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2012 Discovery of the Higgs boson (ATLAS, CMS)

«The Standard Model is complete»
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Experimental birth of .. Beyond the Standard Model

{#% The Nobel Prize in Physics 2015
"H Takaaki Kajita, Arthur B. McDonald
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Neutrinos having mass and mixing.....

1.~ there shall be CP violation (just like in quarks)
2.~ there should be right-handed neutrinos.




The neutrino mixing matrix: 3 angles and a phase o

vV . natural
Vu

Vv ﬂ NH or NO

Am? =25 103eV?
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neutrino mixing (natural hierarchy NH -- or Natural Ordering NO)
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Ve isa(quantum) mix of
Vv (majority, 65%) and V, (minority 30%)
with a small admixture of VvV, (2.5%)




The situation today

We know that there are three families of active, light neutrinos (LEP, N, = 2.992 +0.008)
Solar neutrino oscillations are established (Homestake+Gallium+Kam+SK+SNO)

Atmospheric neutrino (v,—v, , v,—V, ) oscillations are established (IMB+Kam+SK+OPERA)
At that frequency, (vll —V,) oscillations have been discovered (T2K)

and v, disappearance has been measured (Daya Bay, Reno, Double Chooz)

LY b =

This allows a consistent picture with 3-family oscillations

[solar: 6,, ~30°, Am,,? =7.10°eV?] [atmo: 0,; ~45°, Am,; 2 =+2.5 103eV?] 0,, =8°
phase 6., unknown (weakly constrained)

=> experimental program for at least 20 years *) towards mass hierarchy (is <m > ><m,
and leptonic CP & T violations

W >?)

5. Various weak signals might be interpreted as hints of further (right-handed /‘sterile’) neutrinos
-- eV region (LSND, Miniboone, reactor anomaly) oscillations
-- 3.5 keV photons signals as N>v y from galactic centers
and if confirmed require ‘beyond PMNS’ physics

_ *)to set the scale: CP violation in quarks was discovered in 1964
> and there is still an important program (KOpi0, B-factories, Neutron EDM, LHCb, NA62...)
to go on for many years...i.e. a total of >60 yrs.

and we have not discovered leptonic CP yet!




1. Towards CP violation
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Oscillation maximum 1.27 Am? L/ E =n/2

Atmospheric Am 2= 25103 eV? L= 500km @ 1 GeV
Solar Am? = 7 10° eV? L = 18000km @ 1 GeV
Consequences of 3-family oscillations: Oscillations of 250 MeV neutrinos;
P (Vu V)

| Therewill be v, < v, oscillationat L .,
(discovered by T2K)

0.45
P(v, < Ve)max =% sin?26,; +... (small) 0.4
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Three family oscillations and v, >v, oscillation
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P(ve—v,) =1AZHSZ+ 2 AS sin &

P(Ve—ﬁu) =IAI2+ISI2-2 A'S sin &

P(ve—v,) - P(Ve%VM) sind sin (Am?, L/4E) sin 0,,SIN0,;
= Acp 00 —
Sin? 20,

P(ve—v,) + P(ve—V,)

... need large values of Sin 6,,, Am?,, (LMA) but *not™* large sin20,,

... need APPEARANCE ... P(v,—V,) is time reversal symmetric (reactors or sun are out)
)._”%n be large (30%) for suppressed channel (one small angle vs two large)
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large 0,5 =»asymmetry is

a few %
and requires
excellent
flux normalization
(neutrino fact., beta beam
or

excellent

near/far detector

NOTE:
This is at first maximum!
Sensitivity at low values

of 0,5 IS better for short
baselines, sensitivity at
large values of 6,; may
be better for longer
baselines (2d max or 3d
max.)
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V., dppearance
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Status of MNSP oscillation parameters (November 2016)
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* Multiple detectors
per site cross-check
detector efficiency

~+ TWo near sites
gl sample flux from
reactor groups

« Civil construction
_underway

, p}B cores 3

LA cores 857 | 481 | 1618 | start 2010-2011
LATlcores || 1307 | 526 | 1613 | sensitivity sin®268;; < 0.03-0.01

ST
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« 6 reactor cores, 17.6GW,,
total power
» Relative measurement
» 2 near sites, 1 far site
« Multiple detector modules
« Good cosmic ray shielding

TABLE I. Vertical overburden {m.we.), muon rate
R, (Hz/m?), and average muon cnergy E w (GeV) of the three
Ells, and the distances (m) o the reaclor pairs.

Overburden R, E, DI2 LI2 L34

EHI 250 1.27 57 364 857 1307
EH2 265 0.95 58 1348 480 328

EHN3 860 0050 137 1912 1540 1548 B
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sin?26,; = 0.092 + 0.016 (stat) + 0.005 (syst)
sin?20,; = 0 excluded at 5.20
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Daya Bay,

Anti-neutrino disappearance T
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Daya Bay: the Latest Results
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The Reactor Flux Spectrum Discrepancy

RENO preliminary Daya Bay CPC
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reactor experiments allow investigation of reactor calculations! (and... badly off)
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since I am coming back from Japan...

T2K, T2K-IT and HyperK
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Idea of T2K was born 1999-2001 hep-ex/0106019 combining:

- - existing SuperKamiokande detector (50kton W.C., 22.5 kton fiducial)

-- JAERI-KEK Japanese Proton Accelerator Research Complex (JPARC)
at TOKAT including a high power, 0.75MW/306GeV Proton Synchrotron

. : + +
neutrino beam from pion decay n* —u* v,

-- baseline 295 km = neutrino energy for first maximum is ~650 MeV
achievable by pion-decay beam at 2.5 degrees off-axis

23



Off Axis Beam (another NBB option) \__.

(ref.: BNL-E889 Proposal) F
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v, — Vv, and v, — V, disappearance

Neutrino Antineutrino
E 3? 12K Runl-7 I]uehnlum i %&?ﬁgﬁm E EEE_I___I_J'[:T"I\ Runl 7c 1":1 ehnumn I____ gﬁiiﬂ‘d
= T0E — Best-Fit § = — Best Fit
:E m_ E ..__._D
S sof — Dana 3 B
2 40F a :
30E e 1
3{]: ............ _i ]
.‘. . R _; ) N » IE
i E|
] 3 3 7 F R & 8
Reconsimucted Energy [GeV) R"MWNEMW. [MeV]
Am3, =[234,275]x107%eV*(NH) at 90% CL ATs, =[2.16,3.02]x1073eVZ(NH) at 90% CL
sinf,, = [0.42,0.61](NH) at 90% CL sin®0,5 = [0.32,0.70](NH) at 90% CL

Neutrino and antineutrino parameters are consistent

No evidence of CPT violation, NSI, etc
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vV, — V. and vV, — V. appearance

Ve: 19.6 events (NH, 6., = /2) to 28.7 events (NH, 6., = —r/2)

Predictions:
V,: 7.7 events (NH, 6., =n/2)to 6.0 events (NH, 6., =-n/2)
~ Neutrino 5 Antineutrino
3 WE TR R Te pretmigary | — P 2 TKRurl e prelimigary [ Daline
% 12 i SN S  BesLFir g ] _: — Bect-Fit
':j__:. 10F- ‘_} i - """"""
s B ab I .} Data
:'-: | I U W S S T :'_: afF H
_I_ - E
2 lq: =
= m.z_ .................. _“- ...... -t é:-
5;_ ......... . I
)" 00 400 600 50T Yoo aod ol

Reconstmicted Momentum [MeVic]

Reconstucted Momeomum [MeVie]

Observed 32 events Observed 4 events

Excess of v_ events above prediction favors NH and 6, = —n/2 (37/2)

Deficit of v_ events below prediction favors NH and &, = —n/2 (37/2)
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dcp (radians)

913

T2K Result with Reactor Constraint
(sin? 20,3 = 0.085+ 0.005)

and o,

- T2K result with reactor constraint (sin? 26,5 = 0.085 + 0.005)
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Proposal for an Extended Run of T2K to 20 x 10°" POT

«T2K-1I»
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3 - S —ps 2 R _ i
DE-‘IZOO — -1 5 R 15| — Truesin’,,=0.43 -
S - s 4 ¢ D - = True sin’e,,=0.50 1
51000__ MR Power Supply upgrade E __2_0 & ) | = True sin2923=0.60 _
s 1 = S [ ]
- s ] 2 S 10F.... ]
800 g 4 2 O i /o Wi Tt ]

r 2 —15 2 P4 B -

: g : o QJ B 99%’9'."'. ....................... [ N
600{— = 4 © o b 3

B R R P + B i

C S L= o L 90% i

400 o 4 @ Y AV U -

N L 1 0O <

c B -

- = oL M B : . . L1
200 1°° =200 -100 0 100 200

. 0
3. True d-p(°)

15 2017 2019 2021 2023 2025 2027 2026 203"

Approved upgrade of T2K intensity (b) Assuming the MH is known — measured by

an outside experiment.

3o over 40% of 21t
(will grow with time...)

Alain Blondel cripp win@RVIQUSlY need something bigger!
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KEK Preprint 2016-21
ICER-Report-T01-2016-1

Design Report

(Februry 7, 2016)

https://lib-extopc.kek.jp/preprints/PDF/2016/1627/1627021.pdf

Alain Blondel CHIPP winter School neutrino physics part 2
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Present des:gn of Hyper-K

v'Super-K-like structure

v'2 tanks with staging
(2nd tank assumed to be ready 6 years later)
v'1 tank will be;
®* 60m(H)X74m(D)
* Total volume: 260 kton

Fiducial volume(FV): 190 kton
~10 x Super-K FV

PMT coverage 40%, 40,000 ID-PMT, 6,700 OD-PMT
\/ The candidate site is “8km south of SK (2.5 degree off axis beam, L=295km)

10 March 2017 Alain Blondel CHIPP winter School neutrino physics part 2 31



Photosensor Improvements

Photo Multipliers (PMTs) Efficiency x 2, Timing resolution x 1/2
Pressure tolerance x 2 (>100m)

Enhance p—VK* signal, solar v, neutron
i » signature of np—d+y(2.2MeV),..

?"  High-QE box-and-line PMT
(Hamamatsu R12860)
QE = 31% sample

Super-K PMT 50cm HQE
Venetian Blind Box&Line PMT

e ——
—

FIG. | 2

Relative single photoelectron hit efficiency
—
|
1

ZJ;;%;ZEN SeLine Ryods 1 Gtamametas 3500 GE < 229 ““/M\
TR . =) :
™ . Super-K PMT s ®
0-1_1-1_1-1_1_1_1_1 ! ! 1 ! 1 ! ! ! ! I
Other Developments: A B e cstion gl [degres]
Hybrid Photo Detectors (HPDs) Multi-PMTs Working concept from
— évalanch 1ot (AD) 33 8cm(3 -inch) PMTs KM3NeT but:

,,\a A NSBAN - peripheral ID/OD

Establlshed MoU with KM3Net to collaborate
on mMPMTs
Underviability \\\"‘é'-!’ L
study -

50cm HQE HPD
w/ E,anmcb AD

l\/ e MU DU ueT e

International contribut.

The Hyper-Ka|llD) 1 concept-

LU ULHIUUT TTCULT TV MY JIVD DUl L &




Hamamatsu new plant for mass production

 New large plant for mass production for HK built by
Hamamatsu.

 The PMT division is moving there.

« Around 6 years for mass production.

6/July/2016 The Hyper-Kamiokande Experiment 12
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5CP sensitivi ty ® | 1.3MW beam HK 2tank staged
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Alain Blondel CHIPP winter School neutrino physics part 2

Phys.Rev.D72:033003,2005
Phys.Lett.B637:266-273,2006
Phys. Rev. D81, 093001, 2010

@ The 2nd HK
tank can be
located some
other place.

® About 10
years ago, this
possibility was
discussed.

® Now this
possibility is
revisited...
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Proton decay

D> et 7 : sensitivity

36 . - 36 Smo o
m© L. HK 186 kton HD , 3¢
g - —— LArdok‘Dn,h ..... R ——
=) - —— HK 372 ktoin HD staged , 30 2z 1HD tank St 2HD tank-. ;
B a3 — - ] oo
% 10
S 2 27
w - - f
£ {4 ) e
S fee
£ / P 5K limit {306 kt yr) i
5 10* :
1033|J|illlilllilllilllIIIJIJiIIIiIIIiIll-

o 2 4 6 8 10 12 14 16 18 20

Years Run time (year)
> 1x10% years after 2.7 Mton yr (90%CL) or 36 discovery with 4.0 Mtonyr.
If proton lifetime is near the current Super-K limit of 1.7x1034 years Hyper-K will observe a positive

signal at 8.95 in 2.7 Mtonyr exposure.
(Lines for the liquid argon experiment have been generated based on numbers in the literature (efficiency: 45% bkg: 1 event/Mtonyr ).)

35|( » I\E
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p =2 K* v sensitivity

Here, JUNO expt
(liquid Scintillator (LS)
is competitive and
will be earlier.

Partial Lifetime (years)

10

_____________________________________________________________________

_____________________________________________________________________________________

e — LAr 40kt0n

33

i —— LS 20kton |

' (start 6yrs earller than HK)]

L L L L | L L L | L L L L | L L L I_
-5 0 5 10 15 20

Run time (year)

Alain Blondel CHIPP winter School neutrino physics part 2
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Galactic SN Burst Neutrino Events

Neutrino source 1 Tank HD 2 Tank HD LOI
V_e+ P 49,000~68,000 98,000~136,000 165,000~ 230,000
vV, te 2,100~2,500 4,200~5,000 7,000~ 8,000
v, + 10 CC 80~4,100 160~8,200 300~14,000
v, +1%0 CC 650~ 3,900 1,300~ 7,800 2,000~13,000
NC y ~ 2,500 ~ 5,000 ~ 7,500
Vv,te

L 6~40 12~80 20~130
(Neutronization)

Total events. 52,000~79,000 104,000~ 158,000 170,000~260,000

Energy threshold is 5MeV in all cases. 10kpc, Livermore model
NC is roughly scaled from Langanke et al. PRL 76 2629, 1996

Large statistics will make it possible to study SN mechanism in detail

'\5‘.
Oi\\ A"%:II
kf;_m/ 10 March 2017 Alain Blondel DPNC seminar 16 november 2016
A
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vV detection probability for “Mpc SN

1 tank (0.19Mt FV) 2tank staged LOI (0.56Mt FV)
T 2 ZED EXT T ERET 1; o e fa TR PrmT——

*>‘- 1 v, | ERZRE R "‘ | RREZE AZ2A] | 1 ’E z "‘:“"J"-, "’ | 1 o I !

Ec; 0.9¢ Eh E -\ ' 0.9F \\

20.8F - 0.8}

a0.7F [\iz . 0.7} |

S0.6F i\ | 0.6}

8§0.5Fofl \u\ 0.5}

Q04F 2RI \5y 0.4f
0.3F =fh . \yp ©0.3
0.2F B\ N 0.2} :
0.1 \ g 0.1 . Q»»-\ =

0 B s Loy M, Ty R ORVS PUTON ol Wi -
012345

6 7 8910 012345678910
Distance (Mpc) Distance (Mpc) Distance (Mpc)

For 4Mpc supernova
3-6% for P(N>=2) 10-20% for P(N>=2) 17-32% for P(N >=2)

Conditions:

» Livermore simulation

» 10MeV threshold

» #range for no osc., N.H. and |.H.

\Q}LEW 10 March 2017 Alain Blondel DPNC seminar 16 november 2016 40
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Detection Probability

V detection probability for “Mpc SN

o000

012346'78'

1 tank (0.19Mt FV)

Distance (Mpc)

For 4Mpc supernova

3-6% for P(N >= 2)

Conditions:
» Livermore simulation
» 10MeV threshold

10

2tank staged (0 37Mt FV)

10-2

Frequency (Hz)

» #range for no osc., N.H. and |.H.

\Gw 10 March 2017

Alain Blondel DPNC seminar 16 november 2016

o MHW/“MW\NW\‘\VM'WP ww»wwww«mw
(9]
6§
4%
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45 ? 2
Time (s) Time (s)

LOI (0.56Mt FV)

& 1p . ; I—

15 5 0.9} | -g go.g

53082 _°'=‘0| —;go_a‘ ;

12 0.7} 2 {¢07| N

i 506_ SR CRIN e L ONRINY

1805} Comcndence with GW measurement -

; 8 0'4 E_ Hanford, Washington (H1) Livingston, Louisiana (L1)

{ 03} N A
0.2} i
01F] -

%] ¢ 9 10
A pc)
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The Hyper-Kamiokande Timeline

FY 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026

2015
Suvey, detaileTj desig:’ Cavity excavation | Tank construdtion |@Perat °| n

I S
Accegstunngls Sensor
installatipn
Photoslensor dgvelopment hotosénsor production %qter
ifling

Beamup to 1.3MW

« 2018 - 2025 HK construction

« 2026 onwards CPV study, Atm, Solar, Supernova v study,
Proton decay searches

The second (identical) tank start starts operation 6y after

the first one.

‘\_'L‘\/



The players -- *approximate® time scales

1(1|1 2 3 3 -
AWAR: 7 1 7 i

Accelerator LBL

T2K ~ ruming

T2K-II

NOvVA ..... extensions?

Atmospheric

Running

PINGU construction Running ----> Not approved yet
ORCA construction Running ----> Not approved yet
SK-Gd <----- Running ---->

INO(?)

Reactor 20km

JUNO construction  «.____ Rupning ----------------- > approved
RENO 50 2?2 PR 2 ??

Accelerator LBL-II

R&D .
E: HYPER-K & Approval <----- Running —-->
QDUNE R&D&Approval <----- Running -—->
H&._E.Jy/ VVVVVVVVV AIAlll DIVIIUCT INCULLTTIU LAPETHTTIETIW '~

A



50 kton (22.5 fid) WC SuperK

Suite of near detectors on-axis +
magnetized off-axis ND280

Off axis 2.5° (E, = 650 MeV) L=295 km,
Approved for 7.5 10%! pot (30 GeV protons)
First run in 2009. Received 14% of it.
Running at 380kW now. T2K-Il under consideratio..

NOvA Far De ector T 5"‘-‘-:1

14 kton (10 fid) far detector on surface with cover.
lig. Scintillator 65% active, 6cm longiitudinal pitch
300ton ND with similar functionality.

810 km, 14 mrad (0.8°)off axis. (E, = 1.8GeV)
14 kton fiducial plastic scintillator (6cm pitch).
First run February 2014 to May 2015.
3.45x10%°pot 120 GeV 36 x 10%° approved
Running at 420/470 kW now. B
Consider physics with 6 years(3v, 3 v)

or 72 x 10%° pot



T2K and NOvVA

Significant complementarity, with different baselines and different near and far detectors
-- NOVA more sensitive to Mass Ordering
-- T2K directly sensitive to CP violation

Both experiments benefit from off-axis geometry
-- reduction of backgrounds esp. intrinsic v,
-- beam energy peak is given by pion decay kinematics = provides reference energy.

- [ T T T T T 1T T

e F L I I I ]

; 60| Dite (0] == i —4— Data —

= L — MC Uncscilsted Spectnzm B B Unoscillated prediction 1

i 40 [ ) ) i - - - Best fit prediction (no systs):

g [ MC Best it Specium : i [_]Expected 1-o syst. range

L-l‘: r l:l MO MC Drediction (] Best fit prediction (systs) —|
W B i —4— Backgrounds b
0 : e — , i Normal Hierarchy i

0 2 4 =5 o oo : 2.74x10°° POT-equiv.  —|
Reconstructed v Energy (GeV) B g -+ Best fit x2/Ny, =19.0/16

> 10 E L _

] E 0 __ —_

o B N

i o ‘J*\“JF

g 0 2 4 =3 0 1 2 . 3 4 5

o] Reconstructed v Energy (GeV) Reconstructed Neutrino Energy (GeV)

T2K NOvVA
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NOVA: Mass ordering, 8- and 0,; octant ambiguity.

T2K mass ordering effect is ~3 times smaller
DUNE mass ordering effect is 1.6 times larger than NOVA

Old plot (CP violation now smaller)!

I I ] 1
S — - ~ |Am2,,| = 0.0035 eV ?
P(v,) vs. P(v,) for sin“(26,,) = 0.95 ~ 100 |Am2,,| =5 x 10-5 eV 2
j‘ [ —
= 0% oA > sin220,, = 0.004
o C1Amg2] =232 10° 7 eV? A
0.08 = sijn (2913} 0.095 I
© sin’(20,,) =095 o 10
007 | [ -
- \\\\ “m‘ @23>450 E
o ©<45TN L (W) = T
E (v N =
0.05 (V1) o N\ ?— 1=
Rol N \S\ A 0.1-
0.04 | s\ |
Am©< 0 Q’ \\\\S\x_i\ @
0.03 L S 2 0.01F
Am? >:\SI\ \\ pd
002 -046=0 e e‘ 45°
® 5=n/2 =
rO098= 2 23 1 1 1 1
0.01 " 5=371/2 2000 4000 6000 8000
0 - | . | Baseline (km)
0 0.02 0.04 0.06 0.08
P(v.) : : .
\ J The CP violation dominates

below 500km, matter effect
dominates above ~1200 km.
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NOvA hierarchy resolution NOvA+T2K hierarchy resolution 36x10°° POT NOVA

4sm"’29,3=0.095. s-rf.?f{na 00 o 36x10%° POT 45ir~f’29, =0.095, s-rfqu,g 00 _ ?xlpﬂ“‘ POT T2K
3.5f — AMP<0 a5f — AMP<0
sk — AM?>0 af — AnP>0

significance of hierarchy resolution (o)

0 02 04 06 0.8‘5A1A 13 14 318 13 2 ST RET TR . S T [ M W 7 amE 7w

ce! X Spp/ W

significance of hierarchy resolution (o)

NB combination for T2K-Il @ 2x10%1 and NOvA @ 7.2 102! does not exist,
(indicatively) multiply number of sigma by ~sqrt(2) = determination between 2 and >4 sigma

NB If & ~ -1/2 = 3 1/2 as preferred today NOVA could already make significant contribution
by summer 2016.

The combination of NOVA and T2K = inform the mass hierarchy at 2 to 4 sigma by 2025.

.j: N%
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1400 140
1200 A s 120
o
< 1000 \ 100 %U . . .
: / \ / > By 2026, T2K-Il might obtain evidence for CPV
a PO (kW) ®
£ e ® 2 at3-4 ¢ for &=*mn/2
@ o . .
@ 600 © g (or measurement at £<20 degrees precision for 6=0)
400 ,,/ S SN S— o~ +NOVA - maybe just 5¢ for 6=*mn/2
Scycle/year
o e I _ o
i T etievementsater) | Discovery and study will require
= |
2 MRPS ¥ —2021 2023 2025 2027 2029 more pOWEfol experlments!
upgrade
T2K-II
T2HK (proposed)
Work in Progress Work in Progress
T 71 T T T 0T 1 T T T
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an outside experiment.



ORCA and PINGU

PRECISION ICECUBE NEXT

Oscillation Research w/
Cosmics in the Abyss

g 4N -.».
!!:‘

Egé:

i _s.%z

Artist’'s impression of a KM3NeT
building block:
115 strings of 18 DOMs.

ORCA: deployment 2017-2020

0
X [m]

U R Faaon ears for MH determi

GENERATION UPGRADE

o :::::-_ Both experiments are in proposal phase.

PINGU: aim at completion in 2021-22.
Both: 4  years for MH determmatlon at 3 sigma

IceCube Lab

Skiwa
y Amundsen-Scott

South Pole Station

lceCube

DeepCore

PINGU

Darren R. Grant - University of Albert
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Atmospheric neutrino oscillations with DeepCore

----- T2K 2014 m— [ceCube 2014
80 Prﬂje(tion in L/E (not usedin analySiS] == [ceCube 2015 (3-year DeepCaore)
—— Expectation: best ﬁt
600)|= =« Expectation: no osc. [l
P & Data . _: + n em
g =
ﬁ o Narmal mass ordering assumed, 90%
=
g 3.0
~ 3
£
<
2.5
[* arxiv:1410.7227
0al _ _ PRELIMINARY
10 10 10 . | proj.ectedl
L E. . (km/GeV 2.0 !
reo/ Feco (kin/GeV) 0.30 035 040 045 050 055 060 065 070
Sin2(923)
| | | | | |
[0 MeV 100 MeV | GeV 10 G | TeV [10TeV | BeV
IceCube
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ORCA and PINGU

Determination of mass hierarchy with matter effect B B
Very large effect : up to ~¥100% asymmetry v.—>v, vs. v,— V., different for v,
diluted by charge, PID, lepton angle energy reconstruction

Yan d Kouchner, arXiv:1509.08404
Earth Model - colors show density in kg/dm*3 Sl i

[+/]
(=]
[=]
[=]

Resonances 1 Vacuum-dom. Resonances ' Vacuum-dom.
I | | | |

£
= 1.0
= 1 E 1 ]
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£ 4000 [ 2
B —10 -0.2 1 1
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'
0
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distance in km
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Optl mum reg|0n for measu rement Events ID'd as tracks (v, CC) Events ID’d as cascades (ve, NC)
Is around 10 GeV and 7000km Normal-Inverted Normal-Inverted
lceCube Preliminary 1.00 lceCube S'\m'\\af
. . . 0.75 Prelimina
Dilution and systematics due to . s for O -
v flux, cross-sections and angle < 05 8 3 g
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10—01.0 -0.8 -0.6 -0.4 -0.2 0.0 10—01.0 -0.8 -0.6 -0.4 -0.2 0.0

COS W ip €OS ¥, i,



JUNO (RENO50)

v, disappearance from reactor.

Daya Bay 50-60 km KamLAND

14} &Reno&DC JUNO =
Near \ilu RENO_:;O
12 Far \IlL
1.0_—" # {‘f—————__
g- L
(3 e,
z 0.8 2
B8 * Savannah River
Zo 0.6 O Bugey
X Rovno
04r- o Goesgen
A Krasnoyark
021 O Palo Verde
B Chooz ® KamLAND
00 | I | |
10" 10° 10° 10* 10°

Distance to Reactor (m)

J.6

0.5

0.4

P&B(L/E)

Psy
Py
Pao

1 — Pp; — P31 — Pap

cos?(813) sin?(2612) sin®(Ag:)
cos?(f12) sin?(26,3) sin®(As;)
Sin2(912) Sin2(2913) Sing(ﬁaz)

llllllllllllllllllllllllllllll

------- Non oscillation
_ 9 _ oscillation

_— N01 mal hierarchy
Inverted hierarchy

25 30
T /E (lm/MNaV)

Locate 20kton, 75% coverage liq. scintillator detector at 1st solar disappearance max (50km)
use interference between solar and atmospheric terms which is sensitive to the sign of Am?,;

| Since disappearance is used, no sensititivity to 8., .

Challenge from energy scale/linearity/resolution!




Yellow Book

Neutrino Physics with JUNO

The Jiangmen Underground Neutrino Observatory (JUNO), a 20 kton multi-purpose under-
ground liquid scintillator detector, was recently proposed with the determination of the neutrino
mass hierarchy as a primary physics goal. The excellent energy resolution and the large fiducial
volume anticipated for the JUNO detector offer exciting opportunities for addressing many im-
portant topics in neutrino and astro-particle physics. In this document, we present the physics
motivations and the anticipated performance of the JUNO detector for various proposed mea-
surements.

A\?
b

561

1507.0

* Reactor neutrino physics
* Mass hierarchy, precision measurements, (geo-neutrino), ...
* Astro-particle physics
* Supernova neutrino, diffused supernova neutrino background, solar neutrino

* High energy events
» Atmospheric neutrino, nucleon decays, ...

arxiv:

-

Statistical error-->Target Mass: 20 ktons, biggest LS Detector
Best Energy Resolution for LS Detector: 3%
- ~75% PMT: coverage

- Photon Detection Efficience double 30% Quantum Effi. + 90% Collection Efficience of PMT
->Transparent LS

N

3. Energy and Vertex reconstruction and correction:
symmetrical structure, time and charge measurement by PMT

Energy range and linearity: PMT response and electronics
Background Radiation Rate, fiducial volume cut, Material, Clean consideration 53




JUNO sensitivity to Mass Hierarchy :
«more than 3 ¢ in 6 years»

O l Current JUNO
ll : & cp=90°/270°
‘ ' ---5cp=180°
S T W (s years) 1 Am? 3% 0.6%
§ | Am?,, 5% 0.6%
S— 20 | \ _
:‘%e 4 | sin’0 6% 0.7%
o 36 sinZ0),, 20% N/A
; ; sin?0, , 5% ~15%
l]u.lm | n.||11 | I;'IIJZ | IJ.IIJS | 0.04 6CP N/A

Relative error on G(ﬁmzw) (external input)

- 20” PMT
s RN NN
g ‘uaxltﬁf NN i
// INEEERD S W\
17 R \ I\
{nsse:
1 | §11
SRS /) 20’000 PMTs 15k from China 5k from Japan
AW Aste b & & ///// Civil construction underway = complete 2018
20 Data taking date: early 2020.
A
Iﬁ ] j j j]g J ;iéiﬂiﬂ\ Blondel Neutrino Experiments 54



JUNO (RENO50)

Many physics topics

Some overlap with DUNE/HyperK
- p~2 vK -
-- SuperNovae

Some specific
-- geoneutrinos

700m deep Supernova neutrinos

* Less than 20 events observed so far
* Assumptions:
— Distance: 10 kpc (our Galaxy center)
— Energy: 3x10°3 erg
— L, the same for all types
— Tem. & energy

* Many types of events:
— Vg+p =2 n +e*, ~ 3000 correlated events

T(v,.) = 3.5 MeV, <E(v_)> = 11 MeV
T(v.)=5MeV, <E(v.)>=16MeV
T(v,) = 8 MeV, <E(v,)> =25 MeV

Crossing point with DUNE & HyperK

—.-p..-.:. - :

Lifetime Sensitivity (90% C.L.)
%

&
Number of PE

IIIIIIIIIIIIII

p—Kt+v Mt + vy

12ns b w

10 102 103 10%

— vg+ 12C > 12B* + e*, ~ 10-100 correlated eve Water Cerenkov

— v+ 12C - 12N* + e’, ~ 10-100 correlated eve!

detectors can not
see these correlated

— v+ 12C 2v _+ 12C*, ~ 600 correlated events events

— v, +p > Vv, +p,single events
- v, +e 2> v, +e,single events
— v, +e v, +e,single events

Energy spectra & fluxes of all
types of neutrinos

Hit Time [ns]
IIII|IIIIiIIIIiIIIIiIIIIillllillllillllllllI|
1995 2000 2005 2010 2015 2020 2025 2030 2035 2040
Year
?c;,% E% Q o
:1010£%|\ ||§8 |§u| |% \5
2 10°
g 10° Hyperk-—
2107}
g 10:%‘ L
; 10°F gx
(=] E L O
2100 %
£ 10°E
Qo E
2 102N
10 \
L L SN
10 1 10 10~ 10 55
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A word on RENO50  (17kton, 60% coverage, 100MS)
-- R&D funding (US $2M for 2015-2017)

from the Samsung Science & Technology Foundation.
R&D is in progress to produce TDR.

-- A proposal has been submitted to obtain full funding.

-

\
Far Detector @

lRENO

1200

-

10 kton LS Detector "_"
~47 km from YG reactors |- ..~

& 2] Mt. Guemseong (450 m)
- ~900 m.w.e. overburden

200 events/year from JPARC beam

& i I Neutrino Experiments



The DUNE Collaboration

As of today: from
790 Collaborators 144 Institutes

WUSsA

HUK

“ltaly

Windia

& Other

“Switzerland

& Spain

W France
Brazil

& Americas

i Poland

Czech Republic

Nebraska

WUsA

Windia

. Other

MUK

ltaly

“ Brazil

W France

& Americas
Poland

W Switzerland

i Spain

Czech Republic

W

- : -~y
1Isconsin L,r"c Michiigan

! :
Nh'wdukcc;'o




DUNE Primary Science Program

Focus on fundamental open questions in particle
physics and astro-particle physics:

» 1) Neutrino Oscillation Physics

« 2) Nucleon Decay

CPV in the leptonic sector

Definitive determination of the Mass Hierarchy

Precision Oscillation Physics (0,5 octant, ...) & testing the 3-flavor
paradigm
Very clean signals for Kaon decay.

- Targeting SUSY-favored modes, e.g. p — K'v cathode
- 3) Supernova burst physics & astrophysics s de.cay
- Galactic core collapse supernova, sensitivity to v, i ek e
E |

WIFE IO o | et 0.5m
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DUNE Far Detector at SURF

Location: < 4850 Level (4300 mwe) ?
8 Future Laboratories
Sanford Underground ¢ © - Experiment Hall

1 T nevirinoless double-beta decey

Research Facility - DUNE at LBNF
B

Canter for Ultrs Low Background Laperiments in the Dehotas U : =
« BLBF -

Berratery Low Bachground Facdty #
Low bachground counting

Cryostat outer steel structure _ *BHSU Underground Campus

Free standing steel
supported membrane
A cryostat design

v * CERN-FNAL de

gn team Cryostat 1 _

External (Internal) Dimensions CentraI'utiIity i = \\ ~" Cryostat 4
/19.1m (16.9m) W x 18.0m (15.8m) H x 66.0m (63.8m) L % e .5‘&.\\‘“
. %\ .- Cryostat 3
Can accommodate single and dual-phase = »
Central Utility Cavern holds Cold boxes, 17
LAr detectors

LN2 dewars, booster compressors, LAr/GAr filters



DUNE CDR Design =

Far detector: 40-kt LArTPC

punOJSJap'Llr.{e;ﬂL-u. I |

LArTPC Development Path

Fermilab SBN and CERN neutrino platform provide a
strong LArTPC development and prototyping program

Single-Phase 35-t DUNE SP PT @ CERN

rototype

|

Dual-Phase

NS

WA105: 1x1x3 m?3

10.03.2017 Alain Blondel Neutrino Experiments 60




DUNE
LBNF and PIP-II

* In beam-based long-baseline neutrino physics:
= beam power drives the sensitivity

* LBNF will be the world’s most intense high-energy v beam
* Build on strong Fermilab track record (BNB & NuMlI)
= 1.2 MW from day one (end 2026)
NuMI (MINOS) <400 kW
* NuMI (NOVA) ultimately ~700 kW
= upgradable t0 2.4 MW After 6 years

* Requires PIP-1l (proton-improvement plan)
= $0.5B upgrade of FNAL accelerator
infrastructure
= Replace existing 400 MeV LINAC
with 800 MeV SC LINAC

Alain Blondel Neutrino Experiments
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2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

CD3a I CD4a CD4ab
CF SITE PREP
DETECTOR #1
= DETECTOR #2
CF
CRYO
TECHNICAL INSTALL{CGW

DETECTOR 43

q DETECTOR #4

i

SHAFT UTILIT|ES

SETTLEMENT

NEAR DETECTOR
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http://arxiv.org/abs/1601.05471

3o CPV sensitivity over 75% of o after 13 yrs.
5% CP Viclation Sensitivity iz Resolution SU PERNOVAE Ve + 40Ar N e_ + 4OK*

y DUME Staging —— CDR Referznce Design a0 DUMNE Staging —— CDR Referance Deslgn
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The players Mass Ordering

1(1|1 2 3 3 -
AWAR: 7 1 7 i

Accelerator LBL

T2K HEEEE

T2K-II

12-4G
NOVA EEEEEE

Atmospheric

PINGU 36

ORCA 3G

SK-Gd

INO(?)

Reactor 20km

JUNO 3-4¢

RENO 50 ? PP P ? 7 3-4c

Accelerator LBL-II
\:‘/ HYPER'K 3.5_50

—

QDUNE 5156
L



The players CP Violation fraction at 3¢ /56 /(1o error at 6=0)

1(1|1 2 3 3 -
AWAR: 7 1 7 i

Accelerator LBL

T2K HEEEE

T2K-II 40%/0/<20°

NOvA ENEEEE

Atmospheric

s
]
F—,

PINGU

ORCA

SK-Gd

INO(?)

Reactor 20km

JUNO

RENO 50 ?? P PP ??? 7

Accelerator LBL-II
78%/62%/7°
HYPER-K >

QQDUNE *

Sy 75%/50%/7°



Soudan Frejus

Kamiokande IMB Super-K

Hyper-K

p—e w0

p—eta

predictions

p—+e K
p—>M+KD
n — vK°
p— DK™

p— DK™
predictions

¢ g

minimal SU(5)

IR

minimal SUSY SU(5)

IR :":ip.p.e.dSU':S}.
SUSY SO(10)
non-SUSY SO(10) G224 ﬁD SD“ 0

KamLAND
~non-minimal SUSY SU(5)
~ SUSY S0(10)

‘minimal SUSY SUS)

DUN (40 kt)

" HyperK

10.03.2017

32
10

33 34
10 10

/B (years)
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Electroweak eigenstates

(e\ /u\ /r\ (e)r (Wr (1R

\Ve /| \VM/L \v’C/L (Ve)R (Vi) R (vi)g

10 March 2017

A

“ Along with ‘Antimatter,” and ‘Dark Matter)
we've recently discovered the existence of
“Doesn’t Mattey’ which appears to have no

etfect on the universe whatsoever.”

Alain Blondel CHIPP winter School neutrino physics part 2

Right handed neutrinos
are singlets

no weak interaction

no EM interaction

no strong interaction

can’t produce them
can’t detect them

-- so why bother? —

Also called ‘sterile’

69



Adding masses to the Standard model neutrino 'simply’ by adding a Dirac

mass term (Yukawa coupling)

MpVy Vi mpVy Vg

iImplies adding a right-handed neutrino (new particle)

No SM symmetry prevents adding then a term like

C
My,Vr~ Vr

and this simply means that a neutrino turns into a antineutrino

It is perfectly conceivable (‘natural’?) that both terms are present.

Dirac mass term + Majorana mass term =» ‘see-saw’

L]




Mass eigenstates

See-saw type | :

1 . 0 m v
L= =(vy, N§) 2 L M;#0
2 mb, Mg Np my#0
Dirac + Majorana
mass terms
2mp _
tan 20 = — < 1
Mp — 0

_ _ 1 A . Y 9 , 2 ~ a2 ]

m, = 3 [([H— Mg) — /(0 — Mpg) +4??1.D} ~ —m%, /Mg

7 — 1 ; ] 2 2

M=1 {(0 + Mg) + /(0 - Mr)? 1 4mD] ~ Mg

general formula if mp < Mpg
Mg =0 Mg # 0 Mg>mp#0 | see-saw
mp #0 mp =0 : .
Dirac only, (like e- vs e+): T Majorana only T DlraiMawrana_
m — — m
m I | —— —— _
VL VR VL VR \{B VR dominantly: vy N v N
Iweak: Ya 0 2 0 Iweak: & 72 | = 1 0 Y2 0

4 states of equal masses 2 states of equal masses weak 4 states 2 mass levels
Some have 1=1/2 (active) Allhave 1=1/2 (active) T have I/ (~active)
Some have 170, {sterile) Aljirg Blondel CHIPP winter School neutrino physics th 2 m; have ~1=0 (~sterile) 71




Although it is often considered (GUT) that the heavy neutrinos have masses
at energy scale of a fraction of GUT scale, we actually dont know this.

It is perfectly plausible that the observed masses of neutrinos (0.05 eV)
are consistent with Dirac masses of O(< m_) and Majorana mass of O(m,,).




There even exists a scenario that claims to explains everything: the vMSM

Shaposhnikov et al

TeV
» can generate Baryon Asymmetry of Universe

N, N if m > 140 MeV
GeV 2, N3 N2,N3

10 T T 1T T T T T T rr| T T L
- oL Dark Matter i
MeV _ L = gl Rl
constrained: i O o
o 107° | 3‘ \“. ugm_éRF sterile neutrino —j
mass: 1-50 keV & | %, T
o g10 = SE
keV mixing : ol 82
107t0 103 fuop ;’
decay time: grr A
eV 107 |7, | | | | Not enough Dark Matter , |

TN > Tuniverse L 5 10 50
DM mass [keV]
Andromeda galaxy (zoom 3-4 keV)

meV NS vy R
may have been seen: e e ]

arxiv:1402:2301 { - M}*

v:1402.4119 i LT

can be dark matter?
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SEARCHING FOR THE 3.5 KEV LINE IN THE DEEP FIELDS WITH CHANDRA: THE 10 MS OBSERVATIONS

Nico CappELLuTI'™? Esra Bursun®, Apam FosTeER®, PRivamvapa Natarasan'? Megan C. Unny!23,
Marx W. Bavrz', Francesca Crvano®, Eric MiLLer', anp Ranparn K. Smarre®

Draft version January 30, 2017 arXiv:1701.07932v1

ABSTRACT

In this paper we report a 37 detection of an emission line at ~3.5 keV in the spectrum of the Cosmic
X-ray Background using a total of ~:10 Mz Chandra observations towards the COSMOS LE%:].C}' and
CDFS survey fields. The line iz detected with an intensity is 8.2 + 2.0 =< 1077 ph em ™%~ ', Based
on our knowledge of Chandra, and the reported detection of the line by other instruments, we can
rule out an instrumental origin for the line. We cannot though rule out a background fluctuation,
in that case, with the current data, we place a 3o upper limit at 10~% ph cmm™?s~'. We discuss the
mterpretation of this observed line in terms of the iron line background, 5 XVI charge exchange, as
well as arising from sterile neutrino decay. We note that our detection is consistent with previous
measurements of this line toward the Galactic center, and can be modeled as the result of sterile
nentring decay from the Milky Way when the dark matter distribution is modeled with an NFW
profile. In this event, we estimate a mass m, ~7.02 keV and a mixing angle sin{28)= 0.69-2.20
#1071, These derived values of the neutrinn mass are in agreement with independent measurements
toward galaxy clusters, the Galactic center, and M31.

Alain Blondel CHIPP winter School neutrino physics part 2




Manifestations of right handed neutrinos

v = light mass eigenstate

one family see-saw : v = vLcosH - N, sinf N = heavy mass eigenstate
0 = (m,/M) : i
. zﬁ N = NR cosO + vLc sin® -‘/—'U.L , active neutrino .

v M which couples to weak inter.
my~ M what is produced in W, Z decaysis:  gnd = N, which does’nt.
[U[?c 02~ m, / my v, = vcosO + N sin0

-- mixing with active neutrinos leads to various observable consequences
-- if very light (eV) , possible effect on neutrino oscillations
-- if in keV region (dark matter), monochromatic photons from galaxies with E=m,/2
-- possibly measurable effects at High Energy
If N is heavy it will decay in the detector (not invisible)
=» PMNS matrix unitarity violation and deficit in Z «invisible» width
=> Higgs, Z, W visible exotic decays H> v; N, and Z-> v; N;, W-> |, N,
=» also in K, charm and b decays via W*->|.* N ,N > | *
with any of six sign and lepton flavour combination
=>» violation of unitarity and lepton universality in Z, W or T decays
-- etc... etc...
-- Couplings are very small (m_,/ m) (but who knows?) and generally seem
_out of reach at high energy colliders.

|
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Search Processes (l)

m, Below m_:

Meson decay (w,K: neutrino beams) examples:

N-> 3v; N2 vy wE=m/2

T
1) Noa . W —
LK. Dy BT <
V= T
Vi
/ }I/
U)k e
, (a) L v,
— 10™ vears (10 keV)" 108
TN, = y Mn o3 N_ U N_ U
W z
Long life, dark matter candidate £y, 42y 7,
Equilibrium with neutrinos du, - ud, dd,
. FIG. 2. Typical decays of a neutral heavy lepton via (a)

produced N the Sta rs charged current and (b) neutral current. Here the lepton /;
=» Search for gamma emission line 3 p

. ~ v
(such as 3.5 keV line) L~ /12 ( oV /e 5 X —45GeV/c

. F =R II." s
Drewes et al; arXiv:1602.04816v1 Uy, \Rae N fe7))

10 March 2017

Decay via W gives at least two charged particles,

and amounts to ~“60% of decays.

Searches for long lived decays in neutrino beams
Alain Blondel CHIPPwin pg191  NuTeV, CHARM; SHIP and DUNE proposals



Search for masses <m_orm_

Experiment PS191 NuTeV CHARM SHiP
Proton energy (GeV) 19.2 800 400 400
Protons on target (-1019) 0.86 0.25 0.24 20
Decay volume (m?) 360 1100 315 1780
Decay volume pressure (bar) 1 (He) 1 (He) 1 (air) 107° (air)
Distance to target (m) 128 1400 480 80-90
Off beam axis (mrad) 40 0 10 0

Next generation heavy neutrino search experiment SHIP
-- focuses on neutrinos from charm to cover 0.5 — 2 GeV region

-- uses beam dump to reduce background from neutrino interactions from pions and Kaons

and bring the detector as close as possible to source.
-- increase of beam intensity and decay volume

status: proposal, physics report and technical report exist. R&D phase approved at CERN

Hidden Sector
decay volume I'

Spectrometer
Particle ID

Target/

hadron absorbe v, detector

ctive muon shield

arXiv:1504.04855
arXiv:1504.04956
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Processes (Il)

Search for heavy right-handed neutrinos in collider experiments.

B factories Hadron colliders
b d +
w~ Vi
T N N
L W
s hﬂ@ ', Dy
¢ &¢ canbee, nort
Z factory (FCC-ee, Tera-2) HE Lepton Collider (LEP2, CEPC, CLIC, FCC-ee, ILC, pp)

arXiv:1411.5230

N
P
L
'l.‘
Z

E. ees =W~ W~




Future Circular Collider Study - SCOPE

CDR and cost review for the next ESU (2018)

Forming an international
collaboration to study:

* pp-collider (FCC-hh)
~16 T = 100 TeV pp in 100 km

—> ultimate goal defining
Infrastructure requirements

« e*e collider (FCC-ee)
as potential first step
ECM=90-400 GeV

: Schematic of an
\ 80 -100 km
4 long tunnel
N
 p-e (FCC-he) option
e 80-100 km infrastructure

In Genevaarea 79



FCC-ee highest possible luminosity from Z to tt by exploiting b-factory technologies:
e separate e- and e+ storage rings

e very strong focussing: B*y = 1 - 2 mm (target, baseline -- work in progress!)

¢ top-up injection

e crab-waist crossing 7 10°F
=
O . |
go § WW:1.5510 om’s" LC (Lumi Upgrade)
= 10 Coue
2
@
@)
k=
E 10
35
-~
1000 T 2050 - 3060
Event statistics : Vs [GeV]
Z peak E 91 GeV 5102 et+e-> Z LEP x 2.10°
WW threshold E__ :161 GeV 108 e+e-> WW  LEPx 2.10°
ZH threshold  E_, : 240 GeV 10° ete-—> ZH Never done
/_\\ tt threshold  E__ :350 GeV 1056 e+e- > tt Never done



Simulation of heavy neutrino decay in a FCC-ee detector

Help

Help

Xy: reconstructed

yz: reconstructed

Alain Blondel CHIPP winter School neutrino physics part 2
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FCC-ee expected sensitivity to

heavy RH neutrinos
SHIP

W-—=2>qq

107

OID!-' 10-8
+

(oY =1

= 10°
+

S

1 0'10

;=101 100um <L<5m

region of interest

10-11

1072 FCC-ee sensitivity

2x10™ 1 3 45678 10 20 30 40
HNL mass (GeV)

NB: very large detector caverns for FCC-hh may allow for very large FCC-ee detector (R=8 m?)
g to improved reach at lower masses
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Present limits

|

0.01

10—12 e R N —

0.1 1 10 N 100
N\ Futur
M, (GeV) .

FBased on arXiv:1504.04855v1 ‘SHIP physics paper’ Liecay ¥10M  Lgecay =1mm

N < . .
CR Pilar Hernandez, HEP-EPS Vienna
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The seesaw path to leptonic CP violation

A. Caputo™'%, P. Hernandez ™', M. Kekic ©', J. Lopez-Pavin %2, J. Salvado®'
'Institnto de Fisica Corpuscular, Universidad de Valencia and CSIC,

Edificio Institutos Iomestigacidn, Catedratico José Belirin 2, 46980 Spain.

*CERN. Theoretical Physics De partment, Geneva, Switzerland.

Vil = A [H%j —2/r8i3sin(8 +¢1)s12 + 653+ 6(77) |,

g 7 . . 3 7
|Upni|"Mi ~ A [553 —\/r c12sin ¢y 8in2623 +reqH053

+2/T B135in(91 + 8)s1253; — 63533 + O(e/%).

(6
arXiv:1611.05000v1 (SHIP, B factory, Z factory) :

The ratio of decays to muons vs electrons is directlly related to the CP phase
(and the known PMNS angles)

=>» the discovery of a massive neutrino and the measurement of its mass
and its mixings to electrons and muons can result in a 56 CL discovery
of leptonic CP violation in very significant fraction of the CP-phase parameter space

(> 80%/>60%) for IH/NH

for mixings above O(108) in SHiP and above O(101°) in FCC-ee.
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Outlook for FCC-hh

We have seen that the Z factory offers a clean method
for detection of Heavy Right-Handed neutrinos
Ws are less abundant at the lepton colliders

At the 100 TeV pp W is the dominant IVB particle,
Expect 1013 real W’s.

There is a lot of /pile-up/backgrounds/lifetime/trigger issues which need to be investigated.
BUT.... in the regime of long lived HNLs the simultaneous presence of

-- the initial lepton from W decays

-- the detached vertex with kinematically constrained decay

allows for a significant background reduction.

But it allows also a characterization both in flavour and charge of the produced neutrino, thus
information of the flavour sensitive mixing angles and a test of the fermion violating nature

of the intermediate (Majorana) particle.

VERY interesting... but the detector needs to be designed for it!
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Conclusions

The discovery that neutrinos have mass opens a new era of experimental investigation
-- Search for CP violation in neutrino oscillations
-- systematic hunt for right handed neutrinos (a.k.a. ‘sterile’)

-- in high intensity facilities (SHIP, SuperKEKb, LHC)

-- in the Future Circular Colliders (Z factory, W factory)

-- quite possible to observe CP violation (and all the mixing patterns)

-- This will require a different optimization than the ‘standard’ SuSy searches.

Life is exciting because it is different!




CONCLUSIONS -- 11

The fascinating interest of the massive neutrinos become realized in the minimal scenario
where neutrinos have both Majorana and Dirac mass terms

—> massive right handed neutrinos mixing with the light ones (almost ‘sterile’ | 0|2«c m /m,

Besides the fact that the mass scale is unknown, this is a very likely scenario

If the mass scale is adequate, they generate either
dark matter

and/or

the baryon asymmetry of the universe

AND

can be observed at(SHIP or HL-LHC, FCC-ee, FCC-hh)!




