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Neutrinos and DUNE
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Standard model and neutrinos

e Neutrinos are massless in the vanilla SM.

First evidence of atmospheric oscillations

1

If neutrinos do oscillate then neutrinos MUST be massive.

arXiv:hep-ex/9807003

First evidence of solar oscillations

arXiv:nucl-ex/0106015

First evidence of reactor oscillations
arXiv:1112.6353
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https://arxiv.org/abs/hep-ex/9807003
https://arxiv.org/abs/nucl-ex/0106015
https://arxiv.org/abs/1112.6353

Neutrino oscillations

U, U1
: L — U L :
Flavour eigenstates 2 PMNS | 72 Mass eigenstates
7 Ur
Reactor/accelerator sector Majorana phases
0 0 ci3 0 seT|f e s O)few2 o 0
Upvins = |0 €23 523 0 1 0 —s;, ¢, Ol 0 e®?2 ¢
O _S23 C23 —S136i5CP O C13 O O 1 O O 1
Atmospheric sector Solar sector
« 3 mixing angles: ¢,,, 6,5 and 0, ;. In the two flavour approximation...
e 3 CP phases: 1 Dirac + 2 Majorana Am?*L

P(v, = vp) = sin“(20) sin?

4E

e 2 mass splittings: Amzzl and Am321.
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Where are we now?

arXiv:2212.00809
0.3
().2 Parameter Best fit = 10 | 30 range
4 Am2, [eV? x 1077] 7.55 050 | 6.98 —8.19
1 |[AmZ,| [eV? x 107%] (NO) | 2.517003 | 2.43 —2.58
0.45 [AmZ,| [eV? x 1073] (10) | 2.4170:93 | 2.34 —2.49
0.15 sin” 612/107? 3.044+0.16 | 2.57 —3.55
10 sin? f93/10~1 (NO) 5.64701% | 4.23 —6.04
) sin f53/10~1 (10) 5.647015 | 4.27 —6.03
0.04 sin26;3/10~2 (NO) 2201005 | 203 — 2.38
0 sin? 6;3/10~2 (IO) 2.2070-07 | 2,04 —2.38
2 scp/m (NO) 1.12753S | 0.76 — 2.00
1 scp/m (10) 1.501013 | 1.11 —1.87
O 1 30‘ . .
982000 2005 2010 2015 2020 e
globalfit.astroparticles.es
(Updated version shown at Neutrino 2024)
: : , : 4 _ University of \.* v . . n l‘\:
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https://arxiv.org/abs/2212.00809
https://globalfit.astroparticles.es/

Open questions

normal hierarchy (NH) inverted hierarchy (IH)
m? 4 A m?
. o . —:IV3 2 V9
 What is the origin of the neutrino masses? Amas
Am?xtm
e Are neutrinos Majorana particles? At
—Azzm
e Do neutrinos violate CP-symmetry? e e
e |s the mass ordering normal or inverted?
| CKM PMNS
e IS 623 maximal? d s b v, v, vV,
u l V, . o
 Why is the mixing in the quark sector so different? B
¢ H Vi
* Are there more neutrinos? e v. B B

aLlle niversity o *
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Open questions

normal hierarchy (NH) inverted hierarchy (IH)
mQA Am2
_ o _ I 3 i
 What is the origin of the neutrino masses? Amas
Am?xtm
e Are neutrinos Majorana particles? A
—A2:|V2
e Do neutrinos violate CP-symmetry? e e
e |s the mass ordering normal or inverted?
. CKM PMNS
o Is 6,; maximal? DUNE will be able to answer these , . , v
u l V, . o
 Why is the mixing in the quark sector so different? B
¢ H Vi
* Are there more neutrinos? v v. B B
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Deep Underground Neutrino Experiment

Sanford | Fermilab
Underground "‘ ""
Research

00 mile v s)!_____...—r
(1300 kilome T ‘
v AT MUON NEUTRINO
VootV ~Vy--o7
v VegVIye o YT PRODUCTION
:V’fv’,; VT
e PARTICLE |
DETECTOR
| PIP-Il PROTON
UNDERGROUND ACCELERATOR
PARTICLE
I_ EXISTING DETECTOR

LABS

Incoming beam:
100% muon neutrinos

Probability of detecting electron. muon and tau neutrinos

Ya [0
Vi -

 Wide band high intensity (anti)neutrino beam produced at Fermilab.
e 70-kt liquid argon far detector 1.5km underground in South Dakota.

 Near detector complex to control systematic uncertainties.

University of
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arXiv:2006.16043

u % . DUNE v, Appearance
0 o e sin®20,, = 0.088
What will DUNE measure? S -
T 140 35 yaars (staged)
5. 120 . ,: ;:ngnal((v,+ _\7:)) :é:
‘qc-; ’ -N:am Vet V
@ otoof I Gl BRI =
80 | i S = -2 l
. Inthe FD we will observe both the appearance of v, of - N
and the disappearance of v, wf 4 | A
204
. From the disappearance spectrum we get 26, and e —
P Reconstructed Energy (GeV)
Am32 > 800 DUNE v, Di
g 700 +|+ ::';02: ; 2:182 107 eV?
9 d H 2 3.53;““' (staged)
e The appearance spectrum allows for 6,5 and 0, E oo e
SenS|t|V|ty. g 500 4y =:f+_v.)cc ‘&Q
(v.+ v) CC
400
* Comparing neutrino and antineutrino modes and the - !
appearance shape we obtain O.p. 200 m =
100 |

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

University of
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https://arxiv.org/abs/2006.16043

arXiv:2006.16043

- ° 0 DUNE v, Appearance
What will DUNE measure? - e
2 sin’e 1:'=-o.s'ao
- 40 o : 3.5 years (staged)
a 35 I I —+— Signal (v, + v,) CC
;::3 E..: -B:am(v,+ v,) CC
I% 30 | 11 =Ru+vu)cc T
’s | 1 (v. + v.) CC =
o Inthe FD we will observe both the appearance of v, wE LI i,
_ 15 it 1 -
and the disappearance of v,. - h
« From the disappearance spectrum we get 20,5 and e A
Am322 - Reconstructed Energy (GeV)
. . 350,
8 DUNE v, Disappearance
§ 300 ‘h+ ::;(:2: ;.2:182 10° eV?
e The appearance spectrum allows for &,; and @ ; 55 yours (staged
o 23 13 §- 250 ~—4— Signal v, CC
sensitivity. - Snc -
& 200 [ 4 - 5 oS =
e Comparing neutrino and antineutrino modes and the 150 !
appearance shape we obtain . 100 =

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

University of
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https://arxiv.org/abs/2006.16043

DUNE Far Detector

4 underground LArTPCs, allowing for high-resolution and low background measurements

of the beam neutrino spectra.

e QOther exciting physics opportunities: supernova, solar and atmospheric neutrinos, proton

decay and other BSM physics.

wi
=

Liquid Argon TPC

\‘ \‘ \‘\\l\<§

Cathode
Plane

\
UL W W W W W W W W W

X wire plane waveforms

Horizontal drift geometry
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https://arxiv.org/abs/2203.17053

DUNE Near Detector

e |ts role Is t0o measure the unoscillated neutrino

spectra.
- Can be used to predict the FD event rates.
I SAND I ND-GAr ND-LAr
e Constrains the systematic uncertainties (flux, - v beam
cross section and detector response) for the
oscillation physics.
* It also allows for precision measurements of e ND-l Ar ]
neutrino interactions and plenty of BSM PRISM
opportunities. o TI\/IS/ND-GAF}
« SAND

sLL)e niversity o &
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Phases of DUNE

arXiv:2203.06100

Parameter Phase | Phase 11 6_ - Pphase i

FD mass 20 kt fiducial 40 kt fiducial : Phase II: no ND upgrade
Beam power up to 1.2 MW 2 4 MW 5 -Phasel .........................................................
ND config. ND-LAr, TMS, SAND ND-LAr, ND-GAr, SAND s

e DUNE will be built using a staged approach.

,/
,/
7

4
7/

* Phase | is sufficient for early physics goals. 7

OI | .2' | '4' | 'Gl | IBI | '10' | '12.
« Phase Il is necessary to reach the design sensitivity for 5CP. Years

- A ND upgrade is needed in order to reach the desired sensitivity!

14 26.06.2024  Francisco Martinez Lopez | NExT Seminar June 2024 'Southéhfpton WO Queen Mary

rsity of London



https://arxiv.org/abs/2203.06100

ND-GAr and reconstruction
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ND-GAr concept

e ND-GAr is a magnetised high-pressure gaseous argon

TPC, surrounded by an ECal and a muon tagger. High Pressure
Gas TPC

- Lower tracking thresholds and larger angular
acceptance.

- Allow for particle identification and momentum
and sign reconstruction.

e Considering the use of GEMs for HPgTPC
charge readout.

e ECal combines high-granularity tiles and cross
scintillator strips.

DUNE ND-GAr

Event: 19

2024-04-08  The superconducting magnet providesa 0.5 T
14:35:08 . . . .
field with a 1% uniformity.

University of
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ND-GAr and PID

FHC beam v,-CC interactions

fg Bl CCOr
e One of the goals of ND-GAr is to characterise the & ™ = o 0
charged and neutral pion energy spectrum in v, o0y - CC o
. ) ) 5000 - B CC other
and v, CC interactions. -
| | | | 2000 2.6 x 10" POT
e We need a reliable PID able to identify pions with a
- : 2000 - - .
high purity and across a broad energy range. Work I pamation
1000 -
True PDG = £211
£ 0000 o 1.0 E U0 2 4 6 8 10
§ E MulD los § Neutrino energy [GeV]
e s 2 * Inorder to correctly identify particles, ND-GAr
200001 = can use a combination of:
-0.4
10000~ | L 09 - Calorimetry in the TPC.
DUNE Simulation
o — ‘Work In Progress
Yo 2 3 ] 5o 00 - ECal and muon tagger information.
Preco [GGV]
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dE/dx calibration

e Use stopping proton MC sample to calibrate charge deposits.
 Compare truth-level energy deposits to charge using range.

 Bin in dE/dx and fit a log function to account for saturation.

dQ Wion

dE edeGclusterC o A
— 2.00 g 1.6 dx b
g - — Bragg-Kleeman
> 1.75 (S Geantd 1.4 5 14- — roghit
2 8 <+ Median per bin
< -1.2 =12
E X
< - 1.0 S 1.0-
8
<
- 0.8 > 0.8-
T
- 0.6 0.6 -
. = 217.52
0 ol x“/ndf 7.52/12
A = 0.883 £ 0.064
09 B = 5.6+1.3 cm/MeV
: 0.2-
C = 4.94+0.49 ADC/e
O.OOO 100 200 300 400 0.2 0.4 0.6 0.8 1.0

dFE/dx [MeV /cm]

Residual Range |cm]

sLL)e niversity o &
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dE/dx and PID

e Compute mean of truncated distribution to avoid fluctuations due to high-E tail.

e We achieve a 2% resolution in energy loss for MIPs and 5% for protons.

e (Good separation of pions below 200 MeV/c and protons up to 1.0 GeV/c.

120 - 4

100 -

<dE / dx >truncat6d [keV/ Cm]

L- DUNE Simulation I
». Work In Progress

—_
)
w

—_
)
[\)

_________________________________

02 w0t
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PID with ECAL and ulID

* |t's not possible to separate muons and pions
in the HPgTPC for momenta > 200 MeV/c.

e Hadronic interactions in the ECal look
significantly different from those of muons.

1 Muon
v

DUNE Simulation
Work In Progress

Counts

Pion

0 15 30
Mean distance to CM [cm]

7|
100
Mean hit energy [MeV]

20 26.06.2024

E

b
|

S~

Muon preco = 951 MeV /¢

Pion preco = 945 MeV /c

20 20

10 10

—10 —10

DUNE Simulation
Work In Progress

—10 0 10 20
X — Xcy |em]

—20

—2 020

—20 —10 0 10 20

X — Xy |em]

e ECal and MulD can provide additional

information, as pion interactions will be
more hadron-like.

e \We can extract a number of variables

Francisco Martinez Lopez | NExT Seminar June 2024

that encapsulate this information.
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BDT approach

e Boosted Decision Trees (BDTs) trained on a

Data

collection of ECal features allow for a track- RET = T
by-track classification. _—
e ABDT is a good option for this classification -
problem, as they are easy to interpret and can iR
handle data without any pre-processing.
= 1.00 -
HitStdEnergy E
TOF Velocity - § 0.95 - . . .
A —— 3 * |nteractions change with energy, train
DistHitClusterRMS - 0.90 -

different BDTs In a set of momentum

DistHitCenterMax i

ECalRatioF WD g 0.85r b| ns.
NHits g 0.0 -
HitMeanEnergy i& . .
RadinsoOE I 075 b  We studied the feature importance
DistHitClusterMean & - -
S . - | and optimised the hyperparameters
NLayers | T ™ for each BDT.
0.0 0.1 0.2 0.3 0.4 0.5 069 65 0.70 0.75 0.80 0.85

Normalised importance Precision

aLL® niversity o &
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Muon selection performance

 The training data comes from single particle events, while the performance was assessed
using FHC neutrino events.

« We achieve 95% purity in the track-by-track muon selection above 1 GeV/c, can be
complemented with dE/dx at low momentum.

O
§ 1.0~ - —_— -
N — i _— —_—
= DUNE Simulation -
= 0.9-
> A0 Work In Progress —
0.80 < Preco < 1.50 GeV/c —
3000 - 0.8- .
— —  Efficiency
[ 1 Muon —  Purit
y
2000 - Pion P 0.7-
I T — 0.6l
DUNE Simulation
0 W — | — Work In Progress
0.0 0.2 0.4 0.6 0.8 1.0 0.5 | i

0 1 2 3 A 5

BD'T output
Momentum [GeV]
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ECal Time-of-Flight

e A time-of-flight measurement with the inner
layers of the ECal can be used for PID at
higher momenta.

£ ) DUNE Simulation
é 103 - H . Work In Progress
5 n 1.45 < pPreco < 1.50 GeV/c

102:

M.

Bproton _Breco

At = 0.50 ns

At = 0.00 ns

1.05

1.00 -

0.95
0.90
0.85

0.80 DUNE Simulation

Work In Progress

0.75 -
10 15 20 25 30 35 40 1.0 15 20 25 30 35 40
Momentum [GeV] Momentum |[GeV]

Although resolution degrades fast with
momentum, it allows for efficient proton selection

up to 3.0 GeV/c.

Bproton
23 26.06.2024 F i . , . G University of \.és{ Q M Pl N ¢\t
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Event selection

 The different PID approaches can be combined in order to cover different cases and
energies.

 First analyses on their way to understand selection capabilities for the oscillation program.

= +++ Selected v, CC +
S 2000 - T +  True v, CC S Hk
' i £ 0.8
1500 - = Al
= -
& 0.6
1000 - N
SERS
O —
500 - = 0.4
D
Watk In Progress
o 10F —— 1L 0.2
+_|_ +-I-h|-—l-—|-l-—l-—|-—h+.|-+-l-l-l—l-F|'-|-++-|-|-+_|_|_ +_H_ _|_+ '|' _|__|_+ >
05- 4+
f | 0.0
00- — . . | . , , | Oﬂ'i 17Ti > 9 7Ti
0 1 2 3 4 5 6 78
Neutrino energy |GeV] GENIE 7= Multiplicity
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(New) connections between Experiment and Theory
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ND-GAr and BSM

The DUNE ND will sit next to the most
powerful neutrino beam to date.

- Privileged position to look for new physics.

BSM searches strengthen the ND-GAr
physics case.

DUNE Phase Il ND Workshop @ Imperial

received lots of interest from the theory
community.

Searching on INSPIRE for “dune near
detector” gives 125 papers since 2014

(published, subject phenomenology-HEP).

26 26.06.2024 Francisco Martinez Lopez | NExXT Seminar June 2024
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BSM phenomenology
e The theory community has shown its interest in the BSM physics potential on ND-GAr.

- Potential to reach into phase space predicted by type-l seesaw models (Pascoli et al).

arXiv:1905.00284

\ ' |
\\\
NS
NS
D\
~

— DUNE

10~ — SBND

Excluded — SHiP

— NA62

— MATHUSLA
FASER

Type 1

1010 E Weyl state

0.01 0.05 0.1

Mass (GeV)
sl niversity o *
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https://arxiv.org/abs/1905.00284

BSM phenomenology

e The theory community has shown its interest in the BSM physics potential on ND-GAr.

- Potential to reach into phase space predicted by type-l seesaw models (Pascoli et al).

- Searches for LLPs, improve current limits up to one order of magnitude (Coloma et al).

-
-
\\\\\\

90% CL
m, = 300 MeV

90% CL
my, = 1.2 GeV

510_410_310_2 10—t 10° 10! 10% 10° 10%

cT, (m) cT, (m)

"""" CHARM, B — K + a (up)
LHCb, B =+ K +a (up)
BaBar, B - K + a (vy)

NA62, K — 7+ inv
— E787 & E949, K — m + inv
—— Yamazaki et al, K = 7+ X

@R Universi *
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https://arxiv.org/abs/2309.06492

BeamHNL

e \We need to re-evaluate our HNL sensitivities
using end-to-end reconstruction.

e ND-GAr group is pursuing the integration of
BeamHNL into its simulation and reconstruction.

- GENIE module to generate long-lived particle
events.

e Could help systematically explore the HNL phase
space for multiple channels.

* First events generated, expect to use it in future
analyses.

29 26.06.2024  Francisco Martinez Lopez | NEXT Seminar June 2024
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Anomalous tau neutrino appearance

o Other promising analyses, like v_ appearance from short-baseline oscillations driven by
sterile neutrino mixing.

 The excellent reconstruction in ND-GAr for tau decay into muons at high energies
(E, 2 6 GeV) enhances the reach of DUNE for Phase |I.

Credit H. Razafinime

- 1T T T ThTd | Illlllll Illll | Illllll | llllllll | IIIIIE
102 & 2 JS Hypothetical —
= Phasel ll Phase |l  :
<<I>\ E
Q 1
NE § All Channels, 1.1e+21 POT, 67 t ND-LAr Fiducial Mass =
<] — = DUNE ND-LAr + ND-GAr, 10% systs., 90% C.L. e
1 B — DUNE ND-LAr + ND-GAr-Lite, 10% systs., 90% C.L. B
10 E_ —— DUNE ND-LAr + TMS, 10% systs., 90% C.L. g
— —— NOMAD 90% C.L. —
[ — CCFR 90% C.L. .
1072 &= —— CDHS 90% C.L. . . —=
= _aosswe. DUNE Preliminary =
— — E531 90% C.L. —
10—3 | | lllllll | | lllllll llllI llllI lllll
-6 -5 -3 ! o
10 10 107 10 1072 10~
Sin“(2 6,,)
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Conclusions

« DUNE will give a definitive answer to the neutrino mass hierarchy, ¢, and 0,p questions,
and take neutrino oscillation physics to a precision era.

e ND-GAr is a key component of DUNE, it's needed to reach its ultimate physics goals.

e The ND-GAr simulation and reconstruction software is in a mature state, ready to use in
production soon.

- Current goal is to check impact on oscillation physics with full reconstruction.
e The DUNE ND, and ND-GAr in particular, offers plenty of BSM opportunities.

- Perfect ground for connections between theorists and experimentalists.
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Neutrino oscillations

Source Target
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ND-GAr requirements

o It must track the muons exiting ND-LAr, in order to measure the v, and Dﬂ spectra.

e |t must measure neutrino interaction off argon with a kinematic acceptance similar to
that of the FD, to constrain systematics not accessible to ND-LAr.

o It must be able to characterise the charged and neutral pion energy spectrum in v,

and Dﬂ CC interactions from a few GeV down to the low energy region where FSI are

expected to have their largest effect.
ND-LAr ND-GAr FD-HD

Nc 45— 0.8 tb 45— 0.8 No 4

3.5F- 0.7 3.5F 0.7 35

3E 0.6 3F 0.6 3

2.5F 0.5 2.5F 0.5 2.5

2F- 0.4 oF 0.4 2

1.5F- 0.3 1.5F 0.3 1.5

1E 0.2 1E 0.2 1

0.5F- 0.1 0.5F | 0.1 0.5
%05 1 15 2 25 3 35 4 45 5 0 %05 1 15 2 25 3 35 4 45 5 O % 05 1 15 2 25 3 35 4 45 5
Neutrino energy (GeV) Neutrino energy (GeV) Neutrino energy (GeV)
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GArSoft

GArSoft is ND-GAr’s simulation and reconstruction toolkit.

Five event generators are provided (SingleGen, GENIE, CRY,
RadioGen and TextGen), producing truth data products.

The GArG4 module runs a Geant4 simulation using the detector
geometry.

It simulates the electron drift, the electronics response and the
digitisation of the raw data.

Low (hits and clusters) and high level (fitted tracks, vertices and
associations) reconstruction products are also produced.
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ND-GAr and pions

 One of the goals of ND-GAr is to characterise the charged and neutral pion energy

spectrum in v, and 17” CC interactions.

- Measure low energy pions in order to distinguish between different FSI models.

- Select topologies with O, 17 and > 27 so as to inform the pion mass correction in the

FD prediction.

Events

7000 -

* We need a reliable PID able to identify pions with a 6000
high purity and across a broad energy range. 5000

4000 -
e Current reconstruction provides low-level

reconstruction objects (tracks, clusters, ...), now we
need to develop the high-level reconstruction
(PID, energy reconstruction, flavour estimation, ...).

This is what I’'m going to talk about today!

3000 -

2000 -

1000 -
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Different PID approaches

True PDG = 4211

. . é - ECal
* In order to correctly identify electrons, muons, = ™" g i
pions, kaons and protons ND-GAr can use a 20000
combination of: I~
_ _ 20000 -
- Calorimetry in the TPC. _
10000 - — | |
- ECal and muon tagger information. e T oo atio
L —___ | OrK 111 | Irogress |
U0 1 2 3 4 5
Preco [GGV]
e For charged particles, we can use the HPgTPC dE/dx as a starting point for the PID.
e Then, using the associations between the tracks and the ECal/MulD activity we can build
new observables to help with PID.
e |n the case of neutral particles information from the ECal exists.
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