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Neutrinos in the Standard Model

* Neutrinos v" Neutrinos do not have electric charge. They only interact weakly.
v, Vi, Ve * So, we see only the by products of the weak interactions.
v 173,17“,171- Pro:c‘m V,+N-op+p
* Interacts only through weak force M ..... o
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v Neutrino interaction cross sections are small, O(10738 cm? /nucleon) at 1 GeV.

v' Quite abundant: 100,000 billion pass through your body each second from the sun.
-Will stop ~1 neutrino which passes through it in a lifetime!
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Neutrino: A new Ildentity in the last 25 years!

Standard Model

= Neutrinos interact through weak
interaction.

= Lepton flavour 1s strictly conserved.

= Neutrino have zero mass.

Neutrino oscillations & Relative Neutrino Masses (confirmed by
SNO, SuperKamiokande, T2K, NoVA etc.)

= (Observed neutrino oscillation itself is a great tritumph
" Macroscopic manifestation of quantum effects.

* Indicates non-zero mass for neutrinos
= Huge impact in particle physics & cosmology

= Neutrino mass states are different from flavor states.
= As neutrinos travel, they change flavor

* Beyond standard model.
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Neutrino Mixing

= Neutrinos mix, just like the quarks

* C13 0 SHCHOPP Co91 819 0 em 0 0
|va) - Uak |vk> U=10 cy s3 1 =s0c0]- | 0 ™0},
k O —8923 €93 *au(mp 13 0 D 1 0 0 1

Wlth a — e I/l T and U* 1S the unltary ReactorShort Baseline Solar
) ™) ak v,, Long Baseline

. Reactor Long Baseline
matrix.

Long Baseline Accelerator Experiments 8 Y oscillations can be described by 2 Am?,

= PMNS matrix. CKM matrix for quarks e e
= Unlike the quarks, mixings are large
= All mixing angles and mass splitting Two flavor approximation:
have been measured. AmZ;L
P(vy - vg)~sin?(26) sin? (—2)
CKM PMNS 4E
d > b Vi V2 V3
= Mixing results in oscillation; Probability of
O | Ve . - oscillation depends on:
v" Values of the parameters: 8.p, 015, 013, 023
- “ vo [ - \/Amizjzmiz—mjz
v Energy of the neutrino: E
[ . v’ Distance travelled (baseline): L
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Neutrino Oscillation at LBL Experiments

* Measure neutrino oscillations by sending neutrino beam across several hundreds of
kms. Uses both v, and v, beam.

Study both v, /v, disappearance and v, /v, appearance in the Far detector.

v, disappearance = 1 — v, survival

v Ve appearance Ve

Iz 2 W
P, ~ 1 — sin? 26,5 sin? (M) g "
V=V
potee 4E,,
__Q LINLENL I LR '° LI B '. LN B B B B T . 2 .
E : E 2.5°Off-axis v_flux _ Py A sin 2033 sin? 023 sin ((1(1 X;;)A)
%) ; . - 2v/2GeNE
2 1H — Am2,=2.5x10° eV?, sin®0,,=0.5 | . e x = 2V2GENE
© - N e — «asin 2613 sin d sin 2012 sin 2653 sinAsm(XA) sin((1—x)A) Amsy
Am* xo o U-x) A= AmiL
+  asin 2613 cos d sin 2012 sin 2603 cosAsm(XA) sin((1 = x)A)
1 x (1—x) o — A;Zél
0.5" — . 2 A 31
H +  a?cos? 623 sin2 26012 sin (;A)
X
. Sensitive to sin? 204, sin? 8, , 8~p, magnitude and sign
0 13 23 cpP

A I S v |
0.5 1 1.5 2 2.5 3 2

Matter effects modify oscillation probability.
Opposite impact of matter effects and §.p for vand v

T . . o
e Ocp = e fewer neutrinos, more anti-neutrinos

31
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Key Questions for LBL Experiments

= So far only the mass squared difference between neutrino mass states have been
measured
= Two states have similar mass, one is different
= |sit 2 light states + 1 heavy state or 2 heavy states + 1 light state?

8.2° < 013 < 9.0°

* (m3)2 (m2)2 .
40° < By < 52° ) :‘:(Am )sol
| (ml)

AmZ, = (2.510 £ 0.027) x 1073 eV? (£1.1%)
m v Important for Neutrino-less
v double beta decay searches.
g (Am®),,

m v,

* (m2)2

Am?2, = (7.424£0.21) x 1075 eV? (£2.8%)
* (m,)’ () E— —
31° < 015 < 36
normal ordering inverted ordering

arXiv:2102.00594 NuFit, arXiv:2111.03086
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Key Questions for LBL Experiments

= Discovery of CP violation in the lepton sector (6.p # 0 or m)

= |mportant for theories of lepto-genesis.

= The observed CP violation in the quark sector is too small to explain all the matter

anti-matter asymmetry in the universe.

10

NO | NUFIT 5.1 (2021) |

= CP violation in the lepton sector
will shed more light on the problem

IIIIIIIIIIIIIII
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= Measurement of .p is critical. L

Ay

Some experiments slightly favor (< 30)
Scp~270° (—90°)

T T T TT

IIIII|II[II|IIIII|IIIII

— Minos

Combined results from Reactor +LBL
Experiments is far from stable.

= QOctant of 8,3 (sin? 6,5 > 0?)
" 1fBy5 = 45° > |Uys| = |Uys]
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NuMI Off-Axis v, Appearance (NOvA) Experiment

* NOvVA is a long baseline (810 km) neutrino
oscillation experiment.

* Uses an artificial v, beam of intensity ~900
kW mostly. Recent NuMlI record: 1.018 MW.

NOvA
Ash River

International ®
Falls

* Near detector at Fermi Lab and the far detector
at Ash River.
* Two functionally identical detector differing in size.
* The two detectors are located 14 mrad off from the
on-axis.

Experiment goals:

Using v, v, (v, = V,)

v Precise measurement of Ams3,
v' Mixing angle 0,5

Fermilab

Using v, = v, (17“ - 176)

v Neutrino mass hierarchy
v’ CP violating phase

v' Mixing angle 0,5

5 Near Detector 810 km

R
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NOvVA Detectors
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NOvVA Detectors Capability

3D schematic of
NOVA particle detector
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Detector elements:
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Neutrino Beam and the Dataset

120 GeV protons on a carbon target, produce mesons which subsequently produces neutrinos
through leptonic decays.

Decay Pipe

f

Vi/Vu

Cumulative Exposure

(in units of 10%2° POT)

2020 2023
14 > 27
13 2> 13

v beam:
vV beam:

Now configured for v running.
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! v, Spectrum

v, Spectrum
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Neutrino energy (GeV)
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0 1
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Oscillation results from NOvVA only with data collected till
2023. Double the neutrino data since 2020.
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Improvements in the 2024 Analysis

/ ~2X Neutrino \

Mode Data

o H (]

BN e e ® oo
‘..v"‘:ﬂ ‘o:. = ..f. { ‘._
-‘ .. .o. o
9 ':. ;‘ - : & o %

_
2023

2022

More
statistics

/ Detector \

Characterization

uction Model

NOVA Preliminary
T T -

Improved Light Prod

T
3 Data

——— Simulation (Oid Light Model) ]

——— Simulation (New Light Model)

Eidx (MeViom)

1 F proton Candidates

e

Data/Sm.

S

LAt c‘, - ™ .,:n
log{By) = log(pi{Mc))

Improved n-C Scattering Model

NOVA Preliminary

NOVA's Standard Geantd

MENATE Supplamentad Geantd |

—e— NOVA ND Data

T o T 2
Prong Energy (GaV) /

Better data/MC agreement at
high dE/dXx.
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Modeling

Additional Systematic
Uncertainties for Pion

on )

/Low Energy ve\

Sample

New Selection to Enhance
Sensitivity

BN | 1 1 il
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improvem

Simulation
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ents

Production Previously excluded
reconstructed E <1 GeV NOVA Simulation
ND NOvVA Simulation a2 . 160
T T = z |t Normal ordering $
_ —— o 2024 mtsion r
" 'fem_'mo i et { Inverted ordering uo’,_
v + ¥ selection b [ / m
o Sl True v, FD events 120 O
= 3 08 I e
& A < ~ 100 3
5§ 3 A \ ——— 2
E % i: J y - 76(1 2
0
= 4 > [ &
60 o
£ | 3
2 E -os[ \ | 0 <
2 \ |
T T \ | 20
1 DAY
3 05 1

15
v, energy (GeV)

/

New sample. Excluded reconstructed

E, <1 GeV earlier.

For now, v only. Low energy v sample

is too small currently.
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vV, oV, and v, - v, at the Far Detector

v’ Sensitive to the measurement of Am3, and mixing angle 8,3

o S NOVA Preliminary v-beam NOVA Preliminary
[Ty eyt bk S
5 14
v, disappearance +FDdata ] [, disappearance +FDdata 1
40 — 2024 Best-fit Pred 12 — 2024 Best-fit Pred.
i 1-c syst. range | i 1-o syst. range R
2 [ I Background 1 3 10 I Background s C.lear oscillation
O 30 @ Wrong Sign: v,cC{ © I Wrong Sign: v,CC || signature as
2 20f £ no-oscillation
) = (0] . .
o o prediction
10f

0 1 2 .3 4 & 0 1 2 .3 4
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
T NOVA Preliminary
- - 200 __ T T T T ;
N - i FD dat
Vu 7 Vu Vu 7V .| frods

S |- _

Observed Events 384 106 5 o sscilation

Expected Background 11 2 g
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P(v, = Vo) - P(V, = V)

v, > v.and v, - v, at the Far Detector

U

v’ Sensitive to the mass hierarchy, d.p and mixing angle 6,5

v-beam NOvVA Preliminary v-beam NOvVA Preliminary
n Low PID High PID ] i Low PID High PID B i
: " ! V, appearance
80 4 FOData  _gegtitPred 1 15} +FOData — Bestfit Pred. ¢ p—F
i . ‘;IS okg- 1-o syst. | : . \;VS g 1-c syst :
eam - eam N
60 B . bkg. e = B . bkg. range ™ -
b2 > Cosmic ol|o® L0l Cosmic o2 .
5 5 bkg. 3ls S bkg. Sle 1| The central value and
> | ' - > @ - N
L 49 3 e w o 1| uncertainties are
I 2 ] .
v, appearance 1 s ]| constrained by near-
20| | 11| far detector
I | extrapolation.
0 0 ' T
05115 1 2 3 4 1 2 3 4 o
Reconstructed v, energy (GeV) Reconstructed v, energy (GeV)
New low l Partiall tained
T artially containe
ENergy ve Fully contained, different PID
sample
Previously excluded ‘Vﬂ —_ ve Vﬂ - Ve

reconstructed E,<1GeV  NOvA Simulation
16
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e 180
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Fit to the Oscillation Parameters

Events /0.1 GeV

v, disappearance
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20—
10f
0
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v-beam NOVA Preliminary
[ Low PID High PID 1
- 4-FoData  _ gegyit pred.
ol WS bk ]
I . o ¢ 1-0 syst. ]
IO N | B
- | [y Cosmic ol|lo |
g [ & T Sl
Wel- 3 e _ -
E 3 |
nis b
of

05115 _1 2 3 4 1 2 3 4
Reconstructed v, energy (GeV)

Bipul Bhuyan | PPC 2024, IIT Hyderabad

Events /0.1 GeV

-~

oxwllw L LR B A L

n

o

\'i"disappearance

V-beam
———

T T T

T
—+ FD data

— 2024 Best-fit Pred.1

[ 1-0 syst. range
I Background

I Wrong Sign: v,CC

[/ Cosmic bkgd.

NOVA Preliminary

1 2 3 4
Reconstructed Neutrino Energy (GeV)

1

|

2 a3 4
Reconstr

V. appearance
v-beam NOVA Preliminary
: Low PID High PID :
| —$-FDData —— Best-fit Pred. _
I . ‘:S B 1-o syst. e

m
i - b'?; range 5 |
Cosmic [} g
e S|e
[
o

1 2

3 4
ucted vV, energy (GeV)

J

Simultaneous fit to
2 i .2
Ams3,, sin“ 0,3,sin“ 2643, 6cp

Consider three 8,3possibilities:

>
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Daya Bay
2D (Am3,, 8,3) constraint

g
=N
R R

Am?, [10%eV?]
N
NS

N
w

0075 008 0

13/10/24
15



2024: Mass Ordering Preference, Am3,

Preference for normal mass ordering is enhanced significantly by
using the reactor constraint from Daya Bay.

NOVA Preliminary

- Bayesian Cred. Int.

| No Daya Bay constraint i
S, 004 Inverted Normal
— - 2 -+ . -
- i Ordering T Ordering ]
2 [l °T B ?
@ 0.03— o —
Q | O T O ]
o - -, -
o - 30 + 30 i
S o0 +0 B
o) L L i
b - .
2] N ]
(o] | i
0 oot —+ -

0 3 23 24 25 26

=% 25 24
Am2, x10° eV?

No reactor constraint

Normal ordering preference
(and Bayes factor)

69%
(2.2)
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Posterior Density

0.0

o

0.04

0.03

0.02f

NOvVA Preliminary

0.01F

-
- .20
3o

- Bayesian Cred. Int. +
- With 1D Daya Bay constraint-t

Inverted T
Ordering—

Normal E
Ordering ]

-2.6

-2.5

-2.4 23

23 24 25 26

2 -3 a\/2
Am3, x10™ eV

1D 6,; constraint

76
(3.

%
2)

Phys. Rev. Lett. 130, 161802 (2023)
Phys. Rev. D 72 013009 (2005)

NOVA Preliminary

[ Bayesian Cred. Int.

I~ With 2D Daya Bay constraint|
o ORI Inverted | Normal |
= Ordering Ordering
e | [ B '
Q oo4f- O —+ Oz —
S [ [Ow T Oso
p— = e
o)
= L 1
O 0.02 -1 —
o L 4

0=—=% 25 24 23 23 24 25 26

2 -3 A\/2
Am3, x10™ eV

2D (6,3, Am3,) constraint

87%
(6.8)
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Precision Measurement of Am3,

NOVA presents the best single experiment and world leading precision of ~ 1.5% on |Am5%, |.

Most precisely known PMNS parameter.
Normal mass ordering

n 1 i " n i 1 n

NOvA* —e— 2.424100%  1.5%
NOvA+T2K? —e— 2.42910039  15%
IceCube —— 2.40 T007  1.9%
T2KT —— 2.5060 02 1.8%
SuperK+T2K* —— 2.51170080  2.4%
Daya Bay nGd —— 2.466+0.060 2.4%
MINOS+ - . - 2.40 1005 3.5%
SuperK? ' ® ' 2.40 T012  4.8%
RENO nGd . . ' 2.69 +012  4.5%
Daya Bay nH = . C2.72 T3 53%
RENO nH o = 2.48 02 121%

T T T T T T T T T T T T T T T T T T T

22 23 24 25 26 27 28

|Am3,|, 1073 eV?
* 2024 result, PRELIMINARY :

§ based on 2020 ana. 9 SKI-V l"(‘f"llll. arXiv:2311.05105
t Neutrino-2022 result * based on SK IV and T2K 2020, arXiv:2405.12488

SEH i,
& >,
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Measurement of sin0,;

Global consistency. NOVA measurements are consistent with accelerator, atmospheric and
various joint results.

NOVA Preliminary Mass Ordering

— T T - Normal Inverted

| NOVA NO 90% CL 26.6x10%° POT-equiv. v-beam |
3~ NOvA NO 90% C Am2,/10-3 eV?  42.43370035 | _9 473+0035

- [With 1D Daya Bay Constraint| 12.5x10* POT v-beam i
- oA e in?6y;  0.54670032 | 0.53970°%°

Qo s -
% | x Bestit Ry | dcp 0.97 L.57
S 25 i —
- 5 i . . . . 2
N : Maximal mixing (sin“ 8,3 = 0.5)
a ™ - . i~ ' ‘ _ . .
g | Y s 1 e | allowed within 1o.
| ¢ Bayesian S 1
Dl e laCubs 2004  SHSREES i —
IceCube 2024 T2K 2022 MINOS+ 2020 ceCube 2024- arXiv.2405.02163
[~ s SK 2023 — — NOVA+T2K*® === - SK(-IV)+T2K* 7|  T2K 2022: https://doi.org/10.5281/zenodo.6683821
S 0'4 S 0'5 _ 0'6 — MINOS+ 2020: PhysRevLett.125.131802
’ . 2' ' SK 2023: PhysRevD.109.072014
sin“(8,,) NOVA+T2K 2024: KEK IPNS Seminar, FNAL JETP Seminar
T2K+SK 2024: arXiv.2405.12488
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Mass ordering and J§.p

NOVA Preliminary

50 i T T T 1 | T T | | 1 I 1 |l T T I |
— 13 posterior range Both MO |
45 ¢ FDData — Normal MO 1
[ — Inverted MO
v 40 2
H -
: L .
v i |
2 35 .
QL - ]
> ]
E 30 :_ o 5CP = 0, 2T ]
I ) 5CP = T[/Z
251 m §¢p = 3m/2 ;
L 0O 6CP =TT
20 [ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I
100 150 200 250

All v, events

0.025

Posterior Density

0.02f
0.015F

0.01F

— Bayesian Cred. Int.

|

- | With 1D Daya Bay constraint |

NOVA Preliminary

Marginalized jointly J
over orderings

== Both MO —1c 1
== [nverted MO --2¢ R
w=Normal MO .- 30 1

Both MO
Inverted be - oSt |
Normal t ----,---I——_l——l---q | ; . .
0 % & 3n 2n
2
6CP

* NOVA data prefer regions where the effects of matter and CP phase cancel.
* Regions where these add (NO, 6.-p = 3m/2) and (10, 8.p = 1 /2) are largely ruled out.
* If the ordering is inverted, CP conserving values of § (0, i, 2m) are ruled out at 30.
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Comparison of 2020 and 2024 Results

e Strong consistency between 2020 and 2024 results, with improved constraint in the same regions.
e T2K, joint fits favor different regions in NO, same region in 0. Joint fit results are based on 2020

dataset
NOVA Prehmmary NOVA Prellmlnary
Bayesian Créd. Int. =~ ' Marginalized Sepaa ] | Bayesian Cred. Int. = ' Marginalized Sepaa ]
68% CI over orderlngs, L 68% CI over orderings @ -
- 0.6 | -
.-"\'-' --------------- . -
'" NN oD
D v D
)= o e %°r :
) , L) )
T :—.—H( —————
0.4 | === NOVA 2024 — - NOVA+T2K (2020) - 0.4 [ wmm= NOVA 2024 — - NOVA+T2K (2020) -
—— NOVA 2020  ----- T2K 2022 1 [ —— NOVA2020  --e-- T2K 2022 !
-..=- T2K (2020) + SK (IV) 1 | -- T2K (2020) + SK (IV)
L I L l L L L L I L L L L - = l I 1 L L L I L L A A -
0 I n 3n 2n 0 I n 3n 2n
2 2 2 2
Ocp Ocp
Individual experiments (T2K and NOvA) favor normal ordering, )
. . . The two NOVA results use different
but in joint fit, there is a modest preference for 10. . .
choices of 1D reactor constraint.
NOVvA only T2K only NOvA+T2K NOVA 2020: 2019 PDG average 643
2.07 4.24 1.36 :
Bayes factor Normal/Inverted Normal/Inverted Inverted/Normal NOVA 2024 Dava BaV 2023 1D 61 3
~67% : ~33% posterior ~81% : ~19% posterior ~58% : ~42%, posterior
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Summary

 NOvA experiment has released new data in 2024 doubling the neutrino data
from the last dataset in 2020.

* Major improvements in the new analysis including the addition of a new low
energy sample.

Most precise measurement of Am3, with a precision of ~1.5%. Good consistency
with the previous results.

 Slight preference for 8,5 in the upper octant; maximal (u/t-symmetric) is a very
good fit.

* Data prefer oscillation parameters to be in region where effects of matter and CP
phase cancel.

* Interpretation of CP violation is strongly coupled to the resolution of the mass
hierarchy problem.

 NOvVA will collect data till the end of 2026.
() Goal is to double the anti-neutrino data.
[ Broad physics program: Joint fits, Sterile searches, NSI, cross-section
measurements, exotics, cosmic ray physics and many more.
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DUNE: Sensitivity vs. time

Mass Hierarchy Sensitivity CP Violation Sensitivity

12
L. DUNE Sensitivity (Staged) B o5 =-1/2 | DUNE Sensitivity (Staged) B 5 = /2
4 2}—Normal Ordering [ 100% of o, values L Normal Ordering [ 50% of 5, values
- sin’26,, = 0.085 = 0.003 Nominal Analysis - sin’26,, = 0.085 = 0.003 [ 75% of 8, values

" sin®0,,=0.441:0.042 AF --e-e- 0,5 & 0,, unconstrained 10}—sin0,, = 0.441 = 0.042 Nominal Analysis

...... 0,5 & 0,5 unconstrained

10

Years

Important sensitivity milestones throughout beam physics
program
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NOvVA+T2K Joint Fit Results: MO and 6.p
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Systematic Uncertainties

 |Improvements in the 2024 results: new pion-production systematic uncertainties,
improved light response model and neutron propagation uncertainty.

* ND constraints reduce the systematic uncertainties in the FD predictions from ~15% to

4 - 5%.

e Statistical uncertainties are dominant in the oscillation measurement.
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912 and Am%]_

e Solar neutrino measurements have the best sensitivity to constrain the so-called
solar mixing angle 8;,and to a lesser degree, the Am3, mass splitting.
* Relies on the validity of the SSM predictions for solar neutrino fluxes.
* Electron-neutrino survival probability (P,.) of solar neutrinos is measured in the
energy range of ~ 1 MeV to about 15 MeV,

. _ High-precision measurements of 85 solar neutrinos
* Reactor anti-neutrino data from KamLAND by Super-K and SNO dominate the combined fit

prOVideS Complimentary measurements. to all solar neutrino data.

* Tension between solar and reactor result,

Nx 8:30"””"“”
150 <4
. sin’(6;,) = 0.316+0934 ‘21;2'& """"""""""""""""""""""""""""" R AR
Amyy = 7541515 X 107eV? U oot am-skid 070 |
. () |sin®(@,,)=0.306+0.014 Am3,=(6.11+121) 10°eV?
sin“(6;,) = 0.305+£0.014 D) [TeQ03068sE  am(rStY 0%
Am}, = 6.10+19%x 107%V? c 15
sin?(6),) = 0.3050013 S
2 _ . -5,1/2 < -
Am3, = 7497015 x 107eV 10 KamLAND
 JUNO can simultaneously measure Am3, ,
and 6, u5|r.1g reactor anti-neutrinos and 5 Super-K + SNO U
solar neutrinos ‘
[ ]

Hyper-K will improve the solar results. L R N o -
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913 and Am%z

Reactor experiments use the inverse § —decay Do By 504 - oot 2,
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detect anti-neutrinos with liquid scintillator target B e e
Erompt I I Norm:l“llxmssl :z;r(l(‘riug
V.+p—et+ I
) p ~180 Am?3, (NO) MINOS+ —_—
+ p —>d+ 7 (2.2MeV) w0 o
+ Gd % Gd* 22 2.3 ‘i’l”m l;v;’i"(‘\'z 2.6 2.7 2.8
~3O H.S 9 Dare By a3 Inverted maxitlifng
for 0.1% Gd L> Gd+y's (~8 MeV) o L
Event rate without oscillation ~ 1 (ton.GW,,.day)? Am20) s, .
Survival Probability: 6,,term is negligible at DayaBay
baseline. et
P,->v,)=1 —[sin22913 [coszelzsinz (MZ}%;L) + sin?8,,sin? (Arz—izl')]] % II(S)E
z 4
_[COS4913$in220125in2 (A":ZIL)] \ 5_
2.8F
. .. : N 1 arch
New results from DayaBay using neutron-Gadolinium - Ofia’ ey -
(nGd) capture. 5 22 4
S DE
sin?20;3 = 0.0853 10 5024 (2.8% precision) = 24F
5 23f AN
Normal hierarchy: ~ Am3, = + (2.454700°7) x 1072 eV? 2.2F .
(2.3% precision) 5 IE
. . 2 —+0.057 -3 2 I A TN SN BRI PR SRR SR AP Y51 PP PR I
Inverted hierarchy: ~ Amg, = — (2.5590g37) x 1077 eV 0.07 0.075 0.08 0.085 0.09 0.095 0.1 51015
sin*26, , Ay?
Bipul Bhuyan | PPC 2024, IIT Hyderabad 13/10/24

27



JUNO: Physics Outlook

Reactor Ve signal IBD event number (x10°)

0.0 0.5 1.0 15 2.0 2.5 3.0 Precision of sin228,,, Am2,, |[Am3,| < 0.5% in 6 yrs
6 l_ L LRk D ‘I__I : Central Value PDG2020 100 days ( Gyears 20 years
s ; ; iminary 0 e - AmZ, (x1073 eV?) 2.5283 +0.034 (1.3%)  +0.021 (0.8%) [+0.0047 (0.2%)| +0.0029 (0.1%)
F 5 JUNO Simulation Pre“mmary et 1 Amél (x1075 eV?) 7.53 +0.18 (2.4%)  +0.074 (1.0%) | +0.024 (0.3%) | =+0.017 (0.2%)
L o i sin? 615 0.307 +0.013 (4.2%)  +0.0058 (1.9%) (£0.0016 (0.5%)) =+0.0010 (0.3%)
5F N sin? 013 0.0218 +0.0007 (3.2%) =+0.010 (47.9%) +0.0026 (12.1%) =+0.0016 (7.3%)
- 1 | JUNO sensitivity on Neutrino MO: 30 (reactors only)
S NO: stat. only ] ~ %
oL —— NO: stat.+all syst. - @~ 6 yrs. ) 266 (';Wth éxposure ) )
B AN [ p— |0: stat. only 1 | MO sensitivity with reactor + Atmospheric neutrino
r —— |O: stat.+all t. ] ..
W T 1 | analysis s expected soon.
o 2 4 6 8 10 12 14 16 18 20

JUNO exposure [yearsx26.6 GW]

Physics Sensitivity

Neutrino Mass Ordering 30 (~10) in 6 yrs by reactor (atmospheric) v,

Neutrino Oscillation Parameters  Precision of sin28;,, Am2,, |Am3,| < 0.5% in 6 yrs

Supernova Burst (10 kpc) ~5000 IBD, ~300 eES and ~2000 pES of all-flavor neutrinos

DSNB 30in 3 yrs

Solar neutrino Measure Be7, pep, CNO simultaneously, measure B8 flux independently
Nucleon decays (p - VK*) 8.3x10% years (90% C.L.)in 10 yrs

Geo-neutrino ~400 per year, 5% measurement in 10 yrs
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Osc. Prob

Hyper-K Experiment

Upcoming next generation neutrino physics expt. at J-PARC
* 295 km baseline; v,orv, selected by horn current. 1.3 MW beam
» 2.5° off-axis v/v beam peaked at 0.6 GeV.

Generations of Kamiokande S\
o o Kamiokande Super-Kamiokande < Hyper-Kamiokande
VTV =V Y, Vi Ve, ViV,
T o 0.1 T T ™ UM B
] 2.5° Off-axis v, flux - a_?- [ ] 2.5°Off-axis v flux
4 ~ " 4
) S 7 — 5,,=0°, NH, v -
1H —— AM2,=2.5x10° eV?, sin%,,=0.5 — 2 0.08 (1 T ] £ £
, ez = o 1 —— 8,,=270°, NH, v i 5 m I m N 188
T | “ees 85,=0% NH, ¥ . 15.6 m M kton
== 8,5=270°, NH, ¥ 9.3 m
] 68 m
] 1983 - 1996 1996 - today (and beyond) 2027 - (and beyond)
________ 1 Supernova 1987A Atmospheric v Oscillation 4., proton decay,
r / 74 L‘f“;»; — T | “;ﬁzoﬂzl’hyﬁm ';% 2015 Physics n :e:rtebsl\:l‘:’eirch,
0.5 1 1.5 2 2.5 3

E, (GeV)

Will use the INGRID on-axis and upgraded magnetized ND280
off-axis detectors 280 m downstream as the ND system.

==l * Measurements constrain uncertainty on flux and neutrino
Detoctors interaction models.

ND280: Active scintillator + passive water targets
* Tracking with time projection chambers
* Magnetized for charge & momentum measurement.

UA1 Magnet Yoke

SEH i,
& >,
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Hyper-K Experiment-6.p Sensitivity

HK 10 years (2.70E22 POT 1:3 viv)
LA B L B B By B B B B B B

Measure CP-Violation through comparison of o 16 Statstos only T T
— — < I Py Improved syst. (v/V, xsec. error 2.7% ]
P(Vﬂ - ve) and P(Vﬂ - ve) = B T2K 2018 s);stt.((\'ve:/vvexsseecc.eerr(;r4.9%)) E
L) . L) : = _—
e Select 1 ring e-like events in the far detector g . f ]
e 10 years of running, 1:3 v: v run plan 2 3
¢ >1000 v, and V, signal events I E
& E
“ _HK IOyT.ars (2.7EI22POT 1]:3 ViV) : — - HK IOy::ars (2.7E]22POT lI:SV:V) I a :
5 as0- et 2 b - L )
g a2 % '805— — 8 =+al2 Hyper-K p;c?limjnary True 63
g F — =2 3 160E — b =2 True normal ordering (known) cP
5 1soF- — 8= E :;g: P sin%(0,,) = 0.0218 sin%(@,,) = 0.528 |Am32,| = 2.509E-3
: 21002— E — B L B BN BN BN B R I
100F~ - 80 3 W -2
50— — 40— = ~—— B
- . 20F - = :
vheam 002 0406 08 T 12 vheam 0 02 04 06 08 1 12 g 2
1-ring e-like + 0 decay e v Reconstructed Energy (GeV) 1-ring e-like +0 decay e Vv Reconstructed Energy (GeV) % B "
% 6~ et e a1 d
o E e et T .
Projected sensitivity is based on T2K systematics 2 4 @m0 -
. . O - e ]
and possible improvements for HK. S LA —— Statistics only E
7 R N T LT Improved syst. (v/V, xsec. error 2.7%) |
& e T2K 2018 syst. (v,/V, xsec. error 4.9%) ]|
After 10 HK years, 61% of true §.p values S R B S S S SR
Hyper-K preliminary

Can be excluded at 50 level.
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Hyper-K Experiment- MO and sin*8,; Sensitivity

If the mass ordering is not known, combining the results from beam measurements and
atmospheric neutrino observations will resolve the parameter degeneracy.

HK 10 years (2.70E22 POT 1:3 viv)

— 18F
N 16 r ———— Beam (KnownMO)
< EINNCLETETEITEPPIP Beam (Unknown MO)
- 14 ——— Atmospherics (UnknownMO) .
= F Combined (Known MO)
8 1 e Rttt Combined (UnknownMO) ==
=] o
E 10 :... ............................................................................................................................................................
>
)
e)

sin(dp)
S N B N

Hyper-K preliminary
True normal ordering, improved syst. (v/V, xsec. error 2.7%)
sin%(0,,)=0.0218 sin(6,,)=0.528 IAm2,|=2.509 x 10 eV%c*

Probe 2-3 mixing through dip in

P(v” - vﬂ) and P(v, - v,)
* Select 1 ring u-like events in the far detector
e 10 years of running, 1:3 v: V run plan

Wrong octant can be excluded at 3o for true
sin?0,; < 0.47 and true sin*6,; > 0.55.
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HK 10 years (2.70E22 POT 1:3 v:V)

Telet
fr— |

— 18F
W c Beam (Known MO)
o ] u— Beam (UnknownMO)
~— 14F Atmospherics (Unknown MO) .
= F ———— Combined (Known MO)
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5 10
> .
o -
O =

sin(@p)
S N b N

-3 -2 -1 0 1
Hyper-K preliminary

True inverted ordering, improved syst. (v/V, xsec. error 2.7%)
sin®(6,,)=0.0218 sin%(8,,)=0.528 IAmZ,= 2.509 x 10~ eV%c*

HK 10 years (2.70E22 POT 1:3 v:v)
—— T T

/N\IO — T
193 E —— Statistics only
< 95 \ ----- Improved syst.
~ 8 ;’ --------- T2K 2018 syst.
5 7;_ e
26
S ESc -
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g 4
S E
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§ 1E

el N
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Hyper-K preliminary
True normal ordering (known)
sin*(8,;) =0.0218 |Am3,| =2.509E-3 8, =-1.601
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Oscillation Sensitivity for DUNE

e Reconstructed spectra of

selected CC-like events S
(T
* Includes full FD systematics o
Q.
* 3.5 years neutrino beam mode l:Q
. 2
e 3.5years anti-neutrino beam =~
mode
e ~1000v,/v, eventsin 7 years
)
- ~10,000v, /v, eventsin 7 years g
«  Simultaneous fit to four spectra &
to extract oscillation &
parameters =
=
-
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Neutrino Mode

"""""" DUNE v, Appearance
™ Normal Ordering

F sin?26,, = 0.088
sIn%,, = 0.580

3.5 years (staged)
—— Signal (v, + V,) CC
@ Beam (v, + V) CC

—_
-

Events per 0.25 GeV

7

5 6 8
Reconstructed Energy (GeV)

DUNE v, Disappearance
sin’,, = 0.580

Am3, =2.451 x 107 eV?
3.5 years (staged)

—4— Signal v, CC
. v, CC

[ Ne

W (v, + V) CC
(v.+ V;) CC

Events per 0.25 GeV

1 2 3 4 5 6 4 8

Reconstructed Energy (GeV)

Eur. Phys. J. C 80 (2020) 10, 978

@ o
IR I
IS

Antineutrino Mode

DUNE ¥, Appearance
Normal Ordering
sin?29,, = 0.088
sIn*0,, = 0.580

3.5 years (staged)
== Slgnal (v, + V) CC
B Beam (v, + V,) CC

Events per 0.25 GeV

a
'''''

6 74 8
Reconstructed Energy (GeV)

= 350 -

8 DUNE v, Disappearance
= sin’8,, = 0.580

S 00 AmZ, = 2.451 x 10%eV2
= 3.5 years (staged)

2 250 —4— Signal v, CC

@ v, CC

£ I NC

G 200 (v, + v.) CC

(v.+v)CC
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(44
o

-
(=]
o

2 3 4 5 6 74 8
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CP Violation Sensitivity

CP Violation Sensitivity dcp Resolution
[ DUNE Sensitivity —— seawyenrs A5E DUNE Sensitivty ———m—
12— All Systematics 624 kt-MW-years All Systematics I 624 kt-MW-years
: Normal Ordering = Median of Throws 40 Normal Ordering 1104 kt-MW-years
. sin“20,,= 0.088 + 0.003 1o Variations of sin%20,, = 0.088 + 0.003 S ——.; do
10 -—0.4 <sin’0,, < 0.6 :'::::;;‘L::':;m - 35— sin’,, = 0.580 unconstrained ?
[ )
v F 3 Width of the band
i = 25 . .
g . H indicates variation in
n g = .
o F 2 the possible values
B (7]
i &’ of 6 23
4 o
oo’
2t
91" 08060402 0 0204 06 08 1 -1 08-06-04-02 0 02 04 06 08 1

8CI/1': 80

* 50 discovery potential for CP violation over > 50% of 6, values

« 7 — 16 resolution to 8.-p, with external input only for solar
parameters.

* Simultaneous measurement of neutrino mixing angles and 6.p

A ¥ 2,
A&&w & 75
&
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Mass Hierarchy

Mass Hierarchy Sensitivity DUNE low exposure, PRD 105, 7,
40 072006 (2022)
[ DUNE Sensitivity 336 kt-MW-years
- All Systematics 624 kt-MW-years 200 0N Senattivity ————
35 _—Normal Ordering === Median of Throws 18 all Syslt;r?:thlzs 100 kt-MW-years
- si 229 =0.088 + 0.003 1o: Variations of lormal ering _— :d::hm
- :: < s?n’ez, < 0.; SEY S 16 ;f:’:(il,;eo.isg; 000 statistics, systematics,
30— and oscillation parameters m L and oscillation parameters
C ne) 14
C (@) 12
251 ; 00 .
o~ 7/ o g " N H
@ 20F ~ 8
/ S
3 S N . S
15 ~ u
L X )
: I
10~ 0o 6 c:...l...I...I...l...l...l...l...l...l...
- -1 -0.8-0.6-0.4 —0.28 0 02 04 06 08 1
5 " o
- DUNE Sensitivity [ —

All Systematics 100 kt-MW-years
Inverted Ordering = Median of Throws
sin®20,, = 0.088 +0.003 Yoz Nmtations;of

0.4 <sin0,, < 0.6 Siatistics, eystomatics,
and oscillation parameters

G-lllllllllllllllllllllllllllllllllllllll

-1 -08-06-04-02 0 02 04 06 08 1
dep/n 14

« Mass hierarchy determination: > 5o for all parameter . ::
values = IH

*  Even by exposure of 66 kt-MW-yr, probability to extract i

4

wrong ordering < 0.01 \

o

*  With 1.2 MW beam running, DUNE will need only 1 -2 years
to measure mass ordering definitely.

1 -08-06-04-02 0 0.2 04 06 08 1
(=
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Complimentary between DUNE and Hyper-K

Coverage in 8% (%) for = 30 CPV

85 [~

DUNE ——
65 i T2HK (JD) —— ]
- DUNE + T2HK (JD) DUNE:[5v+5Vv]yrs
L T2HKK (JD + KD) = D, KD:[25v + 7.5V ]yrs R
i DIL"NIE +IT2I|-IKF (JID -'I- KID) I | | 1 | | 1 | 1 |
0.4 0.45 0.5 0.55

sin0,3 (true)

Characteristics DUNE | JD/KD
Baseline (km) 1285 295 (1100)
Pavg (g/cm®) 2.848 2.7 (2.8)
Beam LBNF [16] J-PARC [57]
Beam Type wide-band, on-axis | narrow-band, 2.5° off-axis
Beam Power 1.2 MW 1.3 MW
Proton Energy 120 GeV 30 GeV
P.O.T./year 1.1 x 102 2.7 x 1022
Flux peaks at (GeV) 2.5 0.6
1t (2nd) oscillation maxima
for appearance channel (GeV) 26 (087) 06(0-2) /18 (06)
Detector mass (kt) 40, LArTPC 187 each, water Cherenkov
Runtime (v + 7) yrs 5+5 25+ 75
Exposure (kt-MW-yrs) 480 2431
Signal Norm. Error (App.) 2% 5%
Signal Norm. Error (Disapp.) 5% 3.5%

S.K. Agarwalla et. al.

arXiv:2211.10620

Coverage in true 8p for achieving > 3¢ leptonic CPV as a function of true sin?6,;

None of the experiments can achieve the milestone of 75%. However, their combination makes CP coverage
For the entire canvas of sin? 8,3 above 75%.
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Neutrino detector masses and sensitive energy ranges.

104 Future Ice, Radio LR R R N R R N R R

10° /\ IceCube
. 102 .llll.I...ll.lHyper-K
< 3 Super-K ——'-—JBrEngE large underground
g 10 g LA AR R R AR LREN RN RBAEDN) e multipurpose
2 . g KamLAND detectors
g = Borexino -
- 107" =
O @©
o 4 — PROSPECT
8 10‘3 g LR TR R Future CEVNS

104 <

10-5 GOHERENT

10—6 PN Y Y Y Y Y Y Y Y Y Y Y Y Y Y AN Y SN Y Y S Y Y Y Y .

10° 102 10 10* _10" 10" 10" 10" 10" 10%
Energy (eV)
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