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Neutrinos in the SM
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Neutrinos are standard
model particles = neutral
cousin of the electron and

of the other charged leptons

They interact only through
weak interactions — Neutral
current or Charged current

In the Standard Model neutrinos
are massless particles —
current limit on the sum of the
neutrino masses ~| eV — order
of magnitudes lighter than the
other fermions



Discovery of v oscillations
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Neutrino oscillations

First introduced by Bruno Pontecorvo in 1957

Neutrinos are produced in flavor eigenstates (vy, ve, vr) that are linear
combination of mass eigenstates (v1, v2, v3)

Neutrino propagate as mass eigenstates

At the detection a flavor eigenstate is detected — it can be different from the
one that was produced

—— T _ propagation detector
: v1, V2, v3 travel at different  Different mixture of
ve produced in a Uy L 1
; speed because they have A, U, Vks e
mixture of v1, vo, v3 . : :
different masses — interference vy is detected

P(ve = v,) =

4



Neutrino oscillations
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PMNS matrix

cosfiy sinf;, 0 cos 013 0
vy | =| —sinfy2 cosbip O 0

sin 0138—'“s 1 0 0 2

1 0 0O cos 023 sin 023 Vo

Vr 0 0 1/\ —sinfj3e % 0 cosb;s 0 —sinfy3 cosbyz/\v3

3 mixing angles

; : 013 is precisel
2 independent mass differences o el
: : for
1 CP violation phase s
KamL AND

N 95% C.L.
99t C L.
[ 99.73% C.L.
*  best fit

— Icecube — Minos+ — NOvA — SK — T2K

===~ Normal - 68% CL
= Normal - 9% CL
«vos Inverted - 68% CL
—— Inverted - 90% CL
w Best fit
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“Neutrino”
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“Dark Matter”
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Artificial sources of neutrinos

Oscillations were discovered with solar and and atmospheric neutrinos

Great sources of neutrinos — they come for free, just need to build a detector
Ideal for discoveries (span different ranges of Am2)
Cannot be tuned — not the best sources for precision measurements

Reactors — reactor spectrum is fixed but the distance can be tuned (KamLAND
for 012, DB/DC/RENO for 013, Juno for mass ordering)

Accelerators — can tune energy and distance
Well defined L/E @ maximize oscillation probability (knowing Am2)
Sensitive to 5 oscillation parameters (023, 013, Am223, dcp, and mass ordering)

Can produce beam of vu of vu = study CP violation

P(v,— vx) = sin”(Amy,L/ ")



Open questions

Still many open questions related to . .
neutrino oscillations = “guaranteed” Neutrinos ToDo List )

measurements

But we also don’t know the nature of " () cP violation

neutrinos (Dirac or Majorana) — Ov[3[5 fi | Main Goals of LBL
experiments © O MassHierarchy | experiments in the next

J ~10 years
Absolute mass of neutrinos — Katrin, | O 023 octant |
Project-8, Cosmology PUISN—————  Rcactors and Short-
B memsad __Baseline experiments
| Very interesting
questions. Cannot

discuss them today

() vsources (Solar neutrinos, SN, Galactic,
Extragalactic...)

O New Physics?

B

10,000,000,001 10,000,000,000
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Reactor experiments

0 sin 013e_i6
0

COS 913

0
0
1

COS 013
0 1
—sin 0136 0

Am?13 ~ 2.5x10-3 eV?

cos i,  sinfys
—sinf1o cosbq9

0 0
Am?212 ~ 8x10-2 eV?2

Y
V‘r

—1d

Max Posc — sin?(1.27*Am2*L[km])/E[GeV]) =1
sin?(1.27*Am2*L[km])/E[GeV]) ~ /2
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.....
s

Am243 843 — distance of ~1 km (Daya Bay, RENO,
Double Chooz)

0
sin 923
cos 093

0
cos 093
— sin 923

1
0
0

KamLAND

[10° eV?

2
21

€
<

-4
________

« Data-BG-GeoV,

| Ve+p = et+n
n+p—>d+y(2.2 MeV)

n+ Gd — Gd* + vy (8 MeV)
10

Survival Probability

n
-150 IS

[ =]

-

leV

20

Expectation based on oscl. |
determined by Kaml

30 40 50 60 70 80 90 100

L/E, (km/MeV)

1
D)
V3




Measurement of 643

sin? 26,5 = 0.0869 + 0.0026

Daya Bay

arbitrary units
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JUNO

20 kton Liquid Scintillator detector

Installed at 53 km from nuclear reactor in
China (“solar” oscillations) — very precise
measurement of Am2>1 and sin261>

~30 sensitivity to the mass ordering — if
energy resolution of 3% is achieved

Vacuum oscillation probability P(vc >vV)

Here for Am™, +Am",, = 2x2.49x10 " eV*

full red line - normal hierarchy
dashed blue line - inverted hierarchy
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Accelerator experiments

Ve cosf1o sinfys 0 cos 013 0 sinfize ¥\/1 0 0 u1
Vp I'=| = sin 912 COS 912 0 0 1 0 0 COS 023 sin 923 Vo
Vr 0 0 1 — sin 91;_7,6-“s 0 COS 913 0 -—sin 023 COS 023 V3
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Neutrino beams

T2K flux errors ~ 5%

SK: Positive Focussing (v) Mode, Vu

Focusing Horns Decay Pipe

Fractional Error

Neutrino beams produced by striking
a target with protons and thent — |
+ vy

Main uncertainty — hadron- _
production cross-section & - S - S S

p [GeV/c]

Constrained with NA61/SHINE
experiment at CERN
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Reduce flux uncertainties from ~25%
to ~10% (5% expected very soon!)

—— FLUKA 2011.2¢c.5
NuBeam G4.10.03

QGSP_BERT G4.10.03

d2n/(dpdo) [(rad-GeV/c)) ]
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Near Detectors
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Reduce systematics uncertainties
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Number of events per bin

vy disappearance: 023, Am?223

Neutrino beam NOVA Preliminary Antineutrino beam NOVA Preliminary

Unoscillated Prediction ' —— Unoscillated Prediction
= Oscillated with Reactor Constraint - Oscillated with Reactor Constraint

e Oscillated without Reactor Constraint g Oscillated without Reactor Constraint + FD Data + FD Data
g Data - Data

v v . — Prediction . — Prediction
T2K Run1-9 Preliminary 3 T2K Run1-9 Preliminary All Quartiles 1-c syst. range All Quartiles 1o syst, rangs
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ve appearance: CP violation, 023 octant, mass ordering

CPV term

—1—4512013(012023 —I— 512523513 2012023512523513 COS 5) Sin2 Agl
'Matter effects

& distance
T2K almost no MH —> NOVA sensitive to MH and CPV
~ clean measurement of CPV but with some degeneracies

— Normal Ordering

Inverted Ordering

0

0.06 0.07 0.08

P (v, —V,) 0 0.01 002 0.03 0.04 0.05 0.06 0.07 0.08

Neutrino v, — v, oscillation probability

Antineutrino v, — 7, oscillation probability
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Ve @appearance: 613, dcp

Data 06cp=-1/2 0dcp=0 dcp=+2 dcp=m
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’g,
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e
| 15 | 69 | 60 | 49 | 58 W -
[Ze)
y-mode e-like “ 11.8 . . .

T2K alone and T2K+reactor
both prefer values of dcp~-1t/2

Normal ordering is also
favoured

CP conserving values are
excluded at >2 o when reactor
013 measurements are included
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Currently we both prefer normal ordering
Preference for maximal CP violation in T2K not confirmed by NOvA
More statistics is needed for both experiments!

Plan to have combined T2K/NOvA Oscillation Analysis in 2022

19



T2K phase |l

T2K was originally approved to T2K-Il Protons-On-Target Request
collect 7.8x1021 pot

Driven by sensitivity to 043
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MR Power Supply upgrade

MR Beam Power [kW)]

Proposal for an extended run
T2K-Il = 20x1021 pot

Upgrade the Main Ring power supply
to reach 1.3 MW operations

ve: 460 events * 20% (dcp and ordering)
ve: 130 events £ 13% (6cp and ordering)
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20x10%' POT, improved syst.

Ay’ to exclude sind =0

>30 measurement of CP violation
(if Ocp close to -1/2)

Need to reduce systematics to ~4%
(<3% from ND280)
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Near Detector upgrade

S qReCOT:

T2K French groups heavily involved in the T2K Near Detl! ), upgrade — to
be installed in 2021

Super-FGD (106 1cm3 cubes) + horizontal TPC with resistive MicroMegas
Expect to reduce systematics errors by ~30%

No time to cover it today but all LBL experiments have also a large program
of neutrino cross-section measurements » ND280 upgrade will contribute!
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Next generation: Hyper-

HYPER-KAMIOKANDE EXPERIMENT TO BEGIN

nght ' Diameter,74m :
CONSTRUCTION IN APRIL 2020 N “ ﬁ s

Posted on

Last week at the 7th Hyper-Kamiokande proto-collaboration meeting, a statement was issued by the S
187 kton
40,000 PMTs

University of Tokyo recognizing the significant scientific discoveries which the planned Hyper-

Kamiokande experiment would enable.

Height 78m

It states that, based on these exciting prospects, the Universit okyo will ensure that construction _

of the experiment will begin in 2020. Hyper-Kamiokande now moves from planning to a real

experiment.

The Hyper-Kamiokande proto-collaboration welcomes this exciting endorsement of the project and
the boost it will give to increasing even further the international contributions and participation in tf
experiment. Introducing the statement, Professor Takaaki Kajita, Director of the Institute for Cosmic
Ray Research at the University of Tokyo and 2015 Nobel Laureate in Physics, pointed out that the
apanese funding agency MEXT has included seed funding for Hyper-Kamiokande in its JFY 2019
budget request. He illustrated with many examples thatitis standard in Japan for large projects to
begin with a year of seed funding, and said that in any case the University of Tokyo commitment

meant that Hyper-Kamiokande construction will begin in April 2020. B ‘ 3 : 3 F »
i CEA+IN2P3

The Hyper-Kamiokande Proto-Collaboration will now work to finalize designs, andisyeryopento,
\ore internationa ers to jo his far-reaching new experime

Plug Manhole

~10 times bigger than SK
Upgraded beam from J-PARC (1.3 MW)
Instrumented with 40k PMTs (R&D on-going)

Approved to start construction in 2020, first data in 2026
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Next generation: DUNE

FERMILAB

\

N\ NEAR DETECTOR
PROTONS FROM
MAIN INJECTOR

v beam produced at Fermilab Single phase (SP)
@ Only liquid Ar

Far detector at Homestake — 4*10 0 :orizonlt;l dr;ft
kton LAr TPCs : @ No amplification

Possible to have single and dual
phases TPCs

Expect to begin in 2026

~600 ton prototypes for SP and DP
being built at CERN — TDR
expected in 2019
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® 2 Induction and 1 collection plane

HOMESTAKE MINE,
SANDFORD, SOUTH DAKOTA (SURF)

— EXISTING
LABS

Dual phase (DP) |

e Liquid and Gas Argon
e Vertical drift

@ Amplification in gas
® 2 collection views




ProtoDUNE@CRN .

=
l. » hgine e
HV Feedthrough - -

Time (Ticks)

Detegtor Support Structure (DSS)

Cold Electronics \ 2 Cathode plane
attached on top of : et e Assembly (CPA) :
each APA J e 180 kV for 500 kV/cm

Tirrs | Ticks)

Time (Ticks)
111

Nominal electron lifetime: 3 ms
‘ ~8 ms (~40 ppt O2eq)

Anode plane assembly (APA)
» 2 planes with 3 APAs each
» 1 APA 6 m height 2.3 m large

Lifetime (ms)

» Integrated photodetector system

|- L g 11 1
October 1, October 8, October October

2018 2018 15, 2018 22,2018
Date/Time

length (DUNE-SP drift)

SP prototype is already (NN
taking data at CERN e
DP prototype being
assembled — will start data i
taking beginning fo 2019 P e

Default Pandora beam particle ID identifies
this particle as a test beam pion automatically.

Run Number : 5141

Event Number : 22429
(--nskip 2)
np04_raw_run005141_0016_dI2.root




Non-PMNS physics goals

v from SuperNovae in DUNE

DUNE and Hyper-K will
have unprecedented
sensitivies to proton decay,
SN neutrinos, solar
heutrinos, ...

—+— No oscillations
—+— Normal ordering
—+— Inverted ordering
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CP violation and mass ordering

Thanks to the longer
baseline DUNE will have
a better sensitivity to the

Mass Ordering (>50)

300 kt*MW*v
556 kt*MW*y

Comparable sensitivities
to CP violation

Normal mass hierarch

$in°28,3=0.1 Y 1.3MW beé_i,m

0505 1year =107s
-

6
Running time (year)




Prospects for mass ordering (<2025)
NOvVA

sin‘6,,=0.4-0.6, 1AM, )=2 5x10eV*, sin“26, =0.082

While CP violation can only be
determined with LBL experiments
different techniques can be used
for determining the mass ordering

\ sz)

w

Significance (u
N

-

2018 analysis techniques and
projected beam exposure improvements

o

NOvA 3o sensitivity by 2020 if &cp~-11/2
with LBL experiments @] ={07\

Asimov and LLR median sensitivity after 3 years, 5., =0

NO, Asimov sensitiv‘ity

ORCA and PINGU >30c sensitivity to —— 10 UR e srsy

mass ordering in ~2024 if 825>45° with |
atmospheric neutrinos 2
g |
JUNO will also have 3-4 o sensitivity to

MO by 2024 (depending on the
achieved energy resolution)




Sterile neutrinos

fit with sterile v
Am? =~ 1eV?

Distance to Reactor (m)

G. Mention et al.
Phys.Rev. D83 (2011) 073006

2 “anomalies” point to the
existence of additional neutrino
families (sterile neutrinos) with
masses around ~1 eV

Deficit of ve flux from reactors

ve and ve excesses in short baseline
experiment (LSND and MiniBooNE)

28

—e— v, 12.84x10”° POT

—=— V.1 11.27x10° POT

—— (1., 0.04 eV?) best fit
(0.01, 0.4 eV?

KARMEN2
90% CL

. OPERA

. LSND 90% CL

D LSND 99% CL




Reactor anomaly

Reactor Oldfree = Old fixed
95 % (2 dof)

—4+— NEOS/Daya Bay
(c) .
Systematic total

NEOS +
Daya Bay

— (1.73 eV?, 0.050)

(2.32 eV?, 0.142) ' _ (0.0 eV2, 0.00)
(1.4 eV?, 0.05)

. (2.3 eV?, 0.14)
Prompt Energy [MeV] 6 7

Positron energy, MeV

Several experiments
testing the reactor
RAA BEST FIT anoma'y

PRELIMINARY

Best-fit point already
excluded

OSPECT

—— PROSPECT Exclusion, 95% CL

-—- PROSPECT Sensitivity, 95% CL \ . i N S O l_l D an d ST E R EO

m SBL + Gallium Anomaly (RAA), 95% CL

Spectrum at baseline
Full detector spectrum

French groups involved

123456712345671234567
Prompt Erec (MeV)

Expect new results soon
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Short baseline program at FNAL

Example signal for a sterile neutrino (see SBN proposal for details)

SBND 6.6e+20 POT (100m)

MicroBooNE, 1.32e+21 POT (470m) e
Signal: ( Am’® = 0.43 eV ?, sin® 26 , = 0.013)

T600, 6.6e+20 POT (600m)
Signal: ( Am? = 0.43 eV 2, sin® 20 1400 gignal: ( am? = 0.43 eV 2, sin? 26, = 0.013) E
a_ad » Vv 1.l : PV

Statistical Uncertainty Only . ¢ 12€<3f Statistical Uncertainty Only . y ‘ E Statistical Uncertainty Only &8 NC Single ¥
E=v, CC
% Dirt
Bl Cosmics

— Signal

1 1.5 2 25

1 1.5 2 25
Reconstructed Energy

1 15 2 25
Reconstructed Energy (GeV)

Reconstructed Energy (GeV)

SBEN FAR
DETECTOR

Far detector First detector Near detector

L =600 m L=470 m L=110m
M = 85 ton M=112 ton

\ “' \ .'
LT3

/'c e WV S ALARS
e ¥ g
. U
'l SALTIA RN
- ,l... -

VA
| RV RN
LA TR

VAL

3 LAr detectors at different baselines
3-50 resolution of the LSND/MiniBooNE anomalies in 5 years
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Summary

In the last 20 years there have been huge progresses in neutrino
oscillations physics

The next 10 years will answer many of the remaining outstanding
questions with a well defined accelerator-based program (T2K-lI
— Hyper-K and NOvA — DUNE)

Is CP violated?
Which is the mass ordering?
Is 023 maximal?

Sterile neutrinos?

The measurement of the neutrino mass and their nature (Dirac/
Majorana) will also actively pursued in the coming years

Very interesting physics in front of us!
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