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Why study neutrinos? A bit of motivation ...

List of reasons that make them special: Standard Model of Elementary Particles

o The least 1{n0wn Of all SM fCI’InlOIlS three generati_ons of matter interactions / force carriers

(fermions) (bosons)

» Lightest ones | I Il

mass =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0

» Only Electrically neutral ones sharge | %

124.97 GeV/c?

s s 0
. spin % U Ya C Y2 t H
» Most penetrating ones "I / / °
up charm top higgs
* Neutrino masses imply new physics Beyond Standard “Thevis ) (rosmovis ) (miscavir ) fo |
Model % d v % b 1 y
down strange bottom | | photon
o o . . > o’ o’
e The most abundant of all fermions 1n the Universe with
. . . =0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =01.19 GeV/c? w
-1 -1 -1 0 ~
a strong 1impact on 1ts evolution " @@ |/® || @ |3
. . . electron | | | Zboson 8 2.
e Their nature 1s related to the fundamental symmetries A A P I 0 2
2 ¥ <0.17 MeV/c? <18.2 MeV/c? % ~80.360 GeV/c? 1 ,
of nature (lepton number) of o : | o2
E & Ve v, Vu v, V1; £ | S %
% -
¥ electron muon tau <L O
* Neutrinos could be the key to explaining why the — __'"e_“ut'__ 0L

Universe 1s basically made of matter (baryon asymmetry).
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What are we trying to learn?

e Last 20 years have been a revolution for neutrino physics, but still fundamental questions to
answer:

Different strategies (experimental)

|

- » Which neutrino 1s the li

‘1

» Do v and U behave the same (CP
violation)?

e s—

' " Neutrinoless double-
- beta decay

Direct mass searches 1}

» How do neutrinos get their mass? Cosmola (indirect qh
(Dirac or Majorana) ' | f, gy \INArecty) |

|

- » Are there any sterile neutrino
states? If so, what are their masses? |

» Deviations from unitarity of the |
PMNS matrix?

L _

— I — = e —

|

~ » What 1s the absolute mass scgl

|




neutrinos: a world-wide effor
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(First) Solar Neutrino experiments and “the solar neutrino

10 -

Rate of events

Nuclear fusion in the Sun produces a large flux of v, with E <20 MeV. 8 _| valorteoricoesperado| |
They have been studied with different experiment/technologies:
e Radio Chemical: (Homestake, SAGE, GALLEX) T . I ‘

» Inverse beta decay, e.g.: v, + [[Cl — JJAr+ e . L TR ~; f |

» 37Ar atoms where extracted from the detector and counted through their ()i o1 Tiie!['et Tl [mee 1. [ | N

radioactive decays: ngr +e  — %;Cl + v, + Auger electron ‘T ol (il Mt r.. I S . {
o & ® * +
orl Y MY 1% [} )

e Water Cherenkov: (Super Kamiokande, since 1996) R
1970 1974 1978 1982 1986 1990 1994

» Detect Cherenkov light from ES: v, + ¢~ — v, + ¢~ Year

More than 20 years of measurements: one third of the expected value (about 2000 atoms collected)

» CC process (v, +n — p+ e") 1s kinematically forbidden (Oxygen 1s a doubly magic nucleus)

O
(V)

e (lear evidence of neutrinos from the Sun, but
e measured tflux about half that expected!

Events/day/kton/bin
o

0
-1 -0.5 0 0.5 1




®
SNO experiment ’
—— | r— SSM prediction (BPB 2000)
e eah 6
N | T§ 5 200 = 1.76 1008 (stat) 009 (syst) —10
e SNO consisted of l,OQO .tons ¥ SNO = 239792 (stat) 9 12 (syst) =
of heayy water, D20, 1n§1de d g 44 PRl = 5.091045(stat) 035 (syst) <
12m diameter vessel, viewed = 8
by 9,600 PMTs. 5 3- g
- - 0.5
2 2. N
g = By
' CC Ve"'d —>p+pte
- ES v, +e =Dv . te 0

0.0

CC ES NC

. NC v.+d=>p+n+v,

e The SNO data demonstrate that the total flux of
neutrinos from the Sun 1s consistent with the
theoretical expectation, but rather than consisting
of only ve, there 1s a large v, and/or v: component.

Jq‘ L ¢ & - :(-‘_

- .-
p A -
-

- - - - - -—

-

e The Sudbﬁfy Neutﬁﬁo Observatory (SNO) experiment
(1999-2006) in Canada was designed to measure both the ve
and total neutrino flux from the Sun.

» Key point: three different physical processes with different ¢ SNO provides clear evidence of neutrino flavour
sensitivities to the fluxes of electron, muon and tau neutrinos. transformations over large distances.
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Super Kamiokande Atmospheric Results

e SK made important contribution to solve the problem!

e Typical energy £, =~ 1 GeV: (much greater than solar neutrinos — no confusion)

 Measure rate as a function of angle with respect to local vertical

* Neutrinos coming from above travel ~20 km; from below (1.e. other side of
the Earth) travel ~12800 km

Multi-GeV e-like Multi-GeV u-like
— « 350 . .y
Prediction 2 e Data agrees with predictions for v
€
—— Prediction x Oscillations | £ 300
= . .
= 250 o Strong evidence for disappearance of v,
5 200 -
.“-é for large distances
150
HZ 100 o Consistent with v, — v, oscillations
50

e Don’t detect the oscillated v, as typically
below interaction threshold of 3.5 GeV




The “solar” and “atmospheric” neutrino anomalies
(1960s — 1990s). Resolution

“For the greatest beneﬁt to mankind"
Rpieat Y oitet
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Neutrino Mixing

* We know that the neutrino flavour transformations observed by some experiments can be
explained by the phenomenon of neutrino oscillations. How can this happen?

 There 1s no reason to believe that the neutrino mass eigenstates (the fundamental particles)

vy, Uy and v should correspond to the weak eigenstates, v, v, and v, (produced along with

the respective flavour of charged lepton in a weak 1nteraction)

* Since it 1s not possible to know which mass eigenstate 1s w/ Ve withict, 2, 3 4{
produced 1n an 1nteraction, the system has to be described w+ - "

by superposition of vy, 1, and vj;.

* In quantum mechanics, the basis of weak eigenstates can be
related to the basis of mass eigenstates by a matrix Upyvs Vp | = | Uut U2 Upz || V2
(Pontecorvo—Maki—Nakagawa—Sakata), V1 Url Uy Uiz J\v3
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PMNS Matrix

e The PMNS matrix 1s usually expressed in terms of 3 rotation angles 60,,, 6,5, ;5 and a complex
phase o,

1 0 0o { cosf, 0 e™rsind,, | ( cosf, sinf, O )
Upung = 0 cosf,;  smf,;, |[x 0 1 0 x| —-smf, cos@, 0
0 -sinf,, cosb,, ) L -e*rsinf,, 0  cos6, J L 0 0 1 }
[ 923 ~ 45° ( 913 ~ 10° 912 ~ 35°
lOctant not known l5cp not known
(new symmetry?) (CP violation?)
v, =V, v, = U, v, —> U,
yﬂ—)yT I/ﬂ—)l/e Ue_)y,u’ U,
Atmospheric and Reactor and long Solar and reactor

long baseline baseline
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Mass Ordering

* Neutrino oscillation probabilities depend on the PMINS parameters and the neutrino mass
splittings: Amg = myzl — mvzj (with1,7=1, 2, 3) N IO

1
My,

* In solar oscillation, the matter effect allows ’ 2007, e v,

fixing the sign of the mass splitting Am221 > () A'Mn,_ 7V,

= m, >m,

OMy| > 1

e This allows two possibilities: K Ale; < 0 DA

» Normal Ordering (NO): m, > m, > m, N

» Inverted Ordering (10): m,, > m, > m, el L vy

W U v
e

= Difterent implications in the dynamics of neutrino

oscillations (F + v Y

12



Current status of measurements

e Combining data of all neutrino oscillation experiments, it 1s possible to make a definite determination

of all the oscillation parameters

e This 1s done 1n so-called global analyses that fit the theoretical parameters to the experimental data

parameter best fit &= 10 30 range
Amz, [107°eV7] 7.551 055 6.98-3.19
Am?, | [1073eV?] (NO) 25175705 2.43-2.58
el Am?, | [1073eV?] (10) 241700 2.34-2.49
sin® 15/10~} 3.0470.16  2.57-3.55
sin? 03 /1071 (NO) 5.647057  4.23-6.04
sin? 0,5 /1071 (10) 5.641012  4.27-6.03
85 22 2.3 %4 25 226 27 . —
| 1077 eV sin® 013/107* (NO) 2.207000  2.03-2.38
sin? 013/1072 (10) 2.20700r  2.04-2.38
y /7 (NO) 1.127015  0.76-2.00
5/ (10) 1.50701  1.11-1.87

I B R R
0018 0.020 0022 0.024 002600 0.5

sin? 63
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Relative 1o
uncertainty

2.7 %

1.0 %

5.4%

3-4%

2.6%

10-15%



Oscillation Probability: Appearance channel

Ve Appearance Probability

0.09
o o sin2 ( A 31 —da L) ” Clear oscillation patte '0'08
P(v, — ve) = sin” 63 sin” 2013 5 A3, 4 depending on both E¢ | 0.07
(A31 —al) ” ‘
. . . sin(A3; —alL) 8 i
+ sin 26,3 sin 26073 sin 201> > 3 —
(A31 —al) : |

Sin(aL) o - 0.04

X Az Ap1 cos(A3zq + 6) £

=

- 0.03

(aL)

0.02

2 . 2
cos” 03 sin” 260 :
+ 23 12 @L)? 71

0.01

0 200 400 600 800 1000 1200 1400
Baseline (km)

g Aij — AmijL/ 4E, = Dependence on L/E (we can e 0 and a switch signs 1n going from the v, — v, to

"control" with our experiment M
design) v, = U, channel:
»a = Gpn, /\/5 = Matter effect from coherent forward » 0 and matter effects create opposite effects in
T scattering on electrons (appears neutrinos and antineutrinos = v/ (matter/
multiplying L)

antimatter) asymmetry 1s introduced by both CP
violation and the matter effect

(Electron density of the medium)
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Asymmetry = (P — P)/(P + P)

U —VU

Parameter space

e Experiments are sensitive to many parameters, 1f we can resolve degenerate effects

0.3 -

0.2

0.1 A

L=290 km, E=0.6 GeV

—— Normal Ordering
Inverted Ordering

Short Baselines = small matter effects

Asymmetry measurement alone has

degenerate possible values for both o,

and mass ordering

Asymmetry = (P — P)/(P + P)

U —VU

L=1295 km, E=2.5 GeV

—— Normal Ordering
Inverted Ordering

Long Baselines = large matter effects

Asymmetry measurement alone has

degenerate possible values only for o,

(mass ordering degeneracy lifted)

15

Appearance Probability

0.100 A

Appearance Probability (L=1295 km)

| o — 3n/4
I o _
0.175 n (6cp)= — /4
0.150{ |
0.125 - ﬂ
0.025 |

0j5 1i0 1i5 2i0 2i5 310 3j5
Energy (GeV)

Long Baselines = large matter effects

Energy dependence of oscillation can
resolve 0., degeneracy



Bi-probability plots

o/matter effects introduce opposite
neutrino-antineutrino effects

The octant creates the same eftect
1n neutrinos and antineutrinos

1 | I | T | 1 1 T | T T | ! ! ' | ' l l | l l_ l | I 1 T
u N | ] 8- o) _
i N L=800 km - S _
. QQO (Significant MO separation, . \Q
QO but not complete) Q}
2o S X g
9 R B O
~— | (&Q/b (Variations follow a - {\'Q/
) - QQJ negative slope) ‘>CD - QQ/
Pe O O
T, 4 : T 4f
> @OS P 6
0 2 B 66<\(\% B 0 2 B
_ 2O _ : >
10820 ed=m/2 WO _ 10820 e8=m/2 ¢ (O
~00=n md=3mn/2 - ~00=n m0=371/2 -
O | | | | 1 | | | | | 1 | | 1 1 | O 1 1 | | 1 1 1 | | | | |
0 2 4 6 8 0 2 4 8

6
P(v,>Ve) % P(v,>Ve) %
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Daily exposure (108 POT)

[

Present experiments:

O

U

e

W

o

e

& lﬁl | Run2 Run3 Run4 ~ Run5Run6 Run7 Run8 Run9 Runl0  Runllg()) =
an Ova X 135 E_ 1500 5
o 0) 1400 &
_8 5 ;_ ....................................................................................................................................................................................................................................................................... . ] g
Total Accumulated POT for Physics .‘-3 20 | / B =
v-Mode Accumulated POT for Physics 2 |55 —
v-Mode Accumulated POT for Physics £ =
. v-Mode Beam Power 2108 g =
o V-Mode Beam Power sEg & .]100
O? 17 ': ! | : I ' 0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year
71 Daily neutrino beam —— Accumulated beam  —— Accumulated neutrino beam 60 .
Daily antineutrino beam —— Accumulated antineutrino beam 201 4-2023-

U1
o

2024 analysis dataset

New NOVA-only 10 years of beam

to NOVA!

N
o

(LOd ¢z0T) @4nsodxa aAne|nwn)

Latest analysis:
+96% neutrino

beam

V: 26.61X10%° POT
V: 12.50X10%° POT

2020 analysis dataset J0|nt NOVA + TZK

w
o

N
o

=
o

o

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Date



T2K Experiment

sin’20,,= 1.0
Am?, =24 x 107 eV?

llllllll

J-PARC .’/

accelerator, -
- R it OA 0.0°
i N% , 0
~ %7 7 OA 20
S [ [k, s20A25°
< gl
D, i Ez;:""%:.i! / L
Far detector g | pf il e
————————————————————————— _ 3 2 = .::g ’ ;
| Neutrino beamline 1 (Supelr K) P A b e
B i ;ﬁ 7 'l.1
Om 118m 295km _ 1
- : .,‘?i -
0O 1 2
o High intensity yﬂ/ U, beam (~600 MeV), located 2.5° off-axis from the far detector. E, (GeV)

e Off-axis technique: enhance the neutrino energy spectrum at a certain neutrino energy, typically that one that
maximizes the oscillation probability

e Secveral near detectors: monitor the beam, reduce systematic
uncertainties 1n oscillation analyses, and measure neutrino cross-sections

e Far detector 1s Super-Kamiokande: 50 kton water Cherenkov detector,
~11k 20” PMTs, added 0.03% Gd 1n 2022 to improve neutron tagging

efficiency
18
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T2K

N
(o))

24

22

20

18

16

Antineutrino mode e-like candidates

Recent Results

T2K Runi1-11 Preliminary

I

I

I

v "\
AN
. ) ; .

— sin’0,, = 0.45, 0.50, 0.55, 0.60
— Amg2 =2.52x10" eV?
----Amj, = -2.49%x107 eV?

rrrprrrprrtyrrtprrtyprrtyp e e
BERR RN LN RN RN R

O d.,=m
14 u 62: = +1/2
0O 8,=0
12 ® J.=-m/2
1 68% syst err. at best-fit
10 v Best-fit
—6— Data (68% stat err.)
8 | | | I | | | | | | | I | | | | | | | I | | | | | | |
0 20 40 60 80 100 120

e Including Run 11 (10% of statistics in v-mode): first data

Neutrino mode e-like candidates

with SK-Gd

e Preference for o-p ~ — n/2, and CP-conservation excluded

at 90% C.L.

e Slight preference for normal ordering and upper octant but

none of them 1s significant

C;< 30 :] S oK Runt-11 2023, Preliminary
g F — Normal ordering
25 —
_ Inverted ordering i
20l [771 10 CL ]
a T 90% CL 5
D — oo 20 CL -
8 15— 30 CL —
© - i
O . N
:HE 10 A —
- = i
o f :
n °C
| |
073 -2 -1 1 3
Ocp
N 20 | I L L L 1 1T 1T 1 | | _
é » T2K 2023 Preliminary .
18 - — Normal ordering B
16 - — Inverted ordering ]
8 14 - "/ /'] 16 CL r
C 12 [ \\\\\\\ 90% CL —
© r 25 CL -
O 10~ 30 CL g=
Y— E -
c 8 =
O E -
=" 6 g
) ¢ .
4— =
2 —
:l L1 1 I 11 1 1 | 1 | FIESh /, /'8 AN NN ://'/ t | | I I | | | I | l:
8.3 035 04 045 05 055 06 065 0.7

2
sin“0,,



Fist T2K + SK Joint Analysis

e T2K has good sensitivity to o, but mild sensitivity to mass
ordering

» T2K’s baseline probes the first oscillation maximum and
matter effects have a limited impact.

e SK has good constraint on mass ordering but not on o.p

» Upward-going neutrinos (travel ~13,000 km) experience large
matter effects

» Limited information about the incoming neutrino direction,
and a broader range of neutrino energies.

e Adding SK atmospheric sample allows to break the degeneracies
between o-p and the mass ordering = boost sensitivity to CP:

» This analysis finds a 1.9 exclusion of CP-conservation and a
preference for the normal mass ordering (10 p-value 1s 0.08)

20

arXiv:2405.12488

6 3 __ 1 I UL I L I LI I/.l..:l::. 'l“l. I L l UL I | l__‘

«© - —SK+T2K -

o — T2K ]

- SK (+ND) _

_ = 10 credible region -

1 - === 20 credible region .

O —

B s N R Ll .

-1 :— :3‘ —:

-2F : —

_3—_1 | 1 1 I | 1 1 1 I .l..l.:l:..lsf.l..,.l 1 I I | l‘..l. J. | | 1 1 I | 1 1 | I 1 1 | l—_‘
035 040 045 050 055 060 065 070 0.75

)
sin“0,,
Distribution of the MO test statistic

—— Data=-3.39 -

1 True NO '

101 1 True IO .

p(N0)=0.58 |

p(10)=0.08 |

p—
I
N

Fraction of pseudo data sets
S

i

—10 o0 10 20
x*(NO) — x%(10)

e
<
S
I —
1

I
N
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https://arxiv.org/abs/2405.12488

NOVA Preliminary

®
Nova Experiment T
Far detector: 1.2F — 2024 Best-fit Pred.  —
- 1-0 syst. range

Fermilab Ash River MN

h

Ratio to no oscillation

o 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)

1. Make a beam 2. Select vy and ve candidates 3. Interpret E, distributions
of v, at both detectors

e Muon neutrinos from the NuMI beam at Fermilab, with 14.6 mrad (0.84°)
off-axis peaks at ~2 GeV

e ND & FD are segmented liquid scintillator detectors (4x6 cm2 PVC cells),
that differ in size:

» ND: 290 tons, ~4x4 m2 X 16 m
» FD: 14,000 tons, ~16x16 m? X 60 m T

— -t
21 . _ T
10 10° 10° q




Nova Recent Results

e Expanding new selection to lower energy regions (< 1GeV) = Increases
mass ordering sensitivity by ~few %:

» For now, v only; analogous o sample currently too small

e Data favors region where matter & CP violation effects oppose one
another (degenerate region)

NOVA Preliminary

0.025 - Bayesian Crebl. Int. ' i\/la'rgirﬁali'zed' joi'ntlil B
= L With 1D Daya Bay constraint over orderings :
o : =BothMO  —15 A
0O 0.015F w/ 1D Daya Bay == [nverted MO --2¢ -
o ==Normal MO -- 36
E 0.01 —
3 0.005
2 0.

Both MO ~ -+
Inverted * d- -F----—----i |
Normal s A SR
0 I T 31 on
2 S >

32 V. data
candidates

e CPC values favored

in NO but outside the
30 interval in 10O

22

Total events - antineutrino beam

o))
o

o)
o

N
(-

NOVA Preliminary

| | | | | | | | | | | | | | | | | | | I | |

—NOVA FD

- 26.61x 10%° POT-equiv (V)
- 12.50 x 10°° POT () .

— —

Inverted MO
AMZ,=—2.47x10gV?

sin“20,,=0.085 -

-—

—

uo i}

Sin°0,,=0.54

o
I Ngrmal MO -
20_O Ocp=0 ® Oy p=T/2 AMZ2,=+2.43x107eV?
:D. SICP.= 715 -l SICP1= 1137t/|2 - Ay: lgolzéll bleslt flit N :
>0 100 150 200 250

Total events - neutrino beam

|
181 V. data

candidates



2K VS NOVa T2K: Better o.p l lsin|226|13=|0.685l -
I sensitivity Am2,|=2.5x10%eV?
§ 6 i sin2623=0.5 ’
e T2K and Nova are complementary: both interested in the same PMNS | \
: : : : : : > |
physics, but explore with different experimental considerations o4k L .
> \ ﬁ
Q-‘ L _
GENIE 3.0.6, v, + 12C 81— | | NOVAL=810km 20 i
- = o NOVA  pmitriomo (0820 e 5=m/2 o phase
— 12 SK flux NOVA FD flux >o N sin2923=0.5 E O‘ EII8=ITC | I| 6?—7'5'/2I o
g / — 1, #F . 0 2 4 6 3
N 10 E’ 21 - Nova: Better mass | sin22913=I0.085 -
o i . ordering sensitivity Am2,[=2.5¢107%eV2 |
— g %0 2 3 4 BE - in’0_=0.5 :
—~ Neutrino energy (GeV) X 6l S ER= _
N i k\%
& 6 — [ o,
; RES | ' T2£( L=295km ] > - \\O\{Q ’7/’@ .
= 4 E\i ;ﬁ?j;fgfffo%vz E Tj_ 4__ s - 4 -
é 3 MEC ?q) T2K sin*0,,=0.5 E |> |
TH = —NO Bep =0 = ¥ . _
0 ' . ‘ QF - 10 8p EI-TV2,102) _: 2 __ Normal
0 1 ' 2 3 4 = — Vacuum E | 05=0 e 5=m1/2 ordering
Neutrino energy (GeV) e —— 0den mo=m2 | E
Neutrino energy (GeV) OO — > — A I 6 — 2

P(v,—v.} %
Different baseline = Matter

asymmetry grows with baseline
(easier mass ordering studies)

23

Different energy = leads to
qualitatively different neutrino
interactions

Joint Analysis probes both spaces lifting
degeneracies of individual experiments



T2K + Nova Joint Analysis

- Bayesian Cred. Int.

0.6

NO Conditional

-
O
.

................. //——
........ s .
Q x
T S\
N: 05 ‘.“ \
0.4 ....... 30
| 1
0.6/...
<
2 0.5 ]
R%
0'4 ....... 30
1 _'Il'[ L -
p)

 Small difference seen in octant preference depending

on the mass ordering

e Measurements remain consistent with the maximal

mixing hypothesis for 023

Fitter: MaCh3 po

E | | | | I | | | | | | 1 | I | | | | i
2» 0.04} Bayesian Cred. Int. -
RZ ~ With reactor constraint == Both MO =16 1 -
5 0.03F ? 1
S o f Inverted MO --20 7 >
S 0.02f =Normal MO  --:30 1
s : | :
S ' g
@ U UL
@, B , : ]
Both MO [Fessfemmm— = - - S e
Inverted | - - - -F=EEi————-F - - - |
Normal _"----;---------—-I---'------1 ' b .o
- T It 0 I T
2

2 5

CP

e CP conservation excluded at 36 1n inverted ordering:

y Preference for o-p = — —

e Wide range of allowed op values 1n normal ordering:

24
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T2K + Nova Joint Analysis

X0 e e e e . Normal mass ordering | .
g " Inverted MO : NOvA-only Normal MO_‘ f NOVA+T2K : - 242070030 1 s
E TZK-Only‘ 1 = TOK ——— 2.48 +0.05 2.0%
z‘- : E N_C_)VA+T2K : NOvVA —— 2.39 +0.05 2.1%
" 6 |- A = MINOS+ = ® = D40 b 3500
g - t - SuperK+T2K ——— 2259 Blarind DLl
o : : : IceCube | ® = 2.41 +0.07 2.9%
S o ' 2| SuperK = & : 2.40 iggg 3.3%
E B I + - Daya Bay nGd —e ' 2.466+0.060 2.4%
L . | i B RENO nGd : ® : 2.69 +0.12 4.5%
8 o | - RENO it "y 3 f T I N 7 DU8 . 1= {00
Ay | . + - o0 o s o
: m 4 4 |[Ams,|, 107° eV?
9625 224 )3 03 94 05 D6  Smallest uncertainty on | Am?2, | in both normal and
Am3, [107eV? - ° ¥
3 [107eV7] inverted mass orderings.

e Individual experiments prefer normal mass Mild preference for Inverted Ordering

ordering. but influenced by 8:3 constraint
e Best fit in the inverted ordering for joint fit with NOVA+T2K only NOVA+T2K NOVA+T2K  |® Not real

reactor constraint but no significant preference » +1D 01z +2D (813, Am?;) | conclusive

(57% posterior). 10 (71%) IO (57%) NO (59%) statement
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Future Experiments:
JUNO, HYPER-KAMIOKANDE and DUNE
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Jiangmen Underground Neutrino Observatory (JUNO)

. 7B Detection channel: Inverse Beta Decay

1 Shen Zhen @:: e @ (rate = 50 events/day)
i ' Daya Bay _ + \
| Q- Ve + P —€ +MNn V. EAY
JUNO . Hong Kong ~ \
= @ > 1w} \Gies S
¢ < 53 km ff Prompt signal: Delayed signal:
53 km ll S Handle for energy N capture on H
o BRI - @ JUNO-TAO b, = b+ Am,_,+ 1T, 2.2 MeV within ~200 ps
o Taishan NPP 7
Yangjiang NPP

e Excellent energy resolution: 3%/NE(MeV)

| 1 I I | | I I I I | 1 I I | I 1 I I |

* Primary physics goal: determine the neutrino mass
ordering by measuring the ©, oscillations

(S

e ~ 53 km from two Nuclear Power Plants

a = 2.61 % (photon statistics)
b = 0.64 % (non uniformity)
¢ = 1.2 % (dark noise)

\®

—IIIIIIIIIIIIIIIIIIIIIIIIII—

Energy resolution [%]
)
W

e Liquid scintillator detector

1.5
» ~ 700 m underground lab 1n southern China ArXiv-2405.17860

1

—II4IlII|llII|llllIllII|llI—

e Anticipate finishing the construction in 2024 and start the detector -
filling 27 E . [MeV]



https://arxiv.org/pdf/2405.17860

e The JUNO detector consists of a central detector, a

The J uno DEtECtOr water Cherenkov detector and a muon tracker (veto

detectors)

* Central detector:
» 35.4 m spherical acrylic vessel, containing 20 kton

= ' LS
Cal. House 5\ i | f& TT .
/ i 8§ ey » Surrounded by 17612 Large (20”) PMTs and 25600
| FEES S s ENEEES | Small (3”) PMTs (75.2% coverage)
-— ——————————— N — =
Cover _—1 — e | LS
Ch@ﬁi AN 3 A d‘ku/ :I//';ryhc Sohere * Veto detectors:
Water || /BL < Struchure » Water Cherenkov detector:

‘ // ‘ AN |
/] S CEE - 35 kton ultra pure water to shield backgrounds

A/ '\ \ 2] CD PMTs

| T 0\ 8 from the rock

‘ : SR : =1u VETO PMTs
e p—i—) — - Instrumented w/ 2400 20” PMTs on SS structure
\ P~H | Connecting Bars
I\ ® e /1 | » Top tracker
(fl /</\/L 7‘ Supporting Legs . o . .
a A "{;‘/‘/F\/ - Plastic scintillator strips refurbished from OPERA
AKIARNDA Wi\ > N 00

WAX SEAPN, S - 3 layers, ~60% coverage on the top (of the surtace

REERZ=ss el above the WCD)
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J UNO_T AO  The Taishan Antineutrino Observatory (TAO) 1s a satellite

experiment of JUNO

e TAO consists of a spherical 2.8 tons (1 ton fiducial) Gd-LS
detector (1.8 m diameter) at 44 m from a reactor core (4.6
GW)

Viewed by 10 m2 S1iPMs (~50% PDE) and providing around
95% photon coverage

» Operated at — 50 °C to lower the dark noise

e IBD rate: 2000 events/day arXiv:2005.08745

—e—— Total

——e—— Statistics
—e— Neutron Recoiling

S
O
e}

Veto system:
» Water Cherenkov tank
» Top Tracker (Plast. Scint) g 001

S
S
NS}
oy

——e—— Scintillator Quenching
Charge Resolution
Cross Talk
Dark Noise

0.02

gy Resolution (6/E)

e TAO will measure the reactor o, spectrum with unprecedented 0.01
energy resolution: < 2%/\/E(MeV) -) 0.005
e TAO detector will start data taking at similar tingge as JUNO 0 r—~'2f>’<‘4:*~°6h—* SrEm—

Equivalent Visible Energy (MeV)


https://arxiv.org/pdf/2005.08745

JUNO Precision Measurement of Oscillation Parameters

. . . . . 100 days 6 years 20 years
e Relative precision of the oscillation parameters L1

. . . - | l —— Stat.+syst.

as a function of JUNO data taking time - i e Stat. only
T @ Amy * Am2
E e o ; i < Sin2912 8 sin2913 _

[

o
-
l

e Current knowledge (level of few %) compared
with 100 days (statistics dominated), 6 years

(nominal), and 20 years (systematics-
dominated) of JUNO data:

Relative Precision [%]
[
o

-
o
o

» Exceptional sensitivity to Am%l, Am%1 and
. 2 .
SN0, ,:

- Leading measurements 1n 100 days

N | B T
- Precision <0.5% 1n 6 years ) B ] JUNO Data Taking Time [days]
Central Value PDG2020 100 days 6 years \ 20 years
Am2, (x102 eV?) 25283 +0.034 (1.3%) +0.021 (0.8%) +0.0047 (0.2%) +0.0029 (0.1%)
Am2. (x10°5 eV?) 7.53 £0.18 (2.4%) +0.074 (1.0%) +0.024 (0.3%) +0.017 (0.2%)
sin2 6,5 0.307 +0.013 (42%) +0.0058 (1.9%) +0.0016 (0.5%) +0.0010 (0.3%)

sin? 0,5 0.0218 +0.0007 (3.2%) £0.010 (47.9%) © £0.0026 (12.1%) +0.0016 (7.3%)
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Neutrino Mass Ordering with JUNO

arxi1v:405.18008

e JUNO reactor antineutrino energy spectrum Reactor . signal IBD event number (x103)
without and with the effect of neutrino oscillation 0O ]5]0] _ ]1?01 _ ]1?01 _ '2?0' _ 12?0. _ '3?0'
x10°3 6 N _
100 F ) - -
- 6 years of data taking —— No oscillations ) co et
! ~ == Only solar term ] e -
a0l —— Normal ordering ) )
: — |nverted ordering i
> A _4 IS ettt ittt ettt oL
s | ~E L
~ 60-— 53 Il SR NP "~ (i I MU S SN N
o | = |
" I . 2 )
qc) a0k S1I1 2912 v :
o : . 9 20 : —— NO: stat.+all syst.
- P S 13 1E — |O: stat.+all syst. -
20} , ‘ N\ 5 - | | | | | NO: stat. only ;
’ N —>|  —— S N L |0: stat. only -
i Amgl )‘ |‘Am:231 0_111llllllll1111l11111111111111111111111-
< (contains the sensitivit}/ to MO) 0 2 4 6 8 10 1 2 14 16 18 20
0 b e e e JUNO and TAO DAQ time [years]
0 1 2 3 4 5 S 7 8 9
Es. (MeV) . . . .
! e JUNO can determine the neutrino mass ordering with
e (lear spectral features driven by the oscillation 3o signiticance after 7 years
parameters = Rich information available in a e Combined reactor and atmospheric neutrino analysis

high-resolution measurement of the spectrum 31 IN Progress


https://arxiv.org/pdf/2405.18008

Hyper-Kamiokande Experiment

New intermediate

' . L —— ' ' ,
1200 ki
< : :
=.1000 @ Magnet PS upgrade , 4 -
g E 2.48 - 1.32scycle | —p )

| 5 800 | ' @1.32 > 1.16 cycle
.- a - ‘
Y TS N W of DU W ——— N h
Neutrlno beam 8 @ RF system upgrade ]
| ™ <o QTN R NN S NN S— ]
‘—J : @ 27 harmonic RF i
| | |y 200 |t | ._cavities 4 . k.
295 km : ~
- 1 1 2024 2026 2028 2
295 km from J-PARC, underground 650 m of rock and 2.5° off-axis _{ | 2016 2018 2020 202‘3 FYO S B

beam (same as Super-K)

e It will continue the successtul history of the Kamiokande, Super-Kamiokande, and T2K
experiments.

 Hyper-K will have an upgraded neutrino beam with the goal of 1.3 MW Beam Operation (800 kW
this summer).

e Further improvements are expected thanks to the combination of ND280 upgrade and IWCD.



Hyper-K Detectors

e HK Far Detector (water Cherenkov):

» 71 m (height) x 68 m (diameter) = 258 kt mass (188 kt
fiducial) = x8 SK mass

» 20,000 of 50 cm PMTs (2x better QE and AT than SK)
» Additional photo-coverage from multi-PMT modules:

- 800 of 8 cm PMTs grouped in modules of 19 units

r—'.'

- Improved position, timing and direction resolution

e HK Near Detectors:

» Upgraded T2K near detectors: larger angular acceptance and better
short track reconstruction to reduce systematic errors

» New intermediate Water Cherenkov Detector (IWCD):

- Moves vertically in ~50 m (spans off-axis angles: 1.7° - 4.0°)

- 6 m (height) x 8 m (diameter) surrounded with ~500 multi-PMT modules

- Gd doped for enhanced neutron detection
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Evolution of the combined sensitivity over time

® ® o
: rrrrrrrrrrrr-rrrrrroror] [ L l 17 1T 1 I | L I L I L |
(o) — =——k—— Atm + Beam (True Normal) sir?0,,=0.4 —
‘6 6 : —l— Atm + Beam (True Normal) sinz923=0.5 __
'd—) [~ =——fj}=—— Atm + Beam (True Normal) sir?923=0.6 ~ < 1
Q ~ 2000, —
(0 — ——— Atm + Beam (True Inverted) sir?0,,=0.4 :": —
> 5 : ——@— Atm + Beam (True Inverted) sin?623=0.5 - KR .:”0 __
£ R e SRR
. T) — ——}— Atm + Beam (True Inverted) sir12623=0.6 (’9‘0000000.0.0.0.0.’.’.’.’.0‘.0.0.0.0.’.%%‘%.@.’1" 01“0:0’00000 —
o th B —2 9 5 k S 11 tt ff t d 1 P - — RIS BRI IIT TR IELEILIEKL
HK with a BL m mall mattcr C1ICCls and 1arge CPV & L B e ettt soro e
b R R TS5 SRRHKERRERIIRKEIREKS
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- B RRHRILRSBEIITL I IILRILIRIIIIRIIIL LSS0
O T 0 020 2022020202020 2020 2% AN
cIiccC T B QRIS IR LIRSS _
o B S S
— Y 900000020 7020%0 0% 20 % e -
O 00000 0300 %
c — el te %% 00 0 00ttt %t ce= oy -
o 3 - VY —avaVaVaVaVaVa éé"’"‘”""” I
- B _
° ; [ ]
e Combination of Beam and atmospheric v measurements: s T -
E €[0.1,10°] GeV & L € [10,13000] km = Resol = 20 -
N € . m CSO1VC - 5
I_ L1 1 1 | L1 1 1 I L1 1 1 I L1 1 1 L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 I | _I

o Study matter effects on Earth to determine MO - 0

o
1 2 3 4 5 6 7 8 9 10
Running Time (Years)

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

» After 5 years the combined beam + atmospheric analysis

—— 18_

show better than 3¢ ability to reject incorrect MO @ 16F Beam (UnknownMO)

— 14 - Atmospherics (UnknownMO)

= - Combined (Known MO)

-g 1217 cveeenennnen Combined (UnknownMO)
= -

o o . . . . o AP IO e

* Sensitivity to exclude CP violation using beam neutrinos, I T

o e

sin(dp)
(-] (N NN (@) co
|
|

atmospheric neutrinos and the combination of the two: =)

» Will allow HK to reach a 50 statement on CP violation
regardless of the true MO (10 years)

-3
Hyper-K preliminary
True normal ordering, improved syst. (V./V. xsec. error 2.7%)

34 $in%(8,,)=0.0218 sin%(8,,)=0.528 |Am,|= 2.509 x 10~ eVZ/c*


https://arxiv.org/abs/1805.04163

Hyper-K sensitivity to CPV

Projected sensitivity to CPV

Fraction of o,p to exclude sino p = 0

Statistics only Statistics only -
............. Improved syst. (v/v. Xsec. error 2.7%) «=ssannnnnnns |mproved syst. (v /v, Xsec. error 2.7%)
------------------------- T2K 2020 syst. (v /v, xsec. error 4.9%) s T2K 2020 syst. (v /v, Xsec. error 4.9%)
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Hyper-K preliminary

True normal ordering (known)

True normal ordering (known)

e Detect CP violation within two years if 6,p = — /2

Statistics only

------------- Improved syst. (v /v, xsec. error 2.7%)
Improved syst. (v /v, xsec. error 4.9%)

vvvvv e T2K 2020 syst. (v /v, Xsec. error 4.9%)
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e Exclude CP conservation at the 5o level for more than 60% of o,p values
after 10 years

» The speed at which CP violation can be discovered depends on the
systematic error model

1o error on 8, (degrees)
6)]

6)
TTT R

I l I | I— l | I I —| | | I I l | —

e lo resolution of o-p 1n 10 years: ~20° for 0,-p=-90°; ~6° tor 0-p=0° ’ 0 b L

d ., (degrees
Hyper-K preliminary 10 HK years CP (deg )




Building Hyper-K: construction schedule

fu@ e We are here e Aiming at operation
June 2024 _l star:l't in 2027.

FY2020 FY20'21 FY2022 FY2023 FY2024 FY2025 F 72026 FY2027 FY2028
Il .G— ‘F_l [ -
Access/ PMT

Cavern Tank

ef®™ |
Ca\‘ \O“ ““ Cavern . installa
\(., '\(\5{9\\3‘» T I excavation Const ' -
10

Sofs PMT production
s
?“Oto PMT cases, Electronics etc. O _
L peration
ater system 'j;
éo(S’
c
oY de" 6-\,&1_3 Power—upgrade of J-PARC and Neutrino Beam-line
N LRI T I S S —
\n Che" CO\ Near Detector Facility, R&D, production ND construction
\Naﬁev w( \\w
C
pew

e Access tunnel and dome competed
e Cavern excavation underway

e PMT production on schedule

=

A

: ° \ 3 P , “ . fi Y Y o ‘l’q‘* S o f i By
e First data taking planned for 2027 eoxation of the HREHVERL BEEBmIRIEETBY the ondl of shisiRar!.
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Deep Underground Neutrino Experiment (DUNE)

Sanford Fermilab

Underground |

Research : _
s 8

Facility

—————————————
- Mg
g;’ Sy

Detector : PIP-1l PROTON
: ACCELERATOR

L. EXISTING Detector
LABS,

5 0560 km - :
B < Rl SRSl DUNE Horizontal Drift
4K . Monitori tri E 2 -
@ oo ferew kel (8 Dl simulated 2.5 GeV v

'\{l : neutrino beam

 Powertul neutrino beam (>2 MW) will be sent from Fermilab (Chicago)
to SURF (South Dakota) along 1300 km distance

e Four liquid argon far detector modules ( >40 kt fiducial mass) at 1.5 km
deep underground LArTPCs:
: -' Excellent e/p and

 Near detector complex at 560 m from the beam and 60 m underground B e/y separation
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DUNE Detectors NS T T

e Far detectors TPC size: 12.0 m (heigh) x 14.0 m (width)x 58.2 m (length)

 Two different readout technologies for the Far Detectors:

» Horizontal drift (HD) = wire readout planes, 4 drift regions (A|C|A|C|A
with 3.5m drift)

» Vertical drift (VD) = central cathode defining 2 drift regions (A|C|A with
6.25m drift), anode constructed of perforated PCBs with etched electrodes
forming the charge readout

arXiv:2312.03130 (2023)
e VD easier to install = = '

170§

- - — e <

» 1st DUNE module . . P

Bottom CRPs

» Baseline design for modules 3 & 4

Field cagé

* Near detector complex with three different detection systems on and off axis:
» Movable detector system (3.3° at 33m): LArTPC (ND-LAr) with muon spectrometer (TMS)

» On-axis magnetized tracker + calorimeter (SAND) for beam monitoring and neutrino measurements
38


https://iopscience.iop.org/article/10.1088/1748-0221/15/08/T08010/pdf
https://arxiv.org/pdf/2312.03130
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>56 MO sensitivity 1n 1 year
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mass ordering sensitivity in 3
years.
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In long term (~15 years) =

DUNE can establish CPV over
75% of ocp values at >30.
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https://link.springer.com/article/10.1140/epjc/s10052-020-08456-z
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4 Ocp

(o))

/2 = DUNE has
>56 MO sensitivity 1n 1 year
and >3c CPV sensitivity 1n 3.5
years.

For worst-case oscillation
scenarios = DUNE has >5c¢
mass ordering sensitivity in 3
years.

In long term (~15 years) =

DUNE can establish CPV over
75% of ocp values at >30.

ocp ultimate precision ~6°-16° —)

40

-

Mass Ordering Sensitivity (O)

Ocp resolution (degrees)

Eur. Phys. J. C 80, 978 (2020)
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https://link.springer.com/article/10.1140/epjc/s10052-020-08456-z

Building

“ ‘Q\ e ‘. \'i‘ :)

Transport to A Coruna harbour: April

\ .
- T
- '.‘ - .
- -
>'

Loaded on vessel ~mid May
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DUNE: construction schedule

WL B ERE

Far site excavation 1s complete

Building & Site Infrastructure work
continue until mid-2025

Cryostat warm structure sent to US
from CERN to be 1nstalled in 2025-26

Far Detector 1nstallation in 2026-27
Purge and fill with argon in 2028
Physics 1n 2028 or early 2029

Beam physics with Near Detector
2031



Ideas/Proposals to expand the physics reach of future LBL facilities

Korea Neutrino Observatory

‘.‘

ap showing the baseline and off-axis angle
of the J-PARC beam in Japan and Korea

 South Korea exposed to the beam at a 1—
3° OAA and BL 1000-1300 km

Significance to reject the wrong MO (10 years)

True Normal Ordering

E 12: | e JI5><1 | |
= - — JDx2
10 — JD+KDat25 B
- —— JD+KD at 2.0°
8_ ............................................ — JD+KD at 1.5° @ e —

THEIA concept

e DUNE FD4 “Module of Opportunity”
(design not closed)

e THEIA is a proposed large-scale
neutrino detector designed to use both
Cherenkov and scintillation signals

e Similar sensitivity for neutrino
oscillation program as LAr:

CP Violation Sensitivity

" CP Violation Sensitivity —— Theia 70 kt
. Normal Ordering -« Theia 17 kt
6f 7years 0000 ... DUNE 10 kt (CDR)
5
‘"x 4
<]

-
.

- .
......

y —
-1 -08-06-04-02 0 0.2 04 06 08 1

Scpln

European Spallation Source
neutrino Super Beam

e Measuring CPV at the 2nd
oscillation maximum: x2.5
higher sensitivity than at 1st
maxima

e The facility 1s under construction
in Lund, Sweden: 1st beam on
target 1n 2025

e Aodcp < 8° for all ocpvalues for

systematic uncertainties better
than 5%

20.0

Uncertainty J --- s«

17.5 1

2.5 - L= 360 km

I 1 I I 1 I 1
—150 —100 —50 0 50 100 150



Conclusions

e Neutrino oscillations remain one of the priority topics in Particle and Astroparticle
Physics.

e Long-baseline neutrino oscillation 1s described by a complex parameter space, which
introduces degenerate effects that make the correct interpretation of the observed
neutrino and antineutrino spectra difficult.

» Complementary experiments (different size, medium target, technology, baselines)
help to resolve the degeneracies introduced by the different parameters.

*The planned new generation of experiments, with more capable detectors and
powerful (anti-)neutrino beams, 1s needed to measure the MO and for CPV discovery.
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Neutrino oscillations in matter (in brief)

Amsz = Am’ \/sz'n229 + (cos20 — 5)2

¢ Mixing matrix can accordingly be expressed with the mixing angle in matter:
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e In the low density limit (¢ — 0): recover the vacuum case

e The mixing amplitude becomes maximal (6, = n/4) if:
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T2K Near Detectors

 Except for the Time Projection Chambers in ND280, the entire active material (enabling particle tracking) of the near detectors

1s plastic scintillator. , , ,
» A tracker with 2 Fine-Grained

e INGRID detector: e ND280 detector. A set of inner sub-detectors: . . .
» 16 identical modul d » Pi1-Zero (POD) detector (plastic scintillator Detectors interleaved with 3 Time
10 1dentical modules arrange : : : Projection Chambers:
in the shape of a cross (10 m). module planes interleaved with thick bags TPC:- based drift P
fillable of water and thick brass sheets) ) - a1gON~bascd dilll g4as uhndet
, , atmospheric pressure and readout
» A single module consists of with MicroMegas modules

alternating layers of 1ron and a

plastic scintillator. - FGD: 1st composed of scintillator

layers only, while 2nd composed

Y of alternating layers of scintillator
X and water

UA1 Magnet Yoke

Z

» Electromagnetic Calorimeter (ECal):
Downstream surrounds the mner detectors (POD,
ECal TPCs, FGDs) and consists of

scintillator layers sandwiched with
lead absorber sheets

» The Side Muon Range Detector
(SMRD): consists of scintillator
modules which are inserted into the
gaps 1n the magnet.

+=5m



T2K Near Detectors: Upgraded

Goals of the upgrade:

» Detection thresholds need to be lowered

» Increase the angular acceptance and the efficiency to
discriminate FW and BW going tracks

» Larger fiducial mass

ND280 upgrade:
» The existing tracker will maintain its sandwiched structure but
with a larger fiducial volume (more v-interactions)

» POD sub-detector will be replaced by three novel sub-detectors:

™~

Super-FGD

a scintillating 3D target (Super Fine-Grained Detector or
SuperFGD): 2 million 1 cm3 scintillating polystyrene cubes

two new TPCs on top and below the SuperFGD (High-Angle TPCs or HATPCs): design similar to that of the
existing TPCs

six Time-of-Flight (TOF) detectors surrounding the new structure: a series of plastic scintillator layers designed

to 1dentify the particle direction sense through the measurement of the time of flight for each crossing track with
a timing resolution of the order of 140 ps.



DUNE Near Detectors

e SAND (System for on-Axis Neutrino Detection):

* ND-LAr: » Remains on-axis
» Modular array (7x5) of liquid - Sensitive to any changes to
argon TPC beam conditions on short
- Reduces pileup timescales
» Pixelated readout » Low density tracker/
- Direct to 3D 1images spectrometer

» Argon target region

» Solenoid magnet repurposed
from KLOE

» Modules optically 1solated
» Provides sample of interactions
on the same target as far detector

e FKuture Upgrade Potential:

e TMS (The Muon Spectrometer): » High-pressure gas TPC a

» Catch muons that exit ND-LAr promising option

» Steel/scintillator layers

» Magnetic field provides sign-
selection

» Muon momentum measured
from range and/or curvature

» Lower density than liquid argon
- Lower thresholds

- Less scattering — cleaner
measurement of pions and
electrons

» If magnetised, it can replace TMS




DUNE Phases

e DUNE Phase I (2026 start detector installation; 2029 physics; 2031 beam + ND):
» Full near + far site facility and infrastructure
» Two 17 kt LArTPC modules
» Upgradeable 1.2 MW neutrino beamline
» Movable LArTPC near detector with muon catcher

Long-Baseline Neutrino Facility

} On-aXiS ne ar dete Ct()r South Dakota Site f;leeﬂ]rltr&zshgsgr

Ross Shaft
1.5 km to surface

e DUNE Phase 1I:

» Two additional FD modules (>40 kt fiducial
in total)

» Beamline upgrade to >2 MW (ACE-MIRT)
» More capable Near Detector (ND-GAr) Sl

PS5 report endorses FD3, ACE-MIRT, and MCND in the next decade, and R&D toward FD4



Timing

“instantaneous chertons”
vs. delayed “scintons”
— ns resolution or better

#)

i + >
0 0 20 30 time(ns)

3

LAPPDs: ~60ps timing -

Slides from Michael Wurm “Theia concep” at

(Valencia)

Large Area Picosecond Photon Detectors

= Area: 20-by-20 cm?
= Amplification of p.e.
by two MCP layers

"Flat geometry:
ultrafast timing ~65ps

= Strip readout:
spatial resolution ~1cm

=" Commercial production
by Incom, Ltd.

top window -

photocathode (pc)----{-:

mep 1

MCP 2:oofoforns

anode readout-.

incoming photon

ochannel platel |

inter-mcp gap

il

il

anode gap

. LAPPD 25

ANNIE Preliminary

64500

65000

65500

64 psec resolution
\ <4% late/after pulses

66000 66500

time (psec)

UV/blue scintillation vs.
blue/green Cherenkov
- wavelength-sensitivity

F
scent

How to resolve the Cherenkov/scintillation signals?

Dichroicons [arXiv:1912.10333]

Dichroic
shortpass filters

=two PMTs in sequence
separated by a Winston
cone assembled from
shortpass filters (<460nm)

=front PMT collects Chertons,
back PMT scintons

llllll

- Red sensitive
photodetector
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Octant sensitivity of HK and DUNE
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e HK atmospheric neutrinos (10 years) can
resolve the octant at 3o if |0,5 - 45° > 4°
(>2.3° for Atm. + Beam)

10
b DUNE Sensitivity 10 years (staged)
9 L All Systematics 15 years (staged)
L Normal Ordering — Median of Throws
k sin20,, = 0.088 + 0.003 1o Variations of
8 I statistics, systematics,
L and oscillation parameters
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e DUNE will have significant sensitivity to the
0,5 octant for values of sin“0,, less than

about 0.47 (43.3°) and greater than about
0.55 (47.8°)



TMH

KNO Physics Potential

Significance to reject the wrong MO

(10 years)

True Normal Ordering
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 The significance 1s largest for the configuration
with the Korean detector at 1.5°: more on-axis =
more events 1n the 1-2 GeV range where the
matter effect 1s large

e For this configuration, the significance to reject
the wrong mass ordering 1s greater than 5o for all
values of O¢p

e When the MO 1s known, all four two-detector
configurations have similar sensitivity

e If MO 1s unknown, the configuration with the
Korean detector gives some fraction of o¢p values
for which a 5o discovery 1s possible (breaking the
MO-0.p degeneracy)

Significance to reject CP conservation

(10 years)
True Normal Ordering, Ordering Known
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THEIA concept

e DUNE FD4 “Module of Opportunity” (design not closed): More ambitious designs are being considered
including pixel readout, integrated charge-light readout, low background modules, and non-LAr technologies

e THEIA 1s a proposed large-scale neutrino detector designed to use both Cherenkov and scintillation signals to
enable a rich program of fundamental physics

e Why Cherenkov & scintillation:

» Cherenkov photons discriminate events based on
directionality/topology (multiple tracks).

» Scintillation 1s abundant, providing good resolution & low E
thresholds

» Combine both signals to improve background rejection

(Time) ™ (Wavelength) &, (Topology)
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e Ideally situated as the DUNE 4th far detector

e Similar sensitivity for neutrino oscillation
program as LAr:

CP Violation Sensitivity Mass Ordering Sensitivity
y CP Violation Sensitivity - Theia 70 kt = Mass Ordering Sensitivity ——— Theia 70 kt
Normal Ordering - Theia 17 kt Normal Ordering - Theia 17 kt
DUNE 10 kt (CDR) osf 7years ... DUNE 10 kt (CDR) 18m
20 THEIA25
\E 5% 20m
of+" i, | * A different technology and medium target
I offers a distinct set of detector systematic
; and neutrino interaction uncertainties =
o Y " . independent cross-check of the extracted
-1 -0.8-0.6-0.4 -0.28 :no.Z 04 06 08 1 -1 -0.8 -0.6 -0.4 -(').28 :/ n0.2 04 06 08 1 0S Clllatl on p arametel’ Values
c c

arXiv:1911.03501



https://arxiv.org/pdf/1911.03501

European Spallation Source neutrino Super Beam
(ESSI/ SB) mamamum | (L=%0km)  arXiv:1310.5992
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e The ESSvSB is a long-baseline neutrino project that aims in
measuring CPV at the 2nd oscillation maximum, where the ‘
sensitivity 1s x2.5 higher than at 1st maxima 005
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 The ESS facility 1s under construction in Lund, Sweden (1st beam 0-02;:5 r
on target 1n 2025) RAAA
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https://arxiv.org/pdf/1310.5992
https://link.springer.com/article/10.1140/epjs/s11734-022-00664-w

ESS.SB Detectors

e Far detector: » Systematic errors need to be reduced to < 5%
» Baseline 360 km » v-nucleus cross section dominant sys. uncertainty in ESSvSB

» Depth to ground level: 1000 m  » Missing measurements at the ESSvSB region (below 600 MeV)

Y MicroBooNE, PRL 123, 131801 (2019)
>
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CCFR (1997 Seligman Thesis)
T2K, PRD 98, 012004 (2018)
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IHEP-JINR, ZP C70, 39 (1996)

CDHS, ZP C35, 443 (1987)

BNL, PRD 25, 617 (1982) .
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ANL, PRD 19, 2521 (1979) -
BEBC, ZP C2, 187 (1979)
GGM-PS, PL 84B (1979)
IHEP-ITEP, SINP 30, 527 (1979)
SKAT, PL 81B, 255 (1979)

T2K, PRD 96, 052001 (2017)
MINERVA, PRD 95, 072009 (2017)
T2K, PRD 93, 072002 (2016)

T2K (CH), PRD 90, 052010 (2014)
ArgoNeuT, PRD 89, 112003 (2014)
ArgoNeuT, PRL 108, 161802 (2012)
SciBooNE, PRD 83, 012005 (2011)
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NuTeV, PRD 74, 012008 (2006)

B @ X 0D
X<«4moOoXmrOda«o

Measurements of per nucleon Uy and Dﬂ

CC inclusive scattering cross sections
divided by neutrino energy as a function of
neutrino energy
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e ESSySB+ (started in 2023), aims to measure the v-nucleus
cross-section 1n 0.2 to 0.6 GeV range
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https://pdg.lbl.gov/2022/reviews/rpp2022-rev-nu-cross-sections.pdf

ESS.SB Detectors

e Far detector: » Systematic errors need to be reduced to < 5%

» Baseline 360 km » v-nucleus cross section dominant sys. uncertainty in ESSvSB

» Depth to ground level: 1000 m  » Missing measurements at the ESSvSB region (below 600 MeV)

il
5

i' e ESSySB+ (started in 2023), aims to measure the v-nucleus cross-
PRI section in 0.2 to 0.6 GeV range:

i e ——— » Using a low energy beam produced by muons circulating in a
. muon storage ring (LEvSTORM) and a low energy monitored

o beam (LEMNB) produced by pion decays
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ESS.SB Detectors

e Far detector: » Systematic errors need to be reduced to < 5%
» Baseline 360 km » v-nucleus cross section dominant sys. uncertainty in ESSvSB

» Depth to ground level: 1000 m  » Missing measurements at the ESSvSB region (below 600 MeV)

E;I! e ESSvSB+ (started 1n 2023), aims to measure the v-nucleus cross-
g section 1n 0.2 to 0.6 GeV range

He—— ' e ESSrSB near detectors (END)
G
oo i 0 M SFGD-like detector
38k 2 -+ * plastic scintillator
L S =S * 1 tfiducial mass
e » e — — . * ° 3
Near water Cherenkov . watgr ta.rget, 1 t.fldu0|al mass 1x1x1 cm* cubes
detector * precise interaction topology with semi-
i e 475tfiducial mass measurement independent
} G * high statistics xsec readout
: | g measurement * calorimetry

* beam monitoring possible



ESSUSB expected sensitivity to o,
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e CP discovery potential for e Fraction of values of o for which
different systematic uncertainties a given significance for CPV
(5 years v + 5 years D): could be established:

» Even for 25% uncertainty (very  » Covers 72% of ocp values 1n
conservative), a significant 10 years (@ 5 o C.L.
portion of the values of 0 would
still allow a discovery of CP
violation above the 5o level

EPJST 231:3779-3955
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e Precision to measure the CP
violating phase o:

» Aocp < 8° for all ocp values
for systematic uncertainties
better than 5%


https://link.springer.com/article/10.1140/epjs/s11734-022-00664-w

