A
w
o
=
3
/)

Not to scale.
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