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1. What are neutrinos and how do we know ?

2. Standard Model neutrino properties

3. Neutrino transitions and neutrino mass

4. neutrino oscillations and CP violation

5. on-going and future neutrino experiments on oscillations
6. what is the origin of neutrino masses?

7. neutrino-less double-beta experiments

8. See-saw, «sterile» neutrinos

9.Conclusions



Preamble

Neutrino Physics is a very vast domain. Historically and still today it is carried out across
several disciplins of physics

-- neutrino beams (SBL, LBL): neutrino oscillations and cross-sections

-- beam dump and flavour factories (heavy neutrino searches in D and B decays)

-- high energy colliders (tau physics, heavy neutrino searches in W and Z decays)

-- nuclear physics (Ovpp decay, neutrino mass measurements)

-- astrophysics (solar neutrinos, atmospheric neutrinos) cosmology (neutrino mass)

-- also a tool for astrophysics (multimessenger astronomy, ICECUBE, km3net)

That neutrinos have mass is a very clear sign of physics beyond the SM.

Neutrinos are different because they are neutral (v <> v transition is allowed, but BSM)
The physics of massive neutrinos attracts considerable interest by its profound potential
implications on the primordial universe and its evolution, as well as its wide range of
experimental methods.

The bi-annual 2018 Neutrino conference gathered over 800 participants, which is not
very different from the 1100 participants of ICHEP18.

The organization of neutrino physics, however, span several domains, distributed
across different organizational and support frameworks: nuclear physics;
astro-particle physics; astronomy; non-accelerator and accelerator physics.

| will address only selected points.



1. The three families of active neutrinos



Consider €He** 6L e 930 NeutrinOSZ the birth of the idea

Pauli's letter of the 4th of December 1930

Q=3.5078 MeV T/2 =0.8067 s Dear Radioactive Ladies and Gentlemen,

e- spectrum in beta deca : : : :
dN P y As the bearer of these lines, to whom | graciously ask you to listen, will

explain to you in more detail, how because of the "wrong" statistics of the N and
Li6 nuclei and the continuous beta spectrum, | have hit upon a desperate remedy
to save the "exchange theorem" of statistics and the law of conservation of
energy. Namely, the possibility that there could exist in the nuclei electrically
neutral particles, that | wish to call neutrons, which have spin 1/2 and obey the
exclusion principle and which further differ from light quanta in that they do not
few MeV travel with the velocity of light. The mass of the neutrons should be of the same
order of magnitude as the electron mass and in any event not larger than 0.01
proton masses. The continuous beta spectrum would then become
understandable by the assumption that in beta decay a neutron is emitted in
addition to the electron such that the sum of the energies of the neutron and the
electron is constant...

| agree that my remedy could seem incredible because one should have seen
those neutrons very earlier if they really exist. But only the one who dare can win
and the difficult situation, due to the continuous structure of the beta spectrum,
is lighted by a remark of my honoured predecessor, Mr Debye, who told me
recently in Bruxelles: "Oh, It's well better not to think to this at all, like new
taxes". From now on, every solution to the issue must be discussed. Thus, dear
radioactive people, look and judge.

Unfortunately, | cannot appear in Tubingen personally since | am indispensable
here in Zurich because of a ball on the night of 6/7 December. With my best
regards to you, and also to Mr Back.

Your humble servant
. W. Pauli

Wolfgang Pauli




Reines and Cowan ‘ 1953-6 ‘

Neutrinos: direct detection

The target is
made of about
400 liters of
water mixed
with cadmium

— chloride
V., +p—>e +n
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The anti-neutrino coming from the nuclear
reactor interacts with a proton of the target,
giving a positron and a neutron.

The positron annihilates with an electron
of target and gives two simultaneous
photons (e* + e —yy).

The neutron slows down before being
eventually captured by a cadmium
nucleus, that gives the emission of 2
photons about 15 microseconds after
those of the positron.

All those 4 photons are detected and the
15 microseconds identify the "neutrino”
Interaction.

H 4-fold delayed coincidence H




1956 Parity violation in Co beta decay: electron is left-handed (C.S. Wu et al)

1957 Neutrino helicity measurement

M. Goldhaber et al Phys.Rev.109(1958)1015 3.5
h= —

neutrinos have negative helicity 5]. |p|
(If massless fermion this is the same as left-handed chirality)

h=+1, right-handed h= -1, left-handed



1959 Ray Davis established that
(anti) neutrinos from reactors do not interact with chlorine to produce argon

reactor:n — p e v, orv,?

these v, don’tdo v, + 37Cl > 37Ar + e

they are anti-neutrinos!

Introduce a lepton number which is
+1 for e andv,

and B
-1 for e*and v,

which is observed to be conserved in weak/EM/Strong interactions



Neutrinos
the properties ‘ 1960 ‘

In 1960, Lee and Yang realized
that if a reaction like

w— e+y

IS not observed, this is because two
types of neutrinos exist v, and v,

oo e+, +V,

Lee and Yang

otherwisep — e +v+v
has the same Quantum
numbersas u — e +y



Two Neutrinos

|1962 |

AGS Proton Beam Schwartz  Lederman  Steinberger

protomn .
beam target proton ac:elerau:rr ...—J A _-"- :-___,.--F
= - ¢ T detector -
pl-mesEn e _ steel shield spark chamber
2am “ =
Neutrinos from v
n-decay only
produce muons
(not electrons) .
N K
when they interact hadrons

In matter



Neutrinos
the weak neutral current

Gargamelle Bubble Chamber
CERN

Discovery of weak neutral current

vu+e —> vu+e

v,*N = v,+X (no muon)

previous searches for neutral currents had been performed in particle decays
(e.g. KO->pp) leading to extremely stringent limits (107 or so)

early neutrino experiments had set their trigger on final state (charged) lepton!



elastic scattering of neutrino
~ offelectron in the liquid
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Experimental birth of the Standard Model



The tau neutrino discovery
-- was not simple

-- v, symbol appears in 1977  (but still could be some v, v, combination)

-- tau neutrino appears as established particle in PDG 1982
dubbed ‘indirect’ as it requires combination of measurement of
tau lifetime and negative tau appearance in v /v, beams

-- further measurements of the tau lifetime,

-- the observation of W= 1 v_ in the UA1 experiment at the SppS and

-- strong negative tau appearance by emulsion exptin v, /v, beam E531@Tevatron
= v, was solidely established by 1986

-- Is a great example of the complementarity between
collider experiments and neutrino beam experiments

-- tau neutrino CC (and NC) couplings measured at LEP at permil precision level.
-- v.N CC interactions observed by DONUT in 2000
-- see my presentation at the conference on the history of the neutrinos

http://neutrinohistory2018.in2p3.fr/
or arxiv:1812.11362v2 for more details and comments.



http://neutrinohistory2018.in2p3.fr/
https://arxiv.org/abs/1812.11362v2

In 1985 the observation of the W decay W-> t v, was reported.

5. EXPERIMENTAL EVIDENCE FOR THE HEAVY LEPTON DECAY W - ™o

With the observation of the W + tv decay, the ‘programme' on the lep-

tonic decay channels of the IVB is complete.

In the case of a W + tv event where the 1t decays in the hadronic mode,

what we measure is a jet including charged tracks and the corresponding en-

ergy deposition in some calorimeter cells (both hadronic and electromagnetic).

The measured jet represents the charged and neutral w's of v from the W decs-

\s O
and that from the v decay. Therefore, events with missing transv- \)“‘\(\0 \>
!
and one trigger jet were selected in the data recordes " ‘a’&a\)
et
1983 runs (corresponding to an integrated ) 5 ’g\.\m \ ]
As a consequence of the e. Sa\‘.»o “‘a\) cne weak current, the
d\’ﬁ ed

W + 1v rate is expec*t od\) -wundant. Almost half of the t's

\e es- o\.p(
decay into one charge. \(\a’ﬁ\ 4thout neutrals and 38% with} and a neutrino

This suggests a clear signature with a reasonable rate: an isolated high-pT

13

track of a hadronic type and some missing transverse energy. In this sense,




EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP/85-29

1985 5 March 1985

+
0 ON HE UA1 EXP

11109 /247

AT THE CERN PROTON-ANTIPROTON COLLIDER

UA1 Collaboration, CERN, Geneva, Switzerland

UA1 observation of W 2> 1V,
- low mass jet of 3 charged tracks
- missing transverse momentum

< M ass NOT resircied T0 ¥ mMdaks.

T{r*w)/T{eTv) s/l .
YALLE el COCUMENT D TECH  COMMEMT by 1987 the CC coupling of the tau
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W decay is precisely what we use to define the neutrino flavours.

e.g. B. Kayser, The Neutrino Flavors
VIIth Pontecorvo School, 2017

There are three flavors of charged leptons: e , 1, T

There are three known flavors of neutrinos: v_, Vs Vo

We define the neutrinos of specific flavor, v_, Viis Vi

by W boson decays:
e :’ 1L T
\\ W W
Ve VH Vi

the existence of the three W decay modes with similar branching ratios
establishes the tau and its neutrino as a new sequential heavy lepton doublet

23/01/2019 Alain Blondel The third Neutrino Family 15



kinematic reconsruction of two tau neutrinos

DALI_D9 ECM=183 Pch=53.0 Ef1=110. Ewi=67.3 Eha=12.9 FO043602 Fun=43602  Evt=1184
ALEFPH Neh=22 Evl=.703 EvVI=_492 EV3I=.351 ThT=1.43 a7-08-01 2:30 Dethb= EI1FFFE

[ (
( \,____z:"/} ;

T

Observation of tau-neutrino in ALEPH at LEP (183 GeV E)

LEP | 1000’
390018 < ete- > W+ W- > (hadrons)* + T~ V.,

23/01/2019
of those in ’ghe 90’s.




Neutrino Weak Couplings

present value of the tau neutrino weak couplings in tau decays:

gr _ 1.0010 = 0.0015 U—T = 1.0029 == 0.0015
Gy ge

NB -- the product g..g, is extracted from the muon decay > Gg
-- the ratio g./g, can be extracted from the ratio

. . eV
So we can derive the ratio R = m_—rSyry
m2_m2\>  1.2351(2) 10 (theory)
B = (me/mu)* | S— 5 | =
ma — my, 1.230(4) 10+ (exp)

23/01/2019 Alain Blondel The third Neutrino Family
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Observation of Tau Neutrino Interactions

DONUT Collaboration

K. Kodama®, N. Ushida",
G Tzanakos?, . Yager®. B. Baller', D. Boehnlein®,

W. Freeman'. B. Lundberg’, J. Morfin®, R. Rameika’,

J.C.Yun®', .S, Song”, C.S. Yoon®, S.H.Chung®, P. Berghaus®,

M. Kubanstev®, N.W. Reay”, R. Sidwell®, N. Stanton®,
S. Yoshida®, S. Aoki”. T. Hara’, J.'T. Rhee®,

D. Ciampa®. C. Erickson”. M. Graham”, K. Heller’, R. Rusack”,

R. Schwienhorst”, J. Sielaff®, J. Trammell”, J. Wilcox”
K. Hoshino', H. Jiko'", M. Mivanishi'", M. Komatsu"’
I. Nakano', K. )i\\'n'“. N. Nonaka'", K. Okada'’,

C. Andreoponlos?. N. Saoulidon?,

. M. Nakamura',

Observation of Tau Neutrino Interactions

DONUT

0. S: |l() Y10 Akdogant'. V. Paolone', C. Rosenfeld
AL Kulik' = l Kafka, W. ()ll\( a1 Patzak'™, ). Schr
' Aichi University of Education, Kariya, Japan
* University of Athens, Greece
' Universily of California/Davis, Davis, California
' Fermilob, Batavia, Minois 60510
* Gyeongsang Universily, Chingu, Kovea
Y Kansas State University, Manhatton, Kansas
7 Kobe University, Kobe, Japan
¥ Kon-kuk University, Korea
Y Undversity of Minnesota, Minnesota
" Nagoya University, Nagoya 464-8602, Japan
" Uriversity of Pittsburgh, Pittsburgh, Pennsylvania 15260
Y2 University of South Carolina, Columbia, South Caroling

Y Pufls University, Medford, Massachusetts 02155

December 14, 2000

Beautiful observation
of neutrino interations
producing taus!

there is ‘small print’...

SCIEI

NCEPhOtOLIBRARY,

Tau Neutrino interaction in DONUT experiment (Fermilab) 2000

23/01/2019

Alain Blondel The third Neutrino Family



1989: LEP determined the number of active neutrinos

final value (1995)

j 2V
| N, =2.984 +0.008 | - ALEPH
30| DELPHI
Phys.Rept.427:257-454,2006 =1 I3
OPAL
'E‘ L
= 20F
This is determined from the Z line shape scan - |
. 2 | § average measurements,
and dominated by the measurement of the B error bars increased
. . . y factor
hadronic cross-section at the Z peak maximum =» -
10
The dominant systematic error is the theoretical
uncertainty on the Bhabha cross-section (0.06%)
which represents an error of +0.0046 on N, R T Y

E_ [GeV]

cm

Improving on N, by more than a factor 2 would require a large effort
to improve on the Bhabha cross-section calculation!

23/01/2019 Alain Blondel The third Neutrino Family 19



Neutrinos Ray Davis
astrophysical neutrinos since ~1968

Homestake Detector Solar Neutrino Detection

ol 600 tons of chlorine.

sl

* Detected neutrinos E> 1MeV

solar : pp — pn e* v, (then D gives He etc...)
these v,do v, + 3’Cl -5 %Ar +e

they are neutrinos

* The rate of neutrinos detected is
three times less than predicted!

solar neutrino ‘puzzle’ since 1968-1975!

solution: 1) solar nuclear model is wrong or 2) neutrino oscillate



V, solar neutrinos

Sun = Fusion reactor
Only v, produced

Different reactions
Spectrum in energy

Neutrino Flux

ptp— D+e++\.'p
(pp: 99.75%)

p+te+p—= D+ v,

(pep: 0.25%)

!

D+p —= "He + Y

]

JHe +3He —= 1 +2p

‘He +'He—"Be + ¥

‘Hetp —w (1 + €'+,

(pp-I: 86%)

(HeP: 0.00002%)

Neutrino Energy (MeV)

1 1
(Be) |"Be+e —~Li+ v "Be + p—= "B + y
_Gallium | Chiorine EPEr
N m " Baheall-Pinsonneault 88 1 ?Li +p—= 2 8 B —~ aBE*'i' F: + .,".E [BB]

' 1 (pp-Il: 14%)
] ‘ "Bé— 2
b | I Y ; (pp-1Il: 0.02%)
f . |
r ;,_,,.a-—"“"f.‘ ! . .
1 | Counting experiments vs
- 1
| 1 flux calculated by SSM

BUT ..



The Pioneer: Chlorine Experiment

3'Cl(v,e)*Ar (E,, =813 keV)

Kqhet EC i t=505d
3TCl + 2.82 keV (Auger €7, X)

The interaction

pep+hep 0.15SNU ( 4.6%)
v Signal Composition: Be 0.65 SNU (20.0%)
(BP04+N14 SSM+ v osc) | |°B 2.30 SNU (71.0%)
CNO 0.13SNU ( 4.0%)
Tot 3.23 SNU £ 0.68 1c

Expected Signal
(BPO4 + N14) 8.2 SNU *18_, g1c

S.N.U. = Solar Neutrino Unit
(electron-) neutrino flux producing 10736 captures per target atom per second



Super-K detector

! "0 B | Water Cerenkov
gl detector
50000 tons of

pure light
water

~10000 PMTs

A

.

.....



Super-Kamiokande-| solar neutrino data
May 31 1996 July 13 20{31 (1496 days )

5—20 MEV

v+e =2 v+e

Event/day/bin

//
22400+230 solar v events
(14 5 eventsfday)

n 1 ] i 1 1 [ 1
-1.0 -0.5 ﬂ.ﬂ 05 cos 0 I‘!nﬂ
8B flux : 2.35+0.02 £ 0.08 [x 10 /cm?/sec]

Data +0.014

SSM(BP2004) = 0.406 £0.004 _5 443

( Data/SSM(BP2000) = 0.465 +£0.005 +0.016/-0.015)



SNO detector

Aim: measuring non v, neutrinos in a pure solar v, beam
How? Three possible neutrino reaction in heavy water:

E’.';E'tm" only v,

* 5.25-MeV v @
_, equally

~
{a_..@ @ Vet v+ v,

e & in-equally i e
Q /’ Cheren kov Ve+ 1000 ton of DZO
Light
— 0.1(v,+v,) '

12 m diam.
9456 PMTs




Combining All Experimental

sics icatio avor Conte - :
Physics Implication Flavor Content and Solar Model information

T 1 - +0.44+0.46
Degm =9.05 5751 Pono =5.09 543 043

- I.r=T Tl Ly A O L AL A |
EaRE -
< B E 4 ]
"""g 7E ‘%.15— E
mg 62-\_ = 3 g 3
w 5 B
= o
g gt o LOW
5 N -
2F B — WL
l: 'g' A — 3L ]
é ....... mﬂ.
00 WL —ama 2
11 _ by
Strong evidence of flavor change e e S éiug{tlnﬂﬁg

Charged current events are depleted (reaction involving electron neutrinos)
Neutral current reaction agrees with Solar Model fiavour blind)

SSM is right, neutrinos oscillate!



Kamland 2002-2006

20 % of world nuclear power

Chimney ~ =71 . __-Calibration Device
] “\_ LS Balloon

(diam. 13 m)

Liquid Scintillator,”
(1 kton) 7

Containment

Vessel

{diam. 18 m} . : D __Photo-

Multipliers

Outer Detector |- |

QOuter Detector ¢

'& \?“V, v ‘q': WSz -1"’ V;Li

~80GW
——

iz Mo st mn[ﬂﬂfﬂﬂrﬂﬂ pland. falg. 1988)

ik Elwonie Powed| G -Towar

fm!m.ﬁ

e Bt P G« Fibsiiras D

" Power Ga.-Towal

Japan ADmio
Geemaion ¢l cemmeriy operaiion

% E 9] hiwazaki 2
=300/ ———
o
E - 86 Yo of v events
%250__ from ~ 180 km
g L
200
° [ =
2150 ® 5 .
5 & 39 ¢
~ o -
<100 £ g
- = " 2
= : e s
Mg 9« E8 ¢ EE¥zz 3§
L 3 | .:E ] g ,E c g
0_ l 1 1 | |g l ? 1 1 hl‘ | 1 T"‘lﬁl 1 |a|
0 200 400 600 800 1000

Distance from Kamioka [km]



Events / 0.425 MeV

—— no-oscillation
—— best-fit oscillation
I accidentals

I spallation
—— KamLAND data

4

prompl

5
(MeV)

Kamland 2004

1 | Lol L _I+1- Ll
6 7 3
B 7 y
14—
- 2EMeV ® KamLAND deta
12__ analysis thrw. — best-fit oscillation
-
g 0sf
= N
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04f-
02}
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80

Hypothetical
single 180km
baseline
experiment
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Kamland 2004

10
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Atmospheric Neutrinos

Path length from ~20km to 12700 km |

hadronic cascade + decays

Predicted ratio of muon to
electron neutrinos
almost isotropic source

(geomagnetic effects)



Super-K detector

! "0 B | Water Cerenkov
gl detector
50000 tons of

pure light
water

~10000 PMTs

A

.

.....



ackground Rejection
mu separation dir related to granularity of céverage.

Limit is around 10-3 (mu decay in flight) SKII coverage OKOK, less maybe possible




Atmospneric v : up-down
asymmetry

uper-K results
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Am? (eVz)

SunerKamioke
1.9x103 eVZ2 < Am2 < 3.0 x 10-3 eV2
2 Sin220>0.90 at90% CL
10 i I I
| Best Fit:
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@ The Nobel Prize in Physics 2015
Takaaki Kajita, Arthur B. McDonald

Share this: 1 E E1E3 951

The Nobel Prize in Physics
2015

<
Photo © Takaaki Kajita Photo: K. MacFarlane.
$ 53 ueen's Universi
Takaaki Kajita ?SNOLAB ey
Prize share: 1/2 Arthur B. McDonald

Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for the discovery of neutrino
oscillations, which shows that neutrinos have mass"

A massless particle cannot be seen to transform Tiab = Tparticle” £/M

- 00



neutrino definitions

the electron neutrino is present in association with an electron (e.g. beta decay)

the muon neutrino is present in association witha muon  (pion decay)
the tau neutrino is present in association witha  tau (W—>1v decay)
these flavor-neutrinos are not (as we know now) quantum states of well
defined IMASS (neutrino mixing)

the mass-neutrino with the highest electron neutrino content is called v,
the mass-neutrino with the next-to-highest electron neutrino contentis v,

the mass-neutrino with the smallest electron neutrino contentis called Vv



Lepton Sector Mixing

Vv M
* If neutrinos & 1at the
mass eigen: . the same:

el

Weak eigenstates
.flavor eigenstates"

oW

3 independent parameters
+ 1 complex phase

Mass eigenstates

Pontecorvo 1957



Neutrino Oscillations (Quantum Mechanics lesson 5)

.—> propagation in vacuum -- or matter |=—» detection

weak interaction
produces
‘flavour’ neutrinos

e.g. pion decay ®t — uv
V> =0 V>4 B Vo >4y vi>

a is noted Uy,

B isnoted U,,

y isnoted Ug, etc....

L

Energy (i.e. mass) eigenstates
propagate

v(t)>=a vi> exp(iE;t)
+B v,> exp(iE,t)

+ 7 Vo> exp(iE;t)

t = proper time o« L/E

weak interaction: (CC)
Vy N-o>p~ X
or Vo N—=>e X

or V. No1 X

P (v, = Vo) =1<v | v(t)>!



Oscillation Probability

+ The case with two neutrinos: :
. (Va) ( cos@ smOJ(vlj
=»A mixing angle: 0 - =
B

=>A mass difference:
2 2 2
Am” =m;, —mj

—sinf@ cosO )\ v,

Dm2 en ev2

* The oscillation probability is: L en km
E en GeV

where L = distance between source and detector
E = neutrino energy

Hamiltonian=E =sqrt(p?+m?) =p+ m?/2p
for a given momentum, eigenstate of propagation in free space are the mass eigenstates!



To complicate things further:
matter effects
elastic scattering of (anti) neutrinos on electrons

\Y, .
Ve,u,t e,1,T Ve e

e e Vo

@

all neutrinos and anti neutrinos do this equally _
only electron neutrinos

V) e
e W-
These processes add a forward amplitude to the Hamiltonian,
which is proportional to the number of elecrons encountered -
to the Fermi constant and to the neutrio energy. a- Ve

The Z exchange is diagonal in the 3-neutrino space
this does not change the eigenstates

The W exchange is only there for electron neutrinos

It has opposite sign for neutrinos and anti-neutrinos (s vs t-channel exchange)

D= +2V2 G.n,E,

only electron anti- neutrinos

THIS GENERATES A FALSE CP VIOLATION



a
my )
L K -
Hflavour base— ! i} ifig
] [

This has the effect of modifying the eigenstates of propagation!

D=+2V2 G.n,E,

_ This is how YOU can
il oon o solve this problem:
i Ir i | i 0 0 write the matrix,
_3 diagonalize,
s L N and evolve using,
' . Oy
I—=H
ot

Mixing angle and energy levels are modified, this can even lead to level-crossing. MSV\/ effect

4 .
antineutrino neutrino
Vu, /
m2 ) T .
A% m2
Ve )
E, or density E, or density

oscillation is further suppressed resonance... enhances oscillation

oscillation is enhanced for neutrinos if Am?,, >0, and suppressed for antineutrinos
oscillation is enhanced for antineutrinos if Am?2,, <0, and suppressed for neutrinos

since T asymmetry uses neutrinos it IS not affected



General framework and status:

We know that there are three families of active, light neutrinos (LEP)

Solar neutrino oscillations are established (Homestake+Gallium+Kam+SK+SNO)
Atmospheric neutrino (v,—> ) oscillations are established (IMB+Kam+SK+ K2K)

At that frequency, (v, —> v,) oscillations, small (5%) have been observed (T2K, NOVA)
and v, disappearance has been measured (Daya Bay, Reno, Double Chooz)

-l A o

This allows a consistent picture with 3-family oscillations preferred:
LMA: 6,, ~30° Am,,2~8 10°eV?, 0,; ~45° Am,; 2~ £2.5 103eV?, 0,5 <~ 9°
with several unknown parameters though 2018 revealed hints of CPV and NH.
=> an exciting experimental program for at least 20 years *)

including leptonic CP & T violations.

5. There are unexplained phenomena interpreted as possible higher frequency oscillation
(LSND miniBooNge, reactors) but they are inconsistent with excellent disappearance experiments
(MINQOS, MINOS+, ICECUBE and DayaBay) so sterile neutrino explanation is ruled out, but
further investigation will be performed with time-sensitive experiments (SBN,

*)to set the scale: CP violation in quarks was discovered in 1964
and there is still an important program (KO0piO, B-factories, Neutron EDM, BTeV, LHCb..)
to go on for 10 years...i.e. a total of ~50 yrs.

and we have not discovered leptonic CP yet!
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Fig. 7. Summary of neutrino oscillation parameters, 2018, Blue lines correspond to
NO and magenta lines to [0. The &;E-pruﬁles for inverted ordering are plotted
with respect to the minimum for this neutrino mass ordering (dashed) as well as
with respect to the global minimum (solid lines).

Inverted hierarchy is excluded at 3.4c and 6=0 at ~3c, 6==n at ~2c
arXiv:1708.01186v2






Electroweak eigenstates

(e) () () | (O @ @

\ve/L \vu/L \v1/1 (Ve)y (vi) g (Vg

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

effect on the universe whatsoever.”

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’

46
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Adding masses to the Standard model neutrino 'simply' by adding a Dirac mass
term (Yukawa coupling)

N _ Vv v
MpVE VR mpvivg X
implies adding a right-handed neutrino (new particle)

No SM symmetry prevents adding then a term like

- ——X——
[
My VR~ VR m,

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’

B. Kayser, the physics of massive neutrinos (1989)

23.01.2019



Mass eigenstates

See-saw type | :

m

weak ™

E= 5(171;., Ng)

tan 260 =

0

2mp

mp

Mp

Mp — 0

c
vy,

Np

mp#0
Dirac + Majorana

mass terms

<1

~ Mp

m, =1 [(o + Mpg) — /(0= Mgp)2 + 4?}1%} ~ —m2 /Mg
M=1 [(0 + Mg) + /(0 - Mr)? 1 4-mZD]

Mg =0
mp # 0
Dirac only, (like e- vs e+):

VL VR VL Vg
Y 0 v 0
4 states of equal masses

Some have 1=1/2 (active)
Some have I=0 (sterile)

o

weak ™

Mg =0
mp=0

general formula

Majorana only

Vi
%

VR
7

2 states of equal masses

All have

I=1/2 (active)

if mp < Mp

o

dominantly:

weak ™

Mr>mp#0  see-saw

Dirac + Majorana

v N V N
Y 0 Y 0
4 states , 2 mass levels

, have ~I=1/2 (~active)

", have ~1=0,(=stetile)




Manifestations of right handed neutrinos

one family see-saw

v = vLcosO - N°p sind
N = Ny cosO + v, ¢ sinf

what is produced in W, Z decays is:

v = light mass eigenstate
N = heavy mass eigenstat
# v, , active neutrino
which couples to weak in
and = N, which does’nt.

width

L N;

-- mixing with active neutrinos leads to various observable consequences

-- if very light (eV) , possible effect on neutrino oscillations (see
talks later today)

-- 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»

= Higgs.Z, W visible exotic decays H> v; N; and Z-> v, N;, W->

= also in K, charm and b decays via W™-> |, * N, N>y *

with any of six sign and lepton flavour combination

49
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New proposal

Experiment PS191 NuTeV CHARM SHiP
Proton energy (GeV) 19.2 800 400 400
Protons on target (-101%) 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 arXiv:1504.04855
d o arXiv:1504.04956

Target/

hadron absorbe v, detector

ctive muon shield



Processes (1)

Search for heavy right-handed neutrinos in collider experiments.

V)

B factories Hadron colliders

¢ &¢ canbee, nort \

Z factory (FCC-ee, Tera-2) HE Lepton Collider (LEP2, CEPC, CLIC, FCC-ee, |

arXiv:1411.5230

Alain Blondel




Constraints and Future Searches

104

1077

10710

107"

10 _ 50 |
updated plot from MaD et al 1609.09069
and Antusch et al 1710.03744

cf. also Cai et al 1711.02180



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
4 80-100 km
\ long tunnel
W
%
%
* p-e (FCC-he) option
 80-100 km infrastructure In

Geneva area 53



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

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

* top-up Injection

e crab-walist crossing

1 03 . ¥

¥ FCC-ee (Target, 41Ps)
ILC (Lumi Upgrade)

—r
o
N
1
o

-y
o

Luminosity [10** cm2s1]

. Dashedines : Possible eneray and lumnosity upgrades
1 1 1 |

2000 3000
Event statistics : Vs [GeV]
Z peak E.,: 91GeV 510% e+te-> Z LEPx 10°
WW threshold E_, : 161 GeV 108 et+e- > WW LEP x 2.103
ZH threshold  E_, : 240 GeV 10° e+e-> ZH Never done
tt threshold E.. : 350 GeV 106 e+e-> tt  Never done

54
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Direct discovery of right-nanded neutrino:

Simulation of heavy neutrino decay in a FCC-ee detector

n

I=
=

=

yZ: reconstructed

Xy: reconstructed

__l'lII[[IIIIIII'IIIII'I]IIIf[llllllll'l]lll1'

For the very small mixing typical of Type-l see-saw, the RH neutrino is
very close to sterile (JU]? = m/M (>10-1?for M=50 GeV)

23/01/2019 Alain Blondel The FCCs 55



o Normal hierarchy E. Graverini et al

107
10°®

cd__
= 10°®
1D—HZI

-”]—11
Seesaw
1 1 1 1 1 11 | 1 1 III|

1 10
HNL mass (GeV)

(a) Decay length 500 ym to 2 m

with 5 10%? Z

23/01/2019 Alain Blondel The FCCs
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Constraints and Future Searches

104

1077

)
10710
1 0_13 L
L | I | L ! L | I | L ! ! |
0.5 1 5 10 _ 50 .
— updated plot from MaD et al 1609.09069
M[GeV] and Antusch et al 1710.03744

. .. cf.also Caietal 1711.02180
Marco Drewes, should be upgraded for full FCC-ee statistics =~



Final comments on statistics:

whether one uses frequentist or Bayesian approach, the results normally do not
vary much and if they do one should probably use the worst.

HOWEVER: the main question is to make sure one does not misevaluate what one
knows (information) or does not know

Two quotes to conclude:
-- OK to use a parametric fit to a well known problem (v oscillation, Z line shape etc.)
-- Itis however not recommended (i.e. should be forbidden really) to fit some data
with a convenient but arbitrary or unsure or model-dependent function
(i.e. fit looks good) and act as if the error matrix of the fit represents
the uncertainty on the fit data. It does not, -- and this can go very wrong!

-- in 1984 the UA1 collaboration was observing monojets.
Is supersymmetry found? G. Altarelli explained that this was probably
the combination of W—1tv_events and Zg - vv + jet
he also :
Called on the particle physics community (theorists and experimentalists)
to stop wishful thinking about new physics and to start a serious,
guantitative background evaluation



food for thought:

what result would one get if one measured the mass of a V_ (in K-capture for instance)?

what result would one get if one measured the mass of a Vu (in pion decay)?

Is energy conserved when neutrinos oscillate?

Why do neutrinos oscillate and quarks do not?



food for thought: (simple)
what result would one get if one measured the mass of a V_ (in K-capture for instance)?

what result would one get if one measured the mass of a V  (in pion decay)?

Is energy conserved when neutrinos oscillate?

would measure a distribution with three
values of mass with the following
probabilities

| | | | | |
llJlel2 I(JZeI2 llJBel2

<m ve>==Ule=2 r“l'l' =U26=2 r“2 + =U3e=2 m3

Vl Vz V3 "




Is energy conserved when neutrinos oscillate?

Energy (i.e. mass) eigenstates
propagate

v(t)>=U;.v.> exp(iE t)
+U,, v, > exp(iE,t)
+U;, v3> exp(iEjt)

P(Vl) = =U1e=2
P(VZ) = =U23=2
P(V3) = =U33=2

are conserved during propagation




Why do neutrinos oscillate?

take n—>uv decay M=m, m;=m m,=m,

U- — "”1 — m';

muon momentum:

2M

variation of muon momentum upon neutrino mass and mass differences

L - \ - N ol - \ .
OPp (Pi) B (pi) 0Py (Pi) B (Pi)
C  C /=0 C / my=mqg ' C « C /J my=mao » C -r'n;_;:rn.f}

) ) 0 )

m>- — ms m= — m: —
il I||J il ||l‘

21y 2y

<y 3] 9 ) ) )
0"y, me —m;, — My m_ — 1, —
1 J|J o ! J|J L i} Il.j

C 21M 2M




However we need to take into account the width of the pion since it decays
with a life time of 26ns or ct=7.8m (hbar.c = 200 MeV.fm)
Am,_ = hbar/t ~4 104 MeV/c? = Ap,~ 3 10"** MeV/c

=» the uncertainty due to the pion decay width is much larger than the difference
iIn momentum between the neutrino mass eigenstates.

This is the same relationship that ensures that interference happens between
light coming from different holes. (can't tell which hole the light went through)

Neutrinos oscillate for the fundamental quantum reason that the width of the

decaying parent makes it impossible to tell the neutrino species
by measuring its mass from kinematics.

from Am_

much amplified: the central value of p (v1), p,(v2), p,(v3) distribution




Unrelated Preamble
Why do pions decay into n* —u* v, much much more than into ©* —e* v, ?

Imagine the © decay at rest. (obviously the decay fraction is Lorentz invariant)

M+ » M+
W+

Vi

Vi

momenta are equal and opposite: (P, )?=(m? - m? -m?2)/2m,
How are the spins? The u* and v, originate from weak interaction
= p*is right-handed and v, is left-handed ... however the pion has spin 0

If helicity and chirality were identical However they are not.
we would have violation of |R>, |L> chirality states; |+ >, |- > helicity states

angular momentum conservation! |IL>=|-> + m/E |+>
|IR>=]+>+ m/E |-

{l u*
\ really: \ thus the decay rate is proportional to
| I<RI->|I? = (m, /E,)?

Also multiply by the phase space factor
spin0 7" spin 0 \ proportional to (Pp)?=(m?,- m2, - m2,)/2 m_

Lo

faYi

T
O




However they are not.

|R>, |L> chirality states; |+ >, |- > helicity states
|IL>=|-> + m/E |+>

|IR>=|+>+ m/E |->

thus the decay rate is proportional to

I<R[|->|[* = (m,/E,)?

Also multiply by the phase space factor
proportional to (Pu)*=(m? - m?, - m2)/2m_

m—>eV
(lamrd VAY

So we can derive the ratio Ry =

2
2 2
Ry = (me/m,)? (m“ m;) —  1.2351(2) 10 (theory)

mz —m,
1.230(4) 104 (exp)




LA MECANIQUE QUANTIQUE DES
OSCILLATIONS DE NEUTRINOS

On traitera d’abord un systéme a deux neutrinos pour simplifier

Propagation dans le vide: on écrit le Hamiltonien pour une particule relativiste
(NB il y a la une certaine incohérence car la mécanique quantique relativiste utilise des méthodes différentes.
Dans ce cas particulierement simple les résultats sont les mémes.)

El/c
On se rappellera du 4-vecteur relativiste Energie Impulsion Px
Py
Dont la norme est par définition la masse (invariant relativiste) z
et s’écrit
(mc?)? = E*- (pc) (me ) -
D’ou I’énergie: E = \/(pC) + (mc ) ~ pcC (1+ )ZpC + —
2(pe)’ 2pc

On considéere pour simplifier encore le cas de neutrinos dont la quantité de mouvement est connue ce qui fait que le
Hamiltonien va s’écrire ainsi dans la base des états de masse bien définie:

100} , [m 00
H=pc|010|+-—|0m?0

2
001) o0 m?




LA MECANIQUE QUANTIQUE DES OSCILLATIONS DE NEUTRINOS

Pour le cas de deux neutrinos, dans la base des états de masse bien définie:

{10) ¢t [(mo

H = pc +—

0L 2pclom?

L’evolution dans le temps des états propres ‘ V1> et ‘ v, > s’écrit:
‘ Vl(t)> _ ‘ Vl>eiE1t/h ‘ Vz(t)> _ ‘ V2>eiE2t/h

Cependant les neutrinos de saveur bien définie sont des vecteurs orthogonaux de ce sous espace de Hilbert
a deux dimensions, mais différents des neutrinos de masse bien définie: |v,) ‘vﬂ>

v, _(cos@ sinHIvlj vy)
v, ~\—sin @ cosd v, ‘Vy>

L’évolution dans le temps s’écrit maintenant 0 ‘ v >
1

iE /T

1% cosd sml|ve cosd sml| Vv

e iEt/h
= e

vV, —sin @ cos@ VzeiEz”h —sin 6 cosO\v,e

i(E,—E, )t/




LA MECANIQUE QUANTIQUE DES OSCILLATIONS DE NEUTRINOS

v, (1) iEt/hLCOSQ sin HJ v,
=e ! |
V,U(t) —sin & cos@ Vzel(Ez_El )t/ h

Si nous partons maintenant au niveau de la source (t=0) avc un état Ve>

et que nous allons détecter des neutrinos a une distance L (soit a un temps L/c plus tard) la probabilité
Quand on observe une interaction de neutrino d’observer une interaction produisant un electron ou un muon
seront donnés par le calcul de

v (0N =|(v.|v. >H2
PAvOD =l o) |

v o) = v lv.o) I =] cos8 (v |n)+sin6{v,|v

v,(£))) = (cos® O+ sin* @ e F 7" ) (cos? G+ sin* @ e E M

> ei(Ez—El Yt /i H2




LA MECANIQUE QUANTIQUE DES OSCILLATIONS DE NEUTRINOS

\ =|| cos@(v,|v,)+sin O (v, |v,)e >t H2

v.(O) =|(v,

)
v,(1))) = (cos O+ sin’ @e MY (cos® @+ sin” @ e )T
v,(1))) =cos® @+ sin* 0+ cos” Osin* O (¢ F7ET 4 g BB
ve(t)>) =cos’ @+sin* @+ cos’ sin” O (2cos((E, — E,))t/h))
ve(t)>) =cos’ @+sin* @+2cos’ Osin” @—2cos’ @sin” O (1—cos(E, — E,)t/h)
ve(t)>) =1-sin’20sin’*(1/2(E, — E,)t/h)

P.(v,(6))=1—sin>20sin*(1/2(E, — E,)t /1)
P (v, () =sin*20sin*(1/2(E, — E)t/h)

En utilisant:

1—cosx =2sin”x/2,

2SN XCOSX =S 2x




LA MECANIQUE QUANTIQUE DES OSCILLATIONS DE NEUTRINOS

P.(v.(6)=1—sin>20sin*(1/2(E, — E,)t /1)
P (|v.(t))) =sin*26sin*(1/2(E, — E)t/h)

melange oscillation
Le terme d’oscillation peut étre reformulé:
2 4
m cC
E=pc+
2pc
E,—E = (m; —m;)c" Amlzc
2 pc 2pc
2 4 2 4
Am~c [ Am’c _Am'c’ L

4 phc 4 pchc 4hc E




LA MECANIQUE QUANTIQUE DES OSCILLATIONS DE NEUTRINOS

Les unités pratiques sont
Les énergies en GeV

Les masses mc? en eV
Les longeurs en km...

On trouve alors en se souvenant que he =197 MeV’.fm

P(v, (1)) =1-sin’20sin*(1.27Am,L/E)
P (|v.(t)))=sin*20sin*(1.27Am, L/ E)




Pee
Pemu

km

Exemple de probabilité en fonction de la distance a la source pour
E=0.5 GeV,
Am?,=2.510-3 (eV/c?)?




