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Leptohs Quarks

I 11

The Generations of Matler

Neutrinos are standard
model particles = neutral
cousin of the electron and
~of the other charged leptons

“They interact only through
weak interactions = Neutral
current (Z-boson) or Charged

_current (W-boson)

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



.,' 4;1 '€

¥ ALl K . Nak-tr ',' .
e ! v oy [ o Y= e 3 o % . -y
2, A SN ok bt S 5 o - ) b Loty PR
e PR A- 7:: (X2 Rt (x==! N
PR R & 7 ¥ R e s S|
Ry - Y T A
e T g < e 2 2 ‘.-‘
.'. _ ._, , g F e 4;1 G L3 N AT
< "% ; o
> & - '_ - s
e :
q ¢ 3 ) = &
: 7 U ‘o
-y » . g re -
-_' "** ,?' o5t _Jv : \Ll < I'\ o _-" qv ‘. ':‘,'-‘, ’ \tl ’
a r‘- f 9 r‘- :‘ 0 -J,. b 5 r‘- 1'
> ,p P Iy - ,,
A( _.“_" 0 ’\q»"', ‘.' "»‘( ") O :\_q-., ¥ ‘ul 9 ‘\;3.-" s ‘) 0 ’\,q . ‘»‘?
_‘jf—/ 47“‘-":" . * - .‘.'.-.“ & ,-';" 2 I T"-":“ '.L‘._p\"\‘ NG .*, '.';'-_‘. .'.'.-.AZ A‘,-“.'Z.‘:‘,‘-I:_ L™ T“-}:“, 'L‘.J-\ . _'.'J..‘. A‘,-‘;"-_‘T,_-I :_ e T“‘-'._" "L‘.'J-\"\‘ Slret ‘.’. '.':'-_’ - .‘.'.-.“, A‘,-';"-.‘:'-;F

2 2015 Nobel prize in physics was awarded for the discovery of
neutrinos oscillations = SuperKamiokande (1998) and SNO (2001)

A. McDonald T.Kajita

“"pour la découverte des oscillations des

neutrinos, ce qui montre que les
neutrinos ont une masse"

2 Neutrinos are produced in flavor eigenstates (ve, V)
2 The flavor is a quantum mechanical state combination of 2 different mass states
2 Conversely a neutrino in a definite mass state must be a mixture of 2 flavor (ve, vy)

2 While propagating the two waves interfere with each other — at a distance L the
original v, can be detected as ve
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2 In the 2 flavor case -neutrino
oscillations can be described by a
rotation matrix with one mixing angle

cos) —sinéb

sinf? cosf

Py, 5 ;) = sin?(Am2,7./ )

2 Baseline L is fixed

2 Neutrino energy E can be
reconstructed in the experiment

2 Observing the oscillation pattern
allow to determine the mixing angle
and the mass difference Am? (not the
absolute mass)
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' _ /Cosmic ray
Not long en9ugh/// \
fto ostillate y
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Discovery of neutrino oscillations

Water Cherenkov detector able to
distinguish muons produced by v, from
electrons produced by ve

v, from downstream (cos(0)<1) diSappea(

- while ve are as expected

v, oscillates into v+

Probability
(vM remain VM) _

— I

Up-going

o
>

100 1000 104
L(km) for 1GeV neutrinos
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X*(best fit) = 65/¢n of
/Xl(No oscillation) = 135‘/674.‘ / 700’
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Sub-GeV e-like
8994 Events

Multi-GeV e-like
2463 Events

/ Cosmic ray
Not long en9ugh

) l 10 — T
yto oscillate ¥ - S EDown-going \

SK-I+lI+llI+1V, 4581 Days

.000 104
SK Data seV neutrinos

Sub-GeV u-like
9359 Events : 9

Multi-GeV u-like + PC UpThrough i
5068 Events 5475 Events

0
cos zenith
X (st ) = 65/67 ap\_OX* =
xt (No oscillation) = 13§/‘7duf> 70.’




2 ve are produced in the Sun and their flux can be precisely
computed — since 1960s experiments on Earth observed a
deficit of ve charged current interactions (ve — €)

CC — sensitive
only to ve flux

NC — sensitive
to total v flux

ES — ®(ve)
~ 6(Pvy+Pyy)

ee
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~ Howtomeasure 613

Until 2011 the last mixing angle 813 was unknown

Reactors (DChooz, RENO, Daya Bay) Accelerators (T2K, Nova):
v/ Disappearance of Ve P(Ve = V) v Appeargnce experiment: P(Vy = Ve)
v Ve produced in nuclear reactors VAV neUtf[nO beam
v Neutrino energy few MeV 4 N.eUtrmO energy ~1 GeV
v/ Distance L. ~ | km v Distance L >~ 300 km
v Signature: ve appearance in v, beam
v Signature: disappearance of the Ve v'Degeneracy of 613, 0ce, sign'of Am?

produced in the reactor — depends on 0,3

The T2K long baseline neutrino oscillation experiment

Reactors P (\_le — Ve)

decay beam near detectors
O A 30 GeV PS target horns plpe domp (on-axis and off-axs) far detector
—_—— e~
VAl * _A o L O MUMON
P .

Near Detector Far Detector e Y .
<500m ~1.5km o




Reactors (DChooz, RENO, Daya Bay)

Y Disappearance of ve ?6/5 — Ve)
Y Ve produced in nuclear reactors
v/ Neutrino energy few IVIaV

v/ Distance L ~ | km

' Signature: disappearance of the Ve
produced in the reactor = depends on 013

J P(I?e — ﬂe) =1 — sin220133in2A13
— c08*0138in°20158in>A15

Simple dependence on 043 (and
Ama4?

V. Appearance experiment: P
v/ Vi neutrino beam

Accelerators (T2K, Nova):

(Vi = Ve)

V. Neutrino energy ~1 GeV.
v/ Distance L >~ 300 km

v/ Signature: ve appearance in vy, beam
v Degeneracy of 613, 0ce, Sign of Am?

1st order — 913
sin’26013 . .

P(v, — v.) ~ sin® 03 A_1) sin®((A — 1)A)
+ aA@) sin(A) si) sin((1 — A)A)
aASfCPA cos(A) sin(AA) sin((1 — 4)A)
2( N )2 Jcp— CPV term
o2 COS (923ASH1 012 sin2 (AA) A de.pends on
A? the sign of Am?

A=Am3?LI4E &= |Ama2?|/|/Am2+2| ~1/30 A
4
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Reactors

Near Detector Far Detector
<500m ~1.5km

=
(=]

EH3
No oscillations
Best fit
Fast neutrons
"C(a. ")100
24 Aﬂl’“C
YLi/*He

Entries (/MeV x10%)
S

S
b

2
05 006 007 008 009 010 011
Si!l2 2013

Prompt energy (MeV) sin?(20,3) = 0.0841 * 0.0027(stat)  0.0019(syst)

R°™ / Ric5sc.

2 Daya Bay: set of near and far detectors — precise
measurement of 013 from ve disappearance
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Double Chooz

JHEP 1410, 086 (2014)

Preliminary
(CERN seminar 2016)

0.119 +/- 0.016

Daya Bay
PRL 115, 111802 (2015) - 0.0841 +/- 0.0033
RENO
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e a o o 4 4 s a4 o dos b o b o a o s b o o s o b o)

0. l‘ 0.2 0.25
sin®20,.




T2K appe-ara'ncé and dlsappefa-rahcei:;
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2 vg disappearance is sensitive to Am?2s, (position of the
oscillation dip) and sin?(623) (amplitude of the dip)

Normal Hierarchy

T2K prefers maximal mixing

NOVA excludes maximal mixing at
2.60

1107 eV3/ct)

,
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NOVA (2016) Super-K 3
T"K Runl-7¢ preliminary \H'\()S+

03 035 04 045 05 055 06 065 ()7
sin” ():3

—— T2K best fit
NOvVA best fit
—— T2K data

=i
.-
O
g
ol
o
=
O
-
=

T2K data with NOvVA best fit

More data will help!

15 2 25
Reconstructed energy (GeV)
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«««« Normal - 68CL
» Best fit

we Normal - 9OCL
PDG 2015 Inverted - 68CL

Allowed 9%0% CL
Inverted - 90CL

= Normal
- : Inverted

0.04 0.06 0.08

By comparing neutrinos and antineutrinos T2K is sensitive to 5CP

Adding reactor c'onstrainté on 013 CP conservation is excluded at
90% CL

16



? One of the main open problems in our understandmg of the
Universe is the matter-antimatter asymmetry

3 Sakharov’s conditions:

B -10
= (6.21£ 0.16)x 10 mber violaf
( ) - baryon number violation

8" "B_ (8 754 0.23)x 10" - C and CP violation

- deviation from thermal equilibrium
dynamics

G 2 The m‘e'asured'GP violation in the quark sector is to small to
- generate the observed asymmetry - Asymmetry can be
_ generated by the leptons — Leptogenesis

B CP violation in the leptonic sector is one of the conditions
~ necessary for the leptogenesis — observation of CP
violation in neutrinos might be behind the corner!

17
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LBL Acc + Solar + KamLAND + SBL Reactors + Atmos In the Iast 20 years
AALMAMLK T the 2 mass squared
dlfferences and the 3
mlxmg angles have
been measured

3 open questions:

Ocp: hints (~20) that it might
be different from zero
Mass ordering: v3>v2>v| (NH)
or v2>v|>v3 (IH) ?

B53: maximal?

7.5 8.5 22 24 26 28 0
8m2/10 eV"’ AM#/10° eV?

Normal Ordering (NO) . Inverted Ordering (10)
'

+Am?

0 A PR | Al [ : [ ;" ' 1‘ =
0.25 0 35 0.01 0.02 0.03 0. 3 0 4 05 0. 6 0.7 -
smzeﬁ3 sin’e, , Sin°e,,




? Mass ordering is accessible to different experiments using
- different techniques: accelerators (NOVA, DUNE, HK),
reactors (JUNO) or atmospheric neutrinos (ORCA, PINGU)

Expected sensitivities vs. Time

a NOvA hierarchy resolution, 343 years

$in?26,,=0.095, $in?28,,=1.00

3.5 T T T T T T T T T T T T T T T T T T T r T rrrrrrrerr

Median significance (o)
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v
<
<
e
E
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v

2018 2020 2022 2024 2026 2028 2030 2032 20

NOVA can reach 30 in 2020 if Time (vearo}
lucky (need a “good” value of Ocp) ORCA and PINGU — sensitivity

depends on 023 and on systematics
- JUNO — sensitivity depends on energy resolution
DUNE — very long baseline, large matter effects
— will measure MO but not before 2026 19
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. P Best chance to measure dcp is with accelerators

T2K +T2K phase-Il + HK

» .’

Hyper-Kamiokande

=
S

aﬂ-‘\‘\ .

e N

Hyper-K Design Report (7E21 POT

signal

or nu and 20E21 POT for anti-nu)

Vy Ve Vy —Ve

v mode

7 mode

NOvVA and DUNE

Sanford Underground

Research Faci
Fermilab

NEUTIINO
PRODUCTION

PARTICLE
DETECTOR

UNDERGROUND
PARTICLE DETECTOR

40 kT Liquid Argon
~ detector
odules, 10 kton each

nes
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—— Previous data
—-=— Daya Bay

Global average
MiniBooNE : g 1-0 Experiments Unc.

Previous average
L R = 0.942 + 0.009 (exp) , 2 1 ModelUnc.

s v, fromK*®

. - v, from K* 02
LEAND sigaal - x msid 1

[ A - Ny Distance (m)
I
—— g

Totad Background

7.2 1.4
L/E, (metors/Me V)

Data/ Prediction

Anomalies observed in ve disappearance
(reactor) and ve appearance (LSND,
MiniBooNE)

) rd
/eV
—
<

0
e
i

Am

Might be explained with the existence of an
additional state (3+1 model) ——————

99% CL sensitivity

(G68% and 95%)

No observations of v, disappearance — Kopp ot al. 2013)

s Collin ot al (2016)

difficult to reconcile everything in a single 0 =
framework sin? 20,,

MINOS ™7}



o e - See Nathalie’s 2R for
:,,;umog_ ”Tc)r details on msr ology

- anc d s’m}h neutrinos

A ? ' Several experlments setto mvestlgate these anomalles in the
next years and will hopefully give a firm answer

9 Dlscovery or exclusion of sterile neutrinos at the eV scale

B Program of short baselme at Fermilab to mvestugate vu
dlsappearance and ve appearance

4 Reactors and . for the ve disappearance
SOLID 4 | STEREO

6 Gd-loaded hquid

23



9 Several experlments setto mvestlgate these anomalles mthe
next years and will hopefully give a firm answer

P Dlscovery or exclusion of sterile neutrinos at the eV scale

Z P_rogram of _short baseline at Fermilab to mvestlgate VU
disappearance and ve appearance

Z4 Reactors and ) for the ve disappearance

44Ce Ve source e
close to Borexino =& = AN oo o
start beginning of 2018

144Ce.144Pr: 3.7 PBq
R<4.25 m (280 tons)

Vertex resolution: 15¢cm "
Energy resolution: 5%
10000 events/1. 5y

24
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2 Neutrinos are the only fermions that
can be Majorana particles 2 v=7v

2 If neutrinos are Majorana particles
then it is possible to have a double -
decay without emission of neutrinos

Double beta decay Neutrinoless
which emits anti-neutrinos double beta decay

Total electron energy % @94 096 0.98 100 102 1.04 106 094 095 0.98 100 102 1.04 106




e R N P A S ST et " S R SR ’ AR ' R T T
- A7 A o bl va e lolay : X . > s A o Yk AgT o A3
. - e Iy . A -~ - - - d ‘ x - P g R e S e tey -
[ e S Tl rodei foVer T 2 TN 1 J 4.' ---- J LI e A S P AT LY - g
=40 R v e - ,,,'— - ¥ — S 'S iy e TR
B - - o L {y 2T 1) JO -~ S ) ) - s - . A
[ 37 Wiy i) d W w A% e l - ihd d o « |y A :
& . » - e, - . N G J N G 3 B - -
X ol ‘. PR e , - S AN -l
- . B 5 AR - '_. b 2 PN A \ .
3 1 ~ .'.',‘s—*. p ; _y '.',‘k*. p et ~
b= 3 . . et ' e . -
| S S ‘s A ~;-.' 3 2 R A SR A ST
- 3 > iy bt e J - e
I e - ot - ’ - N - { o
a® =t - A LS ) o AR PO s
< ~ - 3 . 1 '@ . ’ ~ i
v - Y 4 X Y 4 o oA
- y ! B » a B » -
Y - % R e T ety \,.‘ = _\..‘_r % \.3: Iy See AL
‘&P e R A O Ll n o SR O vk o S

2 Need high Q-value for the 0V to reduce radioactivity bcg
2 Main background due to 2v(

2 The expected rate of 0V depends on the absolute mass
of neutrinos (unknown) and the ordering

2 If inverted hierarchy the expected 0v(3(E ﬂb-r:*h
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scintillating
bolometers

Desired features
* Good energy resolution
* Low background
» Scalability to large masses
, » Possibility to investigate different
isotopes with the same technique
cge Event topology reconstruction

Avalan
Photodiodes
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2 By 2018 we will start investigating the IH region

> Goal of next generation experiments will be to investigate

the IH region — lot of R&D is needed

2 The way beyond — (7) R&D and R&D
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Conclusions

= 9 Neutrmos are fundamental partlcles in the SM but we stlll
“heed to Iearn a lot about them' , -

i -9 Neutrlno oscillations are nowadays well _e'_stablished (Nobel |
priZe in 2015) — only indication of physics beyond the SM |

B All mixing angles have been measured

B The dlscovery of CP vuolatlon in the Ieptonlc sector mlght |

be (almost) behind the corner

9 Precision tests of the PMNS paradigm will be performed

by current and next generatlon of experiments (HK and
DUNE for CP vnolatuon + many others for the mass
~ordering)

9 Anomalies wull lead to dlscover/rule out sterile neutrmos
2 The nature of neutrinos is still unknown

‘P Might be Dirac or Majorana particles — The obser\'/ation'.
of Ovf33 would mean that neutrinos are Majorana particles

29



