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The neutrino

gru1 rmgﬂr t—‘ r :3: ‘[H‘ggﬂmml
- . = =+
« Neutrinos are elementary particles of the Standard i S i o
Model of Particle Physics. Jelm)fT]2° |3
§ Ve 1/“ Ur g §

* Neutrinos are the most abundant particles of matter
In the Universe. >

100 trillion neutrinos pass through
= g
your body every second!!!

* Yet, their elusive nature means we still know Ilttle about
their fundamental properties: >

o 3 flavors: electron, muon and tau NeutrinoS. joos 1008
. & s &

o Oscillate from one flavor to the other... @ d

o ...which proved neutrinos had masses. 2015
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What do we know about neutrinos?

* Neutrinos are created and interact as flavor eigenstates, which are superposition
of mass eigenstates.

e’ Vi
vV, = Upmns @ V,
Vv, _“_ V3

e = cosBy; s = sinfy;

C12 €13 ‘ 512 €13 ) sigetocr
U= | —s12c23 — c12513503€F  c1aco3 — 512513 523 €°F €13 803

i i
512 823 — €12 513 €23 €'°CF —C12 523 — 512 513 €23 €'°CF €13 C23

Mixing angles: 6,,, 6,3, 0,
CP-violating phase: 6.p
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What do we know about neutrinos?

* Neutrinos are created and interact as flavor eigenstates, which are superposition
of mass eigenstates.

_ﬁ)_ vV, « Absolute masses and even
the neutrino mass ordering
vV, = Upmns @ V, remain unknown.
Vv, _$ 1 Vs Mass squared differences:

|Am?,,|, Am?2,,

e = cosBy; s = sinfy;

C12 €13 S12.€13 s1getoor $ @
_ 5 S . ¢
U= |-s12¢c03 —cr12813 823" ciaco3 — S12513 823 €°Y €13 823 Am2, — 0(1075eV?)

i 6
512 823 — €12 513 €23 €'°CF —C12 523 — 512 513 €23 €'°CF €13 C23

Am3, — 0(1073eV?) or

. i Am32, — 0(1073eV?)
Mixing angles: 6y, 8,3, 85, @tmnm — 0(107%eV?)
CP-violating phase: 6.p R ]
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What are the neutrino’s fundamental properties ?

CP
violation

Nature

Mass
ordering
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What are the neutrino’s fundamental properties ?

O Neutrino nature : Dirac or Majorana ?

» Search for the Ovpp decay - v="v

CP

Nature ; .
violation

ordering
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What are the neutrino’s fundamental properties ?

1 Neutrino masses ?

» High precision measurement
of B-decay spectrum.

CP

Nature ; .
violation

Mass
ordering

PROJECT 8 ©
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What are the neutrino’s fundamental properties ?

Q Values of 0,,, 0,3, 0,5, 6., AM?;,, and Am?,, ?

» Study neutrino oscillations.

CP

Nature ; .
violation

Mass
ordering

alk
,..T'C::-Hyper-KamioI;ande
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Key to a fundamental question

CP
violation

VA Oscill.
param.

Mass
ordering

~

g

CP violating phase 6.
+

Precision measurement
0,,, 6; and 6,5

Jarlskog invariant

— 2 .
J = 513€13512C12523C23 sin 0

/

CP violation in leptonic sector
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Key to a fundamental question

CP violating phase &.p
~ +

Precision measurement

OvBp decay —

/

Lepton number
violation

— 2 .
\ J = 513€13512C12523C23 sin 0

Leptogenesis /

\ - ey CP violation in leptonic sector
- '»
i /

Matter-antimatter asymmetry

CP
violation

Oscill. -
param.

Jarlskog invariant

Mass
ordering
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Neutrino oscillations

* Neutrino oscillations depend on a few parameters :
> 015, O3, 013, Ocp, AM?3;, AM?,,

- For instance, disappearance probability N AN AYES
P(v, — v,) can be expressed as follows:

P(V,u — V,u) ~1-— (Sin2(2(913) sin2(923) +

Am?|L i |
4 2 in? - :
008(913)Sm(2923))sm<4E) Elu_ll_“_”mu;

L/E (A.U.)

P(Vg — Vo)

Amplitude Period

» Experiments study the oscillation of neutrinos of different energies E over
different baselines L, giving them access to all the oscillation parameters.

11 10/04/2024 Steven Calvez | Seminar IPHC



How can we measure the neutrino oscillations parameters ?

Solar v
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How can we measure the neutrino oscillations parameters ?

PV, — v)

. Am?y, 0, L~100m B8 B
2
Am<;, 6, Reactor v
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How can we measure the neutrino oscillations parameters ?

o( ) 0,
vV, —>V,) >
Am?,,
0,5 |1Am?,[ L~ 10%m
. E ~ MeV
P(v, — v, ,
\ Am=,, 0, |-~ 10°m B
Am?
P(v,u - V,u 32 E ~ GeV
— 5. 0, )
Pv,—v, L ~ 105-10%m a—
615 Accelerator +

Atmospheric v
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What are the main goals of Long Baseline experiments?
A 6,5 octant

* Long-baseline neutrino oscillation experiments like NOVA,

T2K, DUNE and HyperK study accelerator neutrino u w
oscillations over ~100kms. -
023 = 400 023 = 50°
) ] ) Mass
« Aim to address the following open questions: Hlerarchy
o What is the value of 6,37 0,3 <45° or 0,3 > 45° ? v, - v. symmetry? s

o What is the value of Am?;,? Normal or Inverted Hierarchy? s

o Is there CP violation in the lepton sector? ., # 0 or T ?
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Principle of Long Baseline neutrino oscillation experiments

* Principle of the NOVA and DUNE experiments (similar for T2K and T2HK):
o Produce a beam of v, (or v)).

& ve \
"4 H
— DUNE
._ 1300km

Ve
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10° Events / 11:10% POT

Principle of Long Baseline neutrino oscillation experiments

* Principle of the NOVA and DUNE experiments (similar for T2K and T2HK):

o Produce a beam of v, (or v)).

o Measure the v, spectrum in a Near Detector (ND).

Neutrino Mode NOvVA Preliminary
25 T T T T — —
L + Data 1
F v — Total Simulation 1
2 | Total Background —|
[ u Il Wrong Sign
15
i
o5l
0

NOVA
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10° Events / 11:10% POT

Principle of Long Baseline neutrino oscillation experiments

* Principle of the NOVA and DUNE experiments (similar for T2K and T2HK):
o Produce a beam of v, (or v)).
o Measure the v, spectrum in a Near Detector (ND).
o Measure the disappearing v, and appearing v, spectra in a Far Detector (FD).

voeam NOVA Preliminary .., NOVA Preliminary
Neutrino Mods NOVA Preliminary of v +FD data 13 .0 v R
2.5 T T T T = r . g 18 L
F + Data . 1 o f ” .2020 Best-fit ] '6. i .
r — Total Simulation r 1-0syst.range 1 £ L -
2 —v | Total Background —| (3 15[~ Y 9 q1g L = Weon
[ u B Wrong Sign ] s | MBackground 1 %o 2f
K § 2 g I
15~ o
[ I Z
: 12
£ g
2
[ [in}
sl . 2 3 4
H 1 Reconstructed neutrino energy (GeV)

1300km
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10° Events / 11:10% POT

Principle of Long Baseline neutrino oscillation experiments

 Principle of the NOVA and DUNE experiments (similar for T2K and T2HK):

Measure the disappearing v, and appearing v, spectra in a Far Detector (FD).

o Produce a beam of v, (or v)).
o Measure the v, spectrum in a Near Detector (ND).
O
o Extrapolate and test oscillation parameters.

Neutrino Mode NOvVA Preliminary

z.bgv | | L::c:s’:wmu\atiun 7 Am232:2-41x 1038 eV?

T u e 1 K sin26,,=0.57

e E 5.5=0.821r

1:— - Vu

sl

NOVA Preliminary

20f

+FD data
—2020 Best-fit ]

.1-0 syst. range ;
. Background

Events / 13.60 10%° POT-equiv

- N w
=) S S
LI s e

)
T

NOVA Preliminary

v-beam

1 2 3 4
Reconstructed neutrino energy (GeV)

1300km

DUNE
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How can NOVA measure neutrino oscillation parameters?

- Measure v, — v, and v, — v, disappearance to constrain sin20,; and |[Am?;,|

: —_—_ i Unoscillated
* v, survival probability: _ v, spectrum

A 2L 60 / —
P, —v,)~1— (0084(913) sin2(2023) + sin2(2013) sm2(923)) sin2< ZfE ) _ _

B
o
T T T
|

Measured |
oscillated
v, spectrum-

Events /0.1 GeV

N
o
T T T

0 Ll — # | N N S S N [N TN N s S S S _
0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)

20 10/04/2024 Steven Calvez | Seminar IPHC



How can NOVA measure neutrino oscillation parameters?

- Measure v, — v, and v, — v, disappearance to constrain sin20,; and |[Am?;,|

Unoscillated
v, spectrum

* v, survival probability:

; i |
P(V’u . VM) ~1— (COS4(013) sin2(2923)—|— Sin2(2913) Sin2(923)) Sil’lz (Am L) 60_ / i
4F >
Q
0]
| | S 40| a
« Location of dip — |AmZ2,,| £ 7
C
5 Measured |
o oscillated
on v, spectrum-

O\I\I""‘II\I‘II\IFI\II
0 1 2 3 4 5

Reconstructed Neutrino Energy (GeV)
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How can NOVA measure neutrino oscillation parameters?

- Measure v, — v, and v, — v, disappearance to constrain sin20,; and |[Am?;,|

LI N N D O I R | ‘ T T T ‘ T T T ‘ T T T
I Unoscillated |
v, spectrum

S

* v, survival probability:

o2}
o
T T T

Am2L
Py, = v,) ~1— (cos*(013) sin®(2043) + sin?(26;3) sin?(0a3) ) sin? m
2 u

AE

« Location of dip — |Am2,,|

- sin220,, Mea_lsured |
oscillated -
v, spectrum-

Events /0.1 GeV
|

N
o
T T T

« Amplitude of dip — sin?20,,

0
0 1 2 3 4 5

Reconstructed Neutrino Energy (GeV)

22 10/04/2024 Steven Calvez | Seminar IPHC



How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 8 ‘

2

P(V/t — Ve) ~ ‘ v Patme—i(A32+5cp) + V Psol

>
~ Patm + Psol + 2/ Patm Psol (cos Asza cos dcp F sin Aza sindep) —_—
/ o |
_ _ sin(Asy —alL e
v Patm = 5111(023) sm(2013) ( ) Agl
Agl — (LL
|>
al
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 81
P(l/“ — V) N ‘ V Patme_i(A”—Mcp) + vV Psol i 0\0 6;
~ Patm + Psol + 2/ Patm Psol (cos Asza cos dcp F sin Aza sindep) — T
/ |

_ _ in(Aar — al, | ! 5=0

V/ Patm = sin(fy3) sin(26,3) Smigf’l_ GZ )A31 Tj- 4__ ©

> |
o0 i
ol

> In a vacuum and with no CP-violation, vand v

oscillation probabilities are equal. o
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 81
P(l/“ — V) N ‘ V Patme_i(A”—Mcp) + vV Psol i 0\0 6;
~ Patm + Psol + 2/ Patm Psol (cos Asza cos dcp F sin Aza sindep) — T S=n/2
/ |
_ _ in(Aar — al, | ! 5=0
V/ Patm = sin(fy3) sin(26,3) Smigf’l_ GZ )A31 Tj- 4__ .\
> |
o0 i
ol

» CP-violation generates opposite effects

iIn v and v oscillation probabilities. o
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 81
P(l/“ — V) N ‘ V Patme_i(A”—Mcp) + vV Psol i O\O 6__
~ Patm + Pool + 2/ Pagm Psol (COS A3z cosdcop F sin Agg sin 5C’P) — | S=mt/2
/ T
. ) sin(As; — al > - 6=0
V/ Patm = sin(fy3) sin(26,3) 23131— = )A31 1\1 4__ $

|> i 0=n
“"D_ i
ol

» Other CP-conserving phase yields slightly

different oscillation probabilities. o
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 81
P(l/“ — Ve) ‘ V Patme_i(A32+6cp) + V/ Psol i \O i
o~ 6
~ Potm + Psol + 2/ Patm Psol (cos Ass cos dop F sin Agg sindep) — [ 8=mn/2
/ | T _
s . _ sin(Asz; — al) > | 6=0
Patm = 5111(023) sm(2013) A31 — (LL Agl 1\1 4_
> | d=n
\DT/ s 0=3n/2
2_
» Other maximum violating CP phase
enhances v, appearance. o Is cyclical. o
0 2 4 6
o
P(v—=ve) %
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 8
P(l/“ — V) N ‘ V Patme_i(A32+6cp) + vV Pl i \O I
o~ 6
~ Patm + Psol + 2/ Patm Psol (cos Asza cos dcp F sin Aza sindep) —
/ [
. . Sin(Agl — aL) |> L
V/ Patm = sin(fy3) sin(26,3) Ao —al Az Ti 4__
>

a |
2_

» Matter effects also generate opposite L08=0 e5=n/2

effects in v-v oscillations depending on the o207, o0%%e,
Mass Hierarchy. 0 2
P( \Y

Inverted Hierarchy

Normal Hierarchy -

1 L | 1 ! | J

[

4 6 8

—V, ) %
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How can NOVA measure neutrino oscillation parameters?

* Measure v, — v,and v, — v, appearance to constrain sin?@,;, Am?;, and dp:

* v, appearance probability: 81 @@
L - '
P(V/i — Ve) ~ ‘ \4 Patme_i(A32+6CP) + V Psol ’ O ‘2‘\6 %
~ Patm + Psol + 2/ Patm Psol (cos Asza cos dcp F sin Aza sindep) —_— Q}\‘ @)
/ °© & %,
. . sin(As; — al) > o
Patm = s1n(023) sm(2013) A Agl }|\ 4_
31 — al s L (
> | ‘9
o %’o S
.o\
- 2__ 0{:90 ,b\‘e\\e
» 0,5 can increase or decrease v L03=0 3=n/2 &&
and v oscillations probabilities. o i .
0 2 6 8
(o]
P(v,—Ve) %
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Constraining oscillation parameters in NOVA

« Limited statistics (~100s signal candidates), physical
boundaries, degenerate parameter space makes

reporting statistically accurate measurements

challenging.

* Frequentist approach in NOVA: generate and fit
millions of pseudoexperiments (arxiv:2207.14353) on
supercomputers (CHEP2018).

* Normal Ordering favored at 1.0¢ level.

 Exclusion of :

o Ocp=3n/2 NH at >2¢
Phys.Rev.Lett. 123

NOvA Preliminary

-+ FD data
1z

2020 Besl-fit hid
s

tosystrange | &

W Background % 20)
3

Jr

Recdnstructed neutring enargy {36V}
NOvA Preliminary

+FD data
=

— 2020 Best-fil o )
1-osystrange | &
W Background | 10|

o &cp=n/2 IH at >3¢ Phys.Rev.D 106

2.6

A2,
sin“g,,

«

>

> |

@ L

S 24 -

Z

=~

T

< oa -
- @s<to [Js<20 [J<30 + BestFit NH
L 1 1 1
0.3 0.4 0.5 0.6

0.7}

in2
sin“6,,
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https://arxiv.org/abs/2207.14353
https://www.epj-conferences.org/articles/epjconf/pdf/2019/19/epjconf_chep2018_05012.pdf
https://arxiv.org/abs/1906.04907
https://arxiv.org/abs/2108.08219

Latest NOVA-T2K results

NOvVA Preliminary
1

» First joint NOVA-T2K oscillation analysis results
recently released . Next few figures from :

— Fermilab seminar o4 Nat. oK : w BF — =90% CL - = 68% CL -

— KEK seminar. oal  Nova:+BF | | <eowcL [I] <ee% cL

D M .

L Inverted Ordering ]

« Particularly interesting given slight tension in 0.6 = =
preferred regions of the parameter space. S o \ [/_f N

? S =

Tl e ;

oal Nova : [ = 00% CL .‘s 68% CL |

0 i ks 3n on

2 'SCP 2
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https://indico.fnal.gov/event/62062/
https://kds.kek.jp/event/49811/

2

Latest NOVA-T2K results: sin?0,,

« Slight preference for the 6,; upper octant.

« Maximum mixing still compatible with measurements.

| X107 eV?

| Am

27 Fitter: ARIA 27 Fitter: ARIA Fitter: MaCh3 post-BANFF
" [ Bayesian Cred. Int. NO Conditional | Z "I Bayesian Cred. Int. 10 Conditional | Z [ Bayesidn Cred. Int. ‘ NI()HLCOhdiIﬁOhai ]
I With reactor constraint ) s I With reactor constraint @ 0.03[ With reactor constraint .
ol . > % 2'6:_ e ey ;I> =BothMO  —lo 1
A ,\ —3 ) C { = )i — 0.02F ==Inverted MO --20 .
2.5 : /——\\~_’ —a \i |7~£ ; 2.5 5 ‘\ /I '7‘.\f == Normal MO  ---30 ]
. E )i E 0.01} ]
.k ...‘\\/ ; o S 3 R a _
& T D P O, «F b el Tl . = _
r T ——— = g B = 0 — —t——
23"_ ---------------- E‘ < a3f = Both MO | b —1-
i — 10 —=20 - 30 ) r — g =g e 30 £ Inverted be ¢ R P |
2.2’ . L% 88 % g % e By o W (o 2ol 014 e 0|5 b o 0|6 R Normal P | - EE— - —HI.
04 L & ' 29 04 0.5 0.6
sin“O S1N~U, 5 3
) sin“0,,

-

,-\.muumfal.rd MZL-VAON
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Latest NOVA-T2K results: Am?,,

« Joint NOVA-T2K analysis provides the most accurate measurement of Am?2,,.

« Am?,, is the most precisely known parameter, yet we still don’t know its sign.

Normal mass ordering Inverted mass ordering

| NOvA+T2K ——i 24207019 o | I NOvA+T2K —— 2ATT4005  14% ]
T2K —— 248 005 2.0% T2K —— 2.53 005 2.0%
NOvA —— 2.39 o005 21% NOvA —— 244 005 20%
MINOS+ _ 240 108 a9 MINOS + — 245 YT a1y
SuperK+T2K —— 2511000 o 4y Superk+T2K — 2AR4T0WT o 4y
TceCube —— 241 007 2.9% TeeCube — 241 +0.07  2.9%
Superk —— 240 90T 3au Superk —— 240 109 5ay
Daya Bay nGd — 246640060 2.4% Daya Bay  nGd —— 2.5T1x0060 2.3%
RI:E.‘\"() ‘ nGd —_———— 2.69 +012  45% RENO néGd e 279 w02 43%
RENO nH 248 1B 1214 RENO nH 258 1% 1wen

22 23 24 25 26 27 28 29

22 23 24 25 26 27 28 29 ) 26
[Am3,|, 107% eV?

[Am3,], 107* eV?
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Latest NOVA-T2K results: d.p

« Combination in Normal Ordering:
o Less stringent constraint on parameter space allowing wider range of values.
o CP conservation slightly preferred.
« Combination in Inverted Ordering:
o Enhanced preference for maximum CP violation.
o CP conservation (0, n) disfavored (outside 3c credible interval).

O.p =n/2 outside 3o interval in both orderings.

T T — ———
0'04; Ba_yes,lan Crkd. Int. _ ‘ Non-Conditional ]
. With reactor constraint = Both MO —lo 1

I With reactor constraint

0.6, o e =Inverted MO =26 ]

=Normal MO  --*3¢

T T T I S B S B S T B R
| Bayesian Cred. Int. NO Condiﬁonalj | Bayesian Cred. Int. 10 Conditional

Posterior density
(=]
S

0.5

)
sin“0,,

0.4 1=
T — 1 ——2 36 1B

Both MO [ im— = - D bk

Inverted | }-- - -F-—"F—==-- - - -]

///\\"-
/R
Kreurann[2id MZ.L-VAON
sm2623
T |
I --\: j ]
|
Areurnoid M7 L-VAON

.-'\'.l.m[[Lu![a.[d MZL-VAON

[=]
23
a
4
|
=
<o
vz
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Latest NOVA-T2K results: d.p

* Precision on 8., improved in Inverted Ordering.

« But uncertainties on 6., remain large (~30%), especially in Normal Ordering.

. . Normal Ordering . . . ‘ Inverted Ordering
NOvA — . 0.8907 0480 NOvA —_— —0.56010:2%
NOVA+T2K —e— — —0.8707 3%  [NOvA+T2K — —0.470+1%0
Tk o — ~0.6307020  ToK —— —0.450%¢ 150
SuperK ° —0.557%0358  Superk * —0.357192%3
SuperK+T2K —— —0.59670%2  SuperK +T2K — —0.470*9-159
—1.00 —0.75 —0.50 —0.25 0.00 025 050 075 1.00 —1.00 —0.75 —0.50 —0.25 000 025 050 075 100
dop, T Ocp, T
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Latest NOVA-T2K results: d.p

« Jarlskog invariant quantifies CP-violation in lepton and quark sectors.

— 2 :
J = 513C€13512€12523C23 sin 0

« Broad range of values allowed in Normal Ordering.

« CP conservation, i.e. J=0, outside 3¢ interval in Inverted Ordering.

. NO Conditional | Z IO Conditional | Z
0.05r : @) 02 @)

- Bic < e Hic <

172] . G ! A DQO’ I
S < = —
3 I [130 2 O i [13c b
g Flatin 6, ~ 'S Flatin 6, 2
g | Flatin sin(3.,) a R Flat in sin(8,) >
3] @, = " ' o
2 = s =
o = 4 =
S = Z |
0.05 _‘B;.yl:smu Cru‘i. htll' . : = ().2|-Bayesian Cred. Int. =

L Wit Ireactlor "llmm"lnm T < | With reactor constraint 2

—005 ) 0 005 L L _0\05 | | | i o L L L L 005

J=513¢1381,€12853 0385, J=5,;¢3,8,,C 5593 Coy S5..
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Latest NOVA-T2K results: sin?0,,

* sin?0,; is a subdominant degenerate term in LBL

oscillations.

« Measurements compatible with reactor

_ Normal mass ordering

experiments but not competitive.

sin” 263, 1072

T2K — 10,0371 57 12.3%
| NOvA+T2K > 8.9271% 150%
NOvA 8.4 710 208%
Daya Bay  nGd —— 8514024 28% :
RENO nGd ———t 892063 71%
Daya Bay nH ———— 7.1 £11  155%
RENO nH —_—— 8.6 12 14.0%
Double CHOOZ —_—— 10.2 +12 118%
G 7 8 9 10 11

25¢ Bayesian Cred. Int. Both MO
: No reactor constraint
0.2F
© gash el
T P
& F e
‘7 01 %
- reactor tee..l LIl = ———
0.05 constraint eesseseesestt
,I‘ : — 10. e 20 ------- 36
0 C 1 1 1
. 0.4 0.5 0.6
Note: change in 2
scale for y-axis S 923
3 0.1 | Bayesian Cred. Int. Both MO
4 | With reactor constraint
_."" e e~ \“"
- 0.09— i 4 \ Y
< if : 1
ol ) \ | :
] 3 & Vs
=] 2 N :
‘Z i ~—— 77
008 = el TN
I —_—lc ===2G s 36
1 1 1
007 04 0.5 0.6
wr: X,
sin“0,,
__Inverted mass ordering
T2K e 110975 8%
| NovA+T2K ———e————— 100812 1y
NOvA - 9.2 T 2009 -
Daya Bay  nGd e 8.51+0.24 2.8% -
RENO nGd —— 8.92+063 T1%
Daya Bay nH ———— 7.1 11 155%
RENO nH —_—— 8.6 +12 14.0%
Double CHOOZ _— 10.2 +12 118%
G 8 9 01

sin? 26,3, 1072
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NOVA Preliminary
T

S T T
[ Normal Ordering

Latest NOVA-T2K results: neutrino mass ordering

1®

« Still no strong preference for the neutrino mass ordering : RITI————
o Each experiment individually favors Normal Ordering. OVODO%.
o Joint fit flips the preference for Inverted Ordering (10 58%, NO 42%). '
o Including an external constraint on Am?2,, (and 6,5) brings back the o B ema

slight preference for Normal Ordering (10 59%, NO 41%)). i M aﬂs_n
llm-'ert-?d MQ . ' No‘l‘mal ]\/10 .

“r T o | ©

>- ——— NOVA-T2K-2D DayaBay | -

« JUNO will provide a very precise Z I R
measurement of Am2,, which will help S =
LBL experiments resolve the neutrino 2 1 17
mass ordering. Z 12

[am 1=

i i

-26 -2.5 24 23 23 24 25 26

Am3, [107eV?]

21

38 10/04/2024 Steven Calvez | Seminar IPHC



Current limitations of LBL experiments

NOvVA Preliminary NOVA Preliminary

Detector Calibration J
. No |B | Extrap.

* NOVA and T2K measurements are still o — B N R —— T
statistically limited. o s Secns |-

Detector Response

Lepton Reconstruction

« Expected to double their datasets over il AU N R AN I
neXt feW years_ Statistical Uncertainty !

Uncertainty in sind,, Uncertainty in A mZ, ( x10° eV?)

* Neutrino cross-sections would become the dominating uncertainty in next-
generation experiments within a few months if they are not better understood today:
o Study neutrino-nucleus interactions in Near Detectors and compare/feed models.

o Contributed to the measurement of neutrino cross-sections of some of the main
interaction channels with NOvA ND:
« v, + N— e +X :world first double-differential measurement.

* Vv, *tNou + t + X : first double-differential measurement in NOVA.
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Next generation of LBL experiments in numbers

Q 14kt segmented liquid O 55kt water

scintillator Cherenkov
O 700 KW neutrino beam 0500 kW
Q295 km

U 810 km baseline

» Improved technologies
» Larger detectors
» Higher beam power

» Same baseline — More
statistics — O¢p

» Longer baseline — More
matter effects — NMO

YPER

O 187kt water
Q 40kt Liquid Argon TPC Cherenkov

d1.2-2.4 MW d 1.3 MW
4 1300 km O 295 km
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DUNE and HyperK sensitivity to Neutrino Mass Ordering

« NMO determination at 56 guaranteed + HyperK has more modest sensitivity

with DUNE in Phase I. to NMO because of shorter baseline:
— In 1 year in most favorable case. — 50 after 6 years in most favorable case.
— After 4 years regardless of 8,; and o.p

values.

vvvvvvvvvvvvvvvvvvvvv [TT T T[T T T T[T T T T[T T T T [TTTT[T

g Atm + Beam (True Normal) :ln’e’ =04

L. DUNE MO Sensitivity
10| All Systematics y
- Normal Ordering

(=]
Tl T

——@— Atm + Beam (True Normal) un‘e”so.s

T

~—l— Atm + Beam (True Normal) sirf0,,=0.6

TT

e Atm + Beam (True Inverted) .lnie“su
i@ Atm + Beam (True Inverted) slnis”-o,s

L)

—f— Atm +Beam (True Inverted) ;lniuu=o.s

\’sz Wrong Hierarchy Rejection
E -

—

llllIIIllllllllllll[llllllllllI

lllllllll[llll]lllllll

-Phlul:wo%of&e,valuu 1
— Start at 1.2 MW
===+ 4 year ramp to 1.2 MW 011|1111l1111]111111111111111111111111111111111111
A TS R N P 1 2 3 4 5 6 7 8 9 1
3 4 5 6 7 Running Time (Years)
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DUNE and HyperK sensitivity to 6-p

* HyperK has better sensitivity to -, than DUNE: ER
— HyperK can exclude CP conservation (>36) in just 1 year &
In the most favorable case. g o
— DUNE needs favorable &5 to reach same 3¢ sensitivity. 3 |
'\g 2 :_ U e IS:;::ZLOS’;IS); (V/V,. xsec. error 2.7%) ]
7 T2K 2018 syst. (v/V, xsec. error 4.9%) |
G..‘I\‘.d.u.l....l....l....l...I.‘.I‘H.I‘

T2 3 4 5 6 7w v

* They will ultimately reach 7°- 20° precision on &.p. Hyper& pliminay HK Years (27E21 POT 13 v)

True normal ordering (known)
sin?(6,;) = 0.0218 sin’(6,;) = 0.528 |Am3,| = 2.509E-3

-

DUNE CPV Sensitivity " DUNE sensitivity 220 MWoyoars
-MW-years
g[-All Systematics 40 :" s":;"::::g 1104 kt-MW-years
Normal Ordering N0 = = Nominal Analysis —~ 30 T T T T
sin°20,,=0.088+0.003 0,, unconstrained - o I True 8,=0°
7F-Phase Il + ACE _ 35[sin%,, = 0.580 unconstrained o E T 00
— By = W2 Y B True &, =-50 *
Gl 50% of i, values § 3 F ]
e 75% Of 5, Values 30 = .
g w20
£ 25 g s
2 = 15F
=2 20 E »
2 o 10
& 15 O
S sE Statisties only
w 10 mCLLELLT Improved syst. (v/V, xsec. error 2.7%) ]
Y T2K 2018 syst. (v./¥, xsec. error 4.9%) ‘ ‘ . . 1
T N S T T S T T T S N S T T W T U T B S T Y B AR 1
5 HKGOI__123456?89]0
yper-K preliminary LT
O 2T T8 0 12 14 16 18 0 True nommal ordering (known) : I Years @TERTPOT L3 V)
Years -1 -0.8-06-04-02_0 0.2 04 06 08 1 sin'(83) =0.0218 sin'(8)) = 0.528 |Am3,| =2.509E-3

8
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ESSnhuSB+

« ESSnuSB+ is a future next-generation LBL experiment.

« ESSnuSB+ plans to measure v,appearance at second
probability maximum:
o 5-10 MW neutrino beam
o 540 kton water Cherenkov far detector
o 360-540 km baseline

—— Zinkgruvan (360 km)
17.5 —— Garpenberg (540 km)

» 5°- 7° precision on &, after 10 years. -

» 5¢ discovery of CP violation for 71% of 6., values.
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https://arxiv.org/pdf/2206.01208.pdf

Jiangmen Underground Neutrino Observatory

* JUNO is a 20-kton Liquid Scintillator neutrino
observatory located in Southern China.

Chimney =" NPT ///4\// Acrylic Sphere
| _LACTYHIC OPEIe

D% SS Structure
| 2 UCRItE

CD PMTs

VETO PMTs
—

Connecting Bars
ek - o

% /A Supporting Legs
Y

TAO

52.5km

8 reactors

26.6 GW,, JUNO
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Jiangmen Underground Neutrino Observatory

%103

. ) ) .. ) 100F ; —
« JUNO is a 20-kton Liquid Scintillator neutrino  SySam ST 1T o osciations
observatory located in Southern China. 80| —— Normal ordering
- = Invertea oraering
. . . >t
 JUNO studies reactor electron antineutrino = ol
disappearance over a medium baseline to: g )
. . . g 1 in? 26
- Determine the neutrino mass ordering. § o e
« Measure Am?;,, Am?,,, and sin?20,,. I Y S ey
00‘ i2|345678 9
R Ey, (MeV)
- TAO _ V,
Ve 52.5km
8 reactors P(”:“”?)=1~cos4e,3sfnzze ina( 2
26.6 GW,, e JUNO
MUPETE A\Z’Z_S_LL) *Sin2g. i o A2
12 sin (TE&L)]
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JUNO key experimental features

« Large statistics
o 20-kton Liquid Scintillator (LS)
o Powerful nuclear reactors (26.6 GW,,)

« Energy resolution: 3% @ 1MeV
o High photon yield, highly transparent LS
o Very high PMTs coverage (78 %)
o High PMT efficiency (30%)

* Low background
o 650m or 1800 m.w.e overburden
o Efficient veto system (>99.5%)
o Material screening, clean environment

* Precise knowledge of reactor spectra
o Satellite detector TAO
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JUNO key experimental features

« Large statistics
o 20-kton Liquid Scintillator (LS)
o Powerful nuclear reactors (26.6 GW,,)

* Energy resolution: 3% @ 1MeV
o High photon yield, highly transparent LS
o Very high PMTs coverage (78 %) . 20kton LS: LAB + 2.5g/L PPO + 3 mg/L bis-MSB
o High PMT efficiency (30%) » QOsiris: measures radiopurity of LS.

* Low background
o 650m or 1800 m.w.e overburden
o Efficient veto system (>99.5%)
o Material screening, clean environment

* Precise knowledge of reactor spectra
o Satellite detector TAO
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JUNO key experimental features

Taishan Yangjiang

« Large statistics
v 20-kton Liquid Scintillator (LS)
o Powerful nuclear reactors (26.6 GW,,)

« Energy resolution: 3% @ 1MeV
v High photon yield, highly transparent LS

o Very high PMTs coverage (78 %) * Two nuclear power plants
o High PMT efficiency (30%) « 8 reactor cores
« 26.6 GW
« Low background th
@) 650m or 1800 m.w.e Overbu rden Reactor Power (GWy,) Baseline (km) IBD Rate (day~!) Relative Flux (%)
L Taishan 9.2 52.71 15.1 321
o Efficient veto system (>99.5%) Core 1 4.6 52.77 7.5 16.0
. . . Core 2 4.6 52.64 7.6 16.1
v Material screening, clean environment Yangjiang 174 52.46 20.0 61.5
Core 1 2.9 52.74 4.8 10.1
Core 2 2.9 52.82 4.7 10.1
» Precise knowledge of reactor spectra e s . i i w
o Satellite detector TAO e 1 I 101
Daya Bay 17.4 215 3.0 6.4
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JUNO key experimental features

« Large statistics
v 20-kton Liquid Scintillator (LS)

v Powerful nuclear reactors (26.6 GW,;)

- E

nergy resolution: 3% @ 1MeV

v High photon yield, highly transparent LS
o Very high PMTs coverage (78 %)

o High PMT efficiency (30%)

* Low background

* Precise knowledge of reactor spectra

o 650m or 1800 m.w.e overburden
o Efficient veto system (>99.5%)

v Material screening, clean environment

o Satellite detector TAO

« 17,512 20” PMTs + 25,600 3” PMTs
T

HZC
Quantity 5000 15012 25600
Charge Collection Dynode MCP Dynode
Photon Detection Efficiency 28.5% 30.1% 25%
Mean Dark Count Rate ~ Bare 15.3 49.3 0.5
1457 Potted 17.0 31.2
Transit Time Spread (g) [ns] 1.3 7.0 1.6
Dynamic range for [0-10] MeV [0, 100] PEs [0, 2] PEs
75% 3%

Coverage

Reference

arXiv: 2205.08629

NIM.A 1005 (2021) 165347
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JUNO key experimental features

« Large statistics * 650m overburden: 4Hz of cosmic muons in LS
v 20-kton Liquid Scintillator (LS)

v Powerful nuclear reactors (26.6 GW,;) Top Tracker: arXiv:2303.05172
° B V. .

* Energy resolution: 3% @ 1MeV o Opera plastic scintillator
v High photon yield, highly transparent LS
v Very high PMTs coverage (78 %)
v' High PMT efficiency (30%)

* Quter Cherenkov Detector:
o 35 kton ultrapure water
* Low background o 2400 20" PMTs
o 650m or 1800 m.w.e overburden
o Efficient veto system (>99.5%)
v Material screening, clean environment

* Veto strategy :

57 reactor v, + 127 °Li + 40 8He events/day
&

47 reactor v, + 0.8 °Li/®He events/day

* Precise knowledge of reactor spectra
o Satellite detector TAO
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https://arxiv.org/abs/2303.05172

JUNO key experimental features

« Large statistics
v 20-kton Liquid Scintillator (LS)
v Powerful nuclear reactors (26.6 GW,;)

« Energy resolution: 3% @ 1MeV
v High photon yield, highly transparent LS
v Very high PMTs coverage (78 %)
v' High PMT efficiency (30%)

* Low background
v" 650m or 1800 m.w.e overburden
v’ Efficient veto system (>99.5%)
v Material screening, clean environment

* Precise knowledge of reactor spectra
v Satellite detector TAO

arXiv: 2005.08745 ACU Plastic

| Top Shield (HDPE)
o  ef3PMT
1 Water Tank

+- Overflow Tank

- LAB Buffer

- GdLS

- Cooling Pipe

Cu Shell

- SiPM Amay

&+ HDPE Support

| Acrylic
Vessel

i & S B - SS Tank

e L Insulation (PU)

v — = Bottom Shield

e i F (@ead)

* TAO can perform a precise measurement of
reactor v, spectrum:
o 44m from reactor — 20 times JUNO event rate
o 2.8ton Gd-LS, 1 ton fiducial volume
o 4500 PEs/MeV
o SiPM: 94% coverage with 50% PDE
» Energy resolution <2% @ 1 MeV
» Sub-percent shape uncertainty
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Updates on JUNO construction

Support Structure completed.

50% of Acrylic Vessel installed.

Top hemisphere fully instrumented.

Detector completion and first data expected
by mid-2025.

June 2023 7 &
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Double calorimetry strategy

2 2
« Unprecedented energy resolution of 3% @ 1 MeV : 22 — \/( . ) + b2 + ( < )

Ev1s VEvis Evis
.. . . . i Non-stochastic t
« Critical for the determination of the neutrino mass Stochastic term - Hon-stochastic term
; v' High Npg (stability, uniformity,
Orderlng- linearity...)
lllustration of impact of
LPMTs non-linearity
« Large photomultipliers could exhibit non-linear B N
behavior (high energy events, edge of detector, etc.). B S
}:7.54— —
> Use small photomultipliers to detect and control S e
non-linearity effects (e.g arXiv:2312.12991). i LI ] :
S Oscillation para:;::sa;r::j’l‘;zzl(—)l;(f _;

0.302 0.304 0.306’ 0.308 0.310 0312
sinbp arxiv:2312.12991
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https://arxiv.org/abs/2312.12991
https://arxiv.org/abs/2312.12991

JUNO oscillation analysis

First data mid-2025.
» Development of analysis framework ongoing.

» Development of oscillation analysis and realistic
sensitivity studies.

« Updated Neutrino Mass Ordering sensitivity
coming soon!

» Preparing the statistical framework for

measurements at low exposure, e.g. first 100 days.

Events

\ — 18D Signal )
~—— IBD +residual BG -wweuseeeeene

N

6
Visible Energy [MeV]

i
10 12

Example spectrum at 100 days

10—
35—

0

Fake data

— Asimov

7 8 9
Energy [MeV]
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Precision measurement of neutrino oscillations parameters

6years  20years

we — savan
-- Stat. only 1
® Am} * Am}
« JUNO will provide an order of R 10 9 e % s
magnitude improvement over 2 .
current knowledge of Am?;,, Am?,,, & 10 e
and sin?0,,. 2
2 107
1072 L,

102 N TE ‘ BT T ‘105;
JUNO Data Taking Time [days]
arXiv:2204.13249v1
Central Value PDG2020 100 days 6 years 20 years
Am%l (1073 eV2) 2.5283 +0.034 (1.3%) +0.021 (0.8%) +0.0047 (0.2%) +0.0029 (0.1%)
Amﬁl (%1075 eV2) 7.53 +0.18 (2.4%) +0.074 (1.0%) +0.024 (0.3%) +0.017 (0.2%)
sin? 02 0.307 +0.013 (4.2%) +0.0058 (1.9%) +0.0016 (0.5%) +0.0010 (0.3%)
sin® 013 0.0218 +0.0007 (3.2%) +0.010 (47.9%) +0.0026 (12.1%) +0.0016 (7.3%)
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https://arxiv.org/abs/2204.13249

JUNO sensitivity to neutrino mass ordering

* JUNO will independently determine the neutrino mass ordering with a 3o
sensitivity in 6 years.

» Updated sensitivity coming soon.

Reactor Ve signal IBD event number (x10°)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
6 1 T T T T ] T T T T l T T T T l T T I T T T T [ T T T I 2
i JUNO Simulation Preliminary e
5 :— _____________________________________________"':’::‘_:_'_ ------------------ j
Fof e e :
I =7 1
L n: __JUNO + TAO (6 yrs exposure) -
. ol I N I s NO: stat. only
oF —— NO: stat.+all syst. -
r & | === 10: stat. only
B —— |0: stat.+all syst. |
1 b O R T O T O A T

(O RS W AN VA N VO Y I
0 2 4 6 8 10 12 14 16 18 20
JUNO exposure [yearsx26.6 GW]
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Dawn of the precision era in neutrino oscillation physics

| 2040

2000 | 2010 | 2020 2030
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Conclusions

Very exciting time for neutrino physics !

JUNO will be the first experiment to perform sub-percent precision
measurements of the neutrino parameters.

DUNE and HyperK will further complete the neutrino picture.

With precision measurements over the next 10-20 years, it will be possible to:
> Precisely quantify CP-violation (Jarlskog invariant): answer to baryon asymmetry ?
» Test unitarity of PMNS matrix: window for physics beyond the Standard Model.

» Better understand origin of mass and flavor.
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Backup
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Signal in JUNO

« 47 I1BD per day expected:

o Prompt + delayed signals to strongly suppress backgrounds.
o 7% backgrounds, mostly below 3MeV.

o ~10° IBD candidates in 6 years.
0.22F e
0_2: o B i Geoneutrinos
= : i w— Accidentals
; ___Promptevent . 0.18F -8
| M V‘ : % 0.16F 2
:0.511MeV \ 3 = 8
:Y \ Y 0.511MeVl /J:a_tgg\_/e_n_t\ > 0.14F g
- | =ins « — - | (AP \I = 0.12F -5
\Y) \ € et | I 8 0.15 \ ., i o
o - : - | \ : % 0.085 \ '. Viiible’é:ergy (MeV).
| | & . F
- l 7 0.06 — IBDSignal
~200us \\ _){_.g._ZE/I_e_\_//I \\ — IBD +residual BG  -wwwrovevveen
6 8 0 12
Visible Energy [MeV]
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JUNO uncertainties

« Statistical and systematic
uncertainties for 6 years.

6 years Btin stat. + 1 syst.
Statistics 113
Stat.+Flux error -0.6
Stat.+Backgrounds -1.4
Stat.+Nonlinearity -0.4
Stat.+Others <-0.05
Total 9.0

JUNO Simulation Preliminary

2 2
Am$, 10 (%) Ams, 10 (%)
Statistics 0.17 Statistics 0.16
Reactor: Reactor:
- Uncorrelated <0.01 - Uncorrelated 0.01 |
- Correlated 0.01 . - Correlated 0.03 -
- Reference spectrum 0.05 - - Reference spectrum 0.07 -
- Spent Nuclear Fuel <0.01 - Spent Nuclear Fuel 0.07 -
- Non-equilibrium <0.01 - Non-equilibrium 014 |
Detection: Detection: |
- Efficiency 0.01 ] - Efficiency 0.02 .
- Energy resolution <0.01 - Energy resolution 0.01 .
- Nonlinearity 0.04 - - Nonlinearity 0.05 -
- Backgrounds 0.04 - - Backgrounds 0.18 _
Matter density 0.01 . Matter density 0.01 '
All systematics 005 [N All systematics 027 |
Total o1 | | [ o 032 |
. . 0.0 0.2
% %
sin28;, 10 (%) sin26;3 10 (%)
Statistics 0.34 Statistics 8.94
Reactor: Reactor:
- Uncorrelated 0.10 - - Uncorrelated 2.53 -
- Correlated 027 | - Correlated 683 |
- Reference spectrum 0.09 - - Reference spectrum 3.48 _
- Spent Nuclear Fuel 0.05 . - Spent Nuclear Fuel 1.55 -
- Non-equilibrium 0.10 - - Non-equilibrium 2.65 -
Detection: | Detection: |
- Efficiency 023 | - Efficiency ss1 |
- Energy resolution 0.01 . - Energy resolution 0.39 .
- Nonlinearity 0.09 - - Nonlinearity 2.09 -
- Backgrounds 0.20 _ - Backgrounds 4.89 _
Matter density 0.07 . Matter density 0.98 .
All systematics 040 | All systematics 816 |
Total B gy

o
w

B
._.
1)
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Core Collapse Supernova
+

Diffuse Supernova v Background

Neutrino landscape in JUNO

Energy range | Rate in JUNO

Atmospheric 0.1 - 100 GeV 100s/ year ’}%
Solar 0-16 MeV 100s / year B Cosmi X ?
osmic ray ay J
Supernova burst 0-100 MeV 7500 at 10 kpc \
Sun
DSNB 0-100 MeV  2-4/wv,year
Geoneutrinos 0 -3 MeV 400 / year
TAO
O
8 reactors
26.6 GW,,, JUNO
_ X ‘@ Natural
Ve é @ radioactivity
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Solar neutrinos

* JUNO sensitive to both high and intermediate energy solar neutrinos.

JUNO sensitivity to 'Be, pep, Model Independent Approach of the
and CNO solar neutrinos JUNO 8B Solar Neutrino Program
arXiv:2303.03910 arXiv:2210.08437
& A \f A 1
10
10"
10"
!;' 10'° 7Be [i 6°/o]
E 10° pep [+ 1%)]
x 10
2w _—
§ 10° B [+ 12%)]
% 10° //

hep [+ 30%)]

d s |

10
Neutrino energy [MeV]
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https://arxiv.org/abs/2210.08437
https://arxiv.org/abs/2303.03910

High energy solar neutrinos

« Model independent detection of 8B neutrinos
via three interaction channels CC, NC and ES:

» 5% uncertainty on 8B neutrino flux
» 20% uncertainty on Am?,,
» 8% uncertainty on sinZ@,,

arXiv:2210.08437

Channels Threshold Signal Event numbers
[MeV] [200 kt xyrs] | after cuts
CC|  ve+¥C—e” +1¥N(L 1gnd) 2.2 MeV |e” +1%N decay 3929 647
NClvz +13C s+ C (% 713.685MeV)|3.685 MeV ¥ 3032 738
ES vrte—uvst+e 0 e~ 3.0x10° 6.0x104

® Beg=5.25% 10° cm™2s™t  Am32; =7.5x 107° eV? sinZ81; = 0.307
2 1500F = 5 5
P 18 % &
]
] =) i ¥
= & i 2
© 3 | NC .—f_._—< e 3
o 10 1000
bl
>} E
o
S . 3.5 4 45 Es H
(=}
= 102 -
3 —Total 3
5 _\,E_‘\SC cC ] ES + NC ———i p——————ri ————i
& v-e ES -
g 10 —V-"C NC =
3] Reactor ES+NC 3 ES +NC +CC e I |
3, — Radioactivity & Isotope
4 L
2 ) ]
1 e bl Lol s e b e -10% 0 10% 30% 0 30% -10% 0 10%
2 12 14 16 18 20 Relative 8B flux uncertainty Relative AmZ, uncertainty Relative Sin?81; uncertainty
Visible energy [MeV]
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https://arxiv.org/abs/2210.08437

arXiv:2303.03910

Intermediate energy solar neutrinos

p.e
800 1000 1200 1400 1500 1800 2000 2200 2400

107 ' —:BBD rladlopudrlty . ' ;%% v
. - - ——— baseline radiopurity v
 Possible thanks to radiopurity efforts. 10 el adopurty * — v

g 10°
« World leading constraints after a few years. S
« Day/Night asymmetry sensitivity <1%. . :Z

10

b b N LN
05 06 0.7 08 09 1 11 12 13 1.4 15

. . . . . Energy [MeV]
Radiopurity scenario: — BX-like Ideal — Baseline —IBD
Exposure [kton y]
Exposure [kton
0 20 51)0 6[0 %]0 100 0 20 40 60 80 100 O 20 40 60 8 100
L— — — —— S—— S—— — [ ]

-
(=]
<

1 o e e e B s m———
r With pep-v constraint

—

pep-v rate relative uncertainty [%]

Be-v rate relative uncertainty [%]

CNO-v rate relative uncertainty [%]

7

I BT e e e b e e e e e I L L L L L1 |
8 10 b 2 4 6 8 10 o3 T T
Time [y] Time [y]

—
9
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A}
=Y
o
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https://arxiv.org/abs/2303.03910

Proton decay

« p — v K*: three-fold coincidence to detect proton
decay with high efficiency (36.9%).

« Good energy resolution helps reduce the
backgrounds: less than 0.2 events after 10 years.

« Competitive limit on proton lifetime of
9.6 x 1033 years for 200 kton-year exposure.

 More details in arXiv:2212.08502 .

220
200
180
160

140

3120
©100

N O @
o o o o
- T[T [T [T T[T [ T[T [T T[T T[T

o

10°
hit time (ns)

10°

10*
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https://arxiv.org/abs/2212.08502

TAO

« Sub-percent precision on reactor neutrino spectrum shape.

« TAO can search for sterile neutrinos.

N 10 : I T T TT l,l'll,l
Reactor antineutrino spectral shape uncertainty & [[umoTAo 0% L
0-10 T T T T ] T T T T | T T T T | T T T T | T T T T ‘ T T T I T T % | —NEOS 90% C.L.

—— TAO-based (arXiv:2005.08745) 1 = [|—owasaysoncr

—— DYB-based (Phys. Rev. Lett.123, 111801) J 151 | [--smoTaoserxCL |
> 0.08 Model-based (Phys. Rev. Lett. 112, 202501) m Al
= || === JUNO Yellow Book (J. Phys. G: 43 030401) i 1
©
5 0.06
Q
c
o
_g 0.04
© 10"
[
& 0.02

oo b by by b by by

0'001 2 3 4 5 6 7 8 102 . P
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Atmospheric neutrinos

* Detect and discriminate v, and v, CC interactions through event time profile.
« Sensitivity to NMO through matter effects: 0.7-1.40 in 6 years.

« Can be combined with reactor NMO analysis.
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JUNO + LBL combination

» Better rejection of the wrong hypothesis via combination: arXiv:2008.11280
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https://arxiv.org/abs/2008.11280

How are neutrinos produced?

* Protons are accelerated and smashed into a target. Focusing magnets allow us
to select the charge of the short-lived daughter particles which produce mostly
neutrinos or antineutrinos as they decay.

Fermilab Accelerator Complex

Target Focusing Horns Decay Pipe
—)
P +
JT

MW-capable target MW-capable horn
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How are neutrinos detected?

 The NOVA Near Detector and Far Detector
are both segmented liquid scintillator
detectors providing 3D tracking and
calorimetry.

 Near Detector:
— 290 tons.
— 350 ft underground at Fermilab.

* Far Detector:
— 14 ktons.
— 810km away on the surface in Minnesota.

, 60 m
15.5 m
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How are neutrinos detected?

» Alternating horizontal/vertical planes
composed of extruded PVC cells
filled with mineral oil doped with

scintillating material.

2o « An Avalance PhotoDiode
collects and amplifies the

» Charged particles ionize the medium light signal.

and produce scintillation light. The light is
picked up by wavelength shifting fibers.
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What do neutrino events look like in NOvA?

v, Charged Current:

Signal for disapp. analysis,
v, Cross-section meas., etc. 1

« Use Machine Learning
techniques to select and identify |
neutrino interactions. L

v,Charged Current: ]

Signal for app. analysis,
v, Cross-section meas., etc.

n . Neutral Current: ]
[ " ¥ .- Background for 3-flavor osc.
Co e LTI IO oo ana? sis, signal for sterile ]
- v Pt - ysIS, sig
} Y search, etc.
10 10° 10° ¢ (ADC)
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What is NOvA'’s future sensitivity?

* Run until 2026, accumulating more than 3x102! POT in both v and v modes.
« Could reach 50 sensitivity to Mass Hierarchy for most favorable parameters.
* Probe the majority of 6., values at 2o-level.
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DUNE LArTPC

2 x 6.5-m vertical drift

3x3 m2 PCB Anode

V wire plane waveforms
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Asymetrie matiere-antimatiere

« Explication par baryogénese sous Conditions de Sakharov :
1) Violation du nombre baryonique.
2) Violation de Charge et de Charge-Parité.
3) Interactions hors-équilibre.

* Neutrino de Majorana (L-violation) et sphalérons (B+L-violation) satisfont 1).
» Observation de violation de CP satisferait 2).

« Désintégration de neutrino lourds satisfait 3).
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