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Why do we study neutrinos?

Neutrinos are abundant, but the most elusive particles.
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Enigmatic particles,
not fully understood

Credit: Tiffany Bowman, Brookhaven National Laboratory.




Why do we study neutrinos?

* Experimentalists have made
enormous progress in
measuring neutrino properties
— Data-driven field with
unexpected results!

e Theorists have been able to
explain most of the data with
simple models (such as the
three-flavor framework to
explain neutrino oscillation
results).

Great experimental prospects to solve neutrino open questions in the next decades




NEUTRINOS IN THE STANDARD MODEL
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Neutrinos in the Standard Model

Particles of the Standard Model

Standard Model leptons

Neutral charge

3 neutrino flavors (at least)

Weak interaction (and gravitational)

Strictly massless (not)

neutrinos: /> T
left-handed ¢
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Neutrinos beyond the Standard Model

Experimental evidence of the
need for Physics Beyond the
Standard Model to explain
neutrino oscillations.
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NEUTRINO
DISCOVERY
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Neutrino postulation

Fafstat - Pl rerve of PC 393

Experiments by Lise Meitner and Observed Expected i/ 15125
. . electron &r‘fm i:;:;: R::zd:; :Tna:npe -d,:r Radioaktiven bel der
others on radioactive decay showed B-decay D norgis, | eneray el i

problem: E and momentum conservation. . e T ity e e 9%

Iiebe Radioaktive Damen und Herren,

Wie der Usberbringer dieser Zeilen, den ich huldvollst

kT g B gl syt e g o
1 " anges »
1930 - Pauli proposed the v as a “desperate e g Szt 1) i SaFete e Bizte
| . C L] chkeit, es n neu

" Teilchen, die ich Neutronen nennen will, in den Kernen existieren,

remedy” to solve the B-decay problem: Energy | e o Eon 2 i @ ettt v o

Endpoint of mit Lichbgeschwindigkeit laufen, Die Masse der Neutronen
:- von derselben Griossenordmng wie die Elektronenmasse sein und

a light, spin ¥2, neutral particle. spectrum IR T, e e ey

Bota-Zerfall mit dem klektron jeweils noch ein Neutron emittiert
aird, derart, dass die Summe der Energien von Neutron und klektron
konstant iste
@)
e iron et Masprudh meinse, seresrtes arglngers in Amke
- gy h einen Aussprech moines Vor, 9
n —-p+e+v9 Hamw,ummm,ummum:—ann
e "0, daran soll man am besten gar nicht denken, sowie an die neuen

Steuern." Darum soll man jeden Weg sur Rettung ernstlich disiutieren.-
Also, liebe Radioaktive, priifet, und richtet.~ Lelder kann ich nicht

personlich in Thingen erscheinen, da sch infolge eines in der Nacht
vom 6. mum 7 Des, in Zirich stattfindenden Balles hier unabkfmmlich

Number of electrons

Nun handelt es sich weiter darum, welche Kriifte auf die
Meutronen wirken. Das wahrscheinlichste Modell fir das Neutron scheint
mir sus wellenmechanischen Ortinden (niheres weiss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magnetischer Dipol von einem gewissen Moment a ist. Die Experimente
verlineen wohl, dass die ionisierends Wirkung eines solchen Neutrons
nicht grosser sein kann, sls die eines pﬂlosmhh und darf denn
4 wohl nicht grosser sein als e ° (10°*° m).

Ich traue mich vorliufig sber nicht, etwas iber diese Idee
— gu publisieren und wende mich erst vertrauensvoll an Euch, liebe
O v Radioaktive, mit der Frage, wie es um den experimentellen Nachweis
e

(A2)

eines solchen Neutrons stdnde, wenn dieses ein ebensolches oder ot
J0mal grosseres D dri b wirde, wie ein
guwa-Strahl,

Ioh gebe su, dass mein Ausweg vielleicht von vornherein
wanig wahracheinlich erscheinen wird, weil man die Neutronen, wemn
she existieren, wohl schon Ifngst gesehen hatte. Aber nur wer wagt,
> beta-Spektrum

ges. W, Pauldi

1933 - Pauli's suggestion was developed into proposed theory for beta
decay by Enrico Fermi who also provided the name neUtrFug&i"s letter outlining his theory at the Tubingen conference in 1930




Neutrino discovery

Cowan and Reines (Los Alamos, USA) initially thought that neutrino
bursts from the atomic weapons that were then occurring could provide the
required flux.

Hanford experiment - insufficient evidence to claim discovery.
1956 - The neutrino (v.) was directly observed by Cowan & Reines.

Nuclear e i Al

I’eaCtOI’ at - ] d.'{ ?xi:‘A :"i:i,-’ .

Savannah e ¢ 0 Wit Neutrino detector :
River (SC, 1 m3 liquid

USA) scintillator

Neutrinos cannot be detected by the

particle detectors, but they can interact

and produce new particles sensitive to

U.produced by B-decay U.detected by inverse B-decay: electro-magnetic fields and, therefore,
Vo+p—n+et perceptible.
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Types of neutrinos

Ve Vy
= M\/V‘< W wv< W= V\A/<
e M

1962 - discovery of v, using a beam of protons
from the Brookhaven's Alternating Gradient
Synchrotron.

First detection of accelerator neutrinos!

B Lederman, Schwartz y Steinberger - 1988

2000 — detection of v.at the DONUT experiment

The neutrino flavour is defined by the charge lepton
flavour that goes with in the the charge current
interactions.

3 leptons with charge -> 3 neutrinos.

roton Y gk
pbeam target proton accelerator s

a2 e a"":__ﬂ

r‘ detector -
steel shield spark chamber

pl-meson ,;: =
beam -

-.'_.-‘; oo s,

...........
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Number of neutrinos

* Unstable particles have an intrinsic uncertainty
(width) in their mass (from Heisenberg's
uncertainty principle AE-At > h/2).

* The width is proportional to the number of decay
modes and their probability.

* The width of the Z boson is ~2.5 GeV and 20% of
the time a Z decays into neutrinos.

1989 - The 4 detectors of LEP (the predecessor of the

LHC at CERN) measured the width which is
proportional to the number of neutrinos.

N =2.984 * 0.008.
(*) There are 2 options left:

— Very heavy neutrinos (> mZ/2 = 45 GeV).
— Neutrinos that do not couple to Z -> sterile.

G D]

30

20

10

PAY

. ALEPH
DELPHI
L3
OPAL

| ¢ average measurements,
error bars increased
by factor 10

86 88 90 92 9
E,_ [GeV]
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NEUTRINO
OSCILLATIONS




Neutrino oscillations

* v'sgenerated in definite flavour states
(Vf): Ver Vi Ve
Vieort e Propagate as mass states (vy,): vy, v, Vs,
* Flavour and mass states related by the
mixing matrix: v, = U v¢

Vi, Vi Vs

Pontecorvo, Maki, Nakagawa, Sakata (PMNS) mixing matrix
[ |

Ve 1 0 0 C13 0 5138_i6 C12 S12 0 e_ial 0 0 V1 Cij = cos Qij
VM =0 Co3 So3 0 1 0 —S12 C12 0 0 e_laz 0 V2 = sinB:
v/ N0 —sp3 C3/ \—s;5€ 0 0o o0 1\ o o 1/\v/ T

C13

Atmospheric + LBL Reactors + LBL  Solar + KamLAND [Majorana]

Vu 2 Vg Vu = Ve Ve 2 Vyur Not accessible in osc. exp. only ovB[

Experimentally detected in states of definite flavor: project back onto flavor basis at detector.
3 neutrinos -> Parametrization using 3 angles (81,, 853, 813), 1 CP violation phase (5).
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Neutrino oscillation probability

Oscillation probability:

2 Am?. L
PUQ—H/;;(L) E) — (505 - 4ZR6 [U;zUﬂanJUE]] Sin2 (AIZLEL) — 2ZIm [U;zUﬁ'LUaJUEJ] sin ( ;ng )

1>]
Different experimental sensitivities (varying L&E) to measure the 6 oscillation parameters:
012, 033, 013, Ami,, Am%l , Ocp

dcponly possible if all 3 angles are not 0 -> need to measure all of them

: Mixing angle
Experimental approaches: 1.0 <
. 2
» Appearance: search for neutrinos < 0.8, Am
from a flavour not present in the S, GI
o
source. e 3
] S 0.4 e _
- Disappearance: search for the 3 ., E=a
.. . f ﬂ w 0.2 MeV
missing neutrinos from a flavour -

present in the source. 0.0 1 10 160

Distance [km] Nature Comm 6 (2015) 6935
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Neutrino oscillation parameters

Evolution of experimental measurements

From P. Denton, Neutrino22

. 28 0.8 ‘ Denton
SIn“® U3 s
0.2 |55
. 4
Am31 ]_ e s
0.45 [
.10
Am34 9 |
0.04
Sinz 913 0
2 S—
6CP (]j 3o -

98 2000 2005 2010 2015 2020

v' Experimentally measured parameters: 6;,, Am2,, 6,3, 6,3, Am3,

? Unknown parameters: mass ordering (sing of Am3,), 8cp, 6,3 octant
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Where are neutrinos coming from?

Neutrino sources

galactic &
extragalactic

Reactor Accelerator Sun Terrestrial Atmospheric Supernova Big Bang

22



Where are neutrinos coming from?

Neutrino flux ¢ [eV~'cm™2s™]

1018 - T T T T T T T T T T T T T T T T T T T T T T T T T ]

102F =

= Solar (nuclear) =

10°F =

- = Reactors ]

10°F u 3

z Geoneutrinos™ =

106 E s =

- DSNB - ~ . :

10712 AN : -

- JAtmospheric =

1078 F ¥ E

E > -

1024 E b \IceCube data :

E N (2/01 7) :

10—30 E E > E

= Cosmogenic—="">. ]

10-36 =N S R T G N S G L S (N T S G NN S CEEE BN R CEE R R .. =
107° 104 10° 10° 10° 10° 10'2 10'° 10%

Energy E [eV]

Rev. Mod. Phys. 92 (2020) 045006

Many neutrino
sources with covering
a broad energy
range!
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Neutrino interaction cross-section

~ 107

10"

Cross-Section (mb
=

— —_ —_— _
9 9 3 9§
© ] w (=]

Q
N

(=)
b

10%

1 0-31

e+e- processes
Galactic
A

Atmospheric
SuperNova

ccelerator

Extra-Galactic

ll ll ll ll ll ll '

10°

1010

1012 1014 1016 1018
Neutrino Energy (eV)

1 mb =102 cm?

Very difficult to
detect neutrinos!

Need massive
detectors
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SOLAR -~
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Solar neutrinos

pp chain (98.4% fusion energy)

(pp)

p+p-=H+et + v,

pH+e +p = H+wv,e

99.6% ‘\j//lm%

3He + *He — 'He 4+ 2p

H+p—*He + v

(pep)

\’2 X l()_'.‘(/l

3He 4+ p — He 4+ et + v,

159
ppl L. (hep)
3He 4 'He — "Be 4+~
99.87%/\'0.13%
("Be) | "Be + e~ — "Li + v Be+p— "B 4 4
Li+p— 2'He 5B = ®Be” + et 4+ v | (5B)
ppll

SBe* — 21He

pplll

CNO chain (1.6% fusion energy)

(150)

l‘.‘(‘v p >13.\' A

BN +p — 2C + *He

99.9%

50 = BN +e* + 1,

I3SN 5 B3C+et 42,

3

BC+p— "N+

Y

0.1%
r

5N + p— 150 + 1

1I]()_+_ P — ITF +1

UN +p— 0 +19

4

"0 + p— "IN + 1He

A

Both chains produce v,

"F 3170 +et 4w,

(ISN)

(l'fF)

Neutrinos are the sole direct probes of the Sun’s core
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Solar neutrinos

Energy spectrum

Flux (em-2 s-1)

102 T ™1 ]
10 m 15 Bahcall—-Serenelli 2005 5
3 PpP— o 3
1010 & Neutrino Spectrum (+1g) -
— "Be~|+10.5% ]
’ DAPES | R P S 5
l.oa _4" L L.~ N y
E - e pep—~+P% 3
:”150.”,” : ‘| h
107 - il 1 E
- | | §.\' E
- " - I l B
10° 3 IT:‘,’ | \‘ 8B -» +£16% E
E_-—" "Be~ :
10¢ :! tlo-m/ E
N /’ 1;
sy E
102 ¢ E
[ — ]
10! " r—-
0.1

Neutrino Energy in MeV
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Homestake experiment

1968 - Solar v detection by Davis — v, rate smaller tan expected.
* Goal: Measurement of the flux of solar neutrinos (1970-1994)

Detection mode: based on the inverse beta reaction: 3’Cl + v, 2 3Ar + e

* Results: The flux measured is 1/3 of the solar model predictions
“the solar neutrino problem”

* Possible causes: theory and/or experiment were wrong

- Pontecorvo postulated oscillation theory of v— v.

- Maki, Nakagawa y Sakata proposed a two-flavor mixing theory and latter
built a general model.

Flavor oscillations imply that neutrinos are massive —
Physics Beyond the Standard Model
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Kamiokande and Super-K experiments

i
‘i‘l‘
it
;mnulumé%‘:ﬁﬁ"}{g

H

Y

s

li!lgmlilii‘%ﬁ%‘xiii
T

— KamiokaNDE: Water Cherenkov detector.
Mostly v, detected by the reaction:

vp+€ —Vvide

—Super-KamiokaNDE

Both confirmed deficit of solar neutrinos
(0.4 expected neutrinos)

Cherenkov light

Neutrino
Charged

particle
in water

Photosensors
Charged particles
propagating in a medium
with a speed exceeding that
of light in that medium emit
Cerenkov radiation.
Detected as a ring by large
area photo-multipliers.
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Sun "neutrinography”

Sun “neutrinography” taken by
Super-Kamiokande 1 km underground.

500 days exposure time.

Super-Kamiokande
Gifu Prefecture, Japan

30



SNO experiment

2001: SNO detected solar neutrino oscillation
measuring the total neutrino flux.

Detection methods:

. Elastic scattering: mostly v,
v+e —y+e  (ES)
. Charged current: only v,
Ve+ D —e  +p+p (CC)
. Neutral current: all flavours

v+D—-y+p+n (NC)

1 kton D,0 contained by a 12 m acrylic vessel
9600 PMT’'s mounted in a geodesic support structure

=20
7

McDonald, Kajita -2015
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SNO experiment

2001: SNO detected solar neutrino oscillation measuring the total neutrino flux

ES s Vu,r (I) X i
Psjo + 7 PgNo= (I)SN() No _ = (0.406 £ 0.046
” Pggm - &
SN() QSN() @SN() qE 6;* """ Ossm 68% C.L.
Ve Vi, r NC D = ] = 0017 °§ i —— 0y 68%, 95%, 9% C.L.
SNO T Psn0 = Psno 3SM x
i P < T T
s = 0.853+0.075 :
e 25 I o 68% C.L.
- I oS 6s% CL.
1__ I oz’ 68% C.L.
B o5 68%CL.
Flavor oscillations imply that neutrinos are massive — G Bt 25 3

0, (x 10" e sl)

Physics Beyond the Standard Model

McDonald, Kajita -2015
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KamLAND experiment

Same oscillation using v, from all nuclear power plants of Japan

Person (for scale)

Am?,L;
(1 —cin2 . 2 1244
P; (1 sin“ 26,5 sin —iE )

Access Chimney

Liquid Scintillator Volume

1
Photomultiplier Tubes 2z 08
2 | —g—
Buffer Oil Volume 5 o T
E 0.6 ‘_T , : Tl
Stainless Steel Vessel = i | S
s F
Water Cherenkov Detector Z 04 [
7z i +
. . - . . 02—
L|qU|.d scm.tllla.tor: Charged partlcle§ (and y-rays) produce light. - 3vbestfitoscillation  —e— Data- BG- Geo,
The |Ight yleld IS proportlonal to partIC|e energY' OTI poaoa v by by by by v byl b
20 30 40 50 60 70 80 90 100

The light is detected by large area photo-multipliers
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Measurements of 612

20

- 4
o, ISE gt
< 10 ;_ e :_’»0
SE N fo I . 2. The combination of experiments determines:
Eln'rl‘n'n'l'n'r.r 3 .I'M:I:FI"I'I'I'F}‘11'I'|’+Tﬂ'l'r+11ql'r
o KamLAND+Solar KamLAND O T ~ 220
235 (b) dm-")-i‘:CL-‘lr ""'1'7195%C.L. Ejo;'&) a :g e12 33
- 99% CL.  ===199% C.L. A i
<\; 18 F P oo73% L =—=9973% CL. *
o 16F Kbt @bl KamLAND measures a mass difference:
T 1ok S I A Am?,, ~7.5-10> eV?
o E e X P
EN | - O bestfit ':* B :
<l 0.8F fpemtet T
06 L The propagation states in dense media are
04 E . Jp different than in vacuum. Using “"matter
0,; constrainedf "y
0.2 effects” in the Sun, we know m, > m,.

0.1 0.2 03 04 0.5 0.6 0.7 0809 1 5 10 1520
tan” 0, Ay

R , :
l | | l | | il Li
L1 11 L1 11 1111 111l L1111 1111 Lt bl




Credit: ASPERA/Novapix/L. Bret



Atmospheric neutrinos

Cosmic rays collide with nuclei in the atmosphere, creating
hadronic cascades (pions) that disintegrate into muons and
muon neutrinos.

Cosmic ray

Muons disintegrate producing muon and electron neutrinos.

The energies of these neutrinos are in the GeV range.




Super-Kamiokande experiment

Another problem: multiple experiments observed less v, than 450 Sub-GeV e-like Sub-GeV p-like
expected. £ 400
2350 F
- the Super-Kamiokande experiment solved the problem: 5300
_— 3250 F
the v, were oscillating at v-. §200
NEUTRINOS HAVE MASS! g

0E,,..|....|....|....
-1 -0.5 0 0.5

The v, coming from above

Isotropic flux of

hardly change. cosmic rays cos® 7 cos®
s Multi-GeV e-like 150 Multi-GeV ylike + PC
72} C
Many v, that cross the earth g 140 '
~ 120 F
= !
become v;. 100k + +
— F R
2 80 o B
E 60
“ ok
20}
[ 1 1 1 M o 1 1 1
0 1 -0.5 0 0.5 1 0-1 0.5 0 05 1

McDonald, Kajita -2015
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lceCube experiment

The IceCube experiment at the South Pole detects atmospheric

neutrinos using 1 km3 of ice as a Cherenkov detector.

8

|E3EEE3LJE3EZ

Sourt POLE NEUTRING OESERVATORY

50m . e e

Amundsen-Scott South

i Pole Station, A
IceCube Laboratory ggts{ggﬁ;fe?soal\g:}t A National Science Fou
Data is collected here and managed research facility

sent by satellite to the data
warehouse at UW-Madison T
60 DOMs

on each
string

1450 m

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

[Hlll!li

‘H\ﬂi

Antarctic bedrock

800 . '
—— Expectation: best fit
600}| = = = Expectation: no osc. AT
- § Data - .
=2
3
-
€3
3
v
o
o
<
Q
-+
o
'ﬁ
~
0.4 . L
10* 10° 10’

Ll‘(!CO/El'CCO (km/GeV)
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Accelerator neutrinos

* Artificial muon neutrino beams can be created using protons from an accelerator.
* The protons collide with a fixed target, producing mesons (m, K...).

* The positively (or negatively) charged mesons are focused using magnetic horns and directed into a tube where

they decay into muons and muonic neutrinos. The muons are absorbed in the rock at the end of the tube. The
neutrinos continue their way.

Muon Monitors

Target Hall Evacuated Pipe
_ gjk RIS P Beam Stop
Target\ \ | B
Protons from
Main Injector

Horn 2

10m =——
30m 675 m
5m
12m 18 m 300 m

Hadron (pion) Monitor N g Y

Rock

Horn 1
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Accelerator neutrinos

* Long-distance oscillations (> 100 km). oo it o

Near Detector 280 m

e A detector close to the accelerator measures the
flux of neutrinos before they can oscillate.

* Afardetector measures the flux after traveling a
distance. Many of the v, vanish (oscillate to v,).

i T T T T I T T T T I T T 1 T I T T T T I T 1 1 T ]
50 NoVA 7 4-Data —
M I N O S N OVA B S Unoscillated prediction |
i : i --- Best it prediction (no systs)]
h NOVA B i [] Expected 1-c syst. range |
The MINOS Experlment - 401 i — Best fit prediction (systs) —
7 - : i —4— Backgrounds .
% L i
S | Normal Hierarchy |
Fermilab Soudan & 30 i 274<10° POT-equiv.
10 km MN o | “y Bestfit /Ny =19.016 |
735 km 2 | :
12 km Minneapolis ® qC) 20 __ N
>
Detector 1 Detector 2 w [
Near Detector: Far Detector: i : : i
980 tons 5400 tons 101~ g il
Fermilab -
H - —_0-‘ 1 _L LI + - -:‘__1‘_';;:-0-1 __________ g
[ |IEREN . == == -‘O—Ln.l—rg—ru%—l_!-h P S TP W T Y
Dismanteled il 5 g > 8 . -

Reconstructed Neutrino Energy (GeV)
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MINOS far detector

Date : 20 Mar 2005 Time :11:56:32 Run: 29470‘5R Snarl : 63498

==
’ fﬂ b './__‘,(c,“ n ”

il &

v |

”»

4

Tracking detector: Reconstruction of charged leptons tracks

Magnetized steel and plastic scintillators ~700 m underground.
v, produces p: bended track depending on p charge

EventType : Upward Muon Cand
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T2K far detector (Super Kamiokande)

Water Cherenkov 1km underground at 295km from the target
v,, produces a u: Cherenkov radiation ring
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NoVA far detector

5ms of data at the NOVA Far Detector
Each pixel is one hit cell
Color shows digitized from the light

NOVA - FNAL E929
Run: 18975/43

Event: 628855 / SNEWSBeatSlow

UTC Mon Feb 23, 2015 :
14:30:1.383526016  Several hundred cosmic rays crossed the detector

(the many peaks in the timing distribution below)

~L_|

5.6
Far
Detector

14 meters

Plastic scintillator at surface: 14-kton detector are
made up of 344000 cells of PVC filled with liquid
scintillator. | Boam drection,

v, produces a u: long track + other particles ” = N

Side view deposited charge

siglowW ¢

z(cm)
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Measurements of 623

The combination of the experimental

- Normal Hierarchy 90% CL . results determines:
- —— NOVA  — - MINOS 2014 .

3.0 ---- T2K 2018 ... IceCube 2018 - 023 ~ 49°
[ -.-.8K2018 T - : :
Iy ] (... but 450 still possible)

Flavor symmetry?

Am2, (10° eV?)

| Mass difference x100 bigger than Am?2,,

|Am,.2| ~ 2.5-103 eV?

2.0}~ * Best fit ' _

We don” t know if m, > m,.
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Mass ordering

. 2 2
3 mass states -> 2 mass differences: i i
A [— Ve A
2 2 2
Amzy + Amy) = Ami, BT
. Vt
Matter effects at the Sun probe that m, > m,. s s
M3 I ——— 1My~
| solar~7x10eV?2 ;
. . . . . —t I
Which is the lightest neutrino? atmospheric !
T . ~2%103eV2
Two possibilities for mass ordering atmoepheris
m,2 ~2x107%eV?
~7 solar~7x10eV?
my=—- _ .....m32
?
0 x 0
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Nuclear reactor neutrinos

d?::t:y o Neutrino
Fission of nuclear fuel (235U, 238U, /@9{,} ¢ Electron
239Py, 242Py) generates radioactive F‘ssi""/’ N 7"
. . . . /QOR [— [*)
fission products with excess o—(z5y)—" e o
. Neutron N /
neutrons, which undergo £ - leogr ) —> ®
- . O
disintegrations. @ N, o7
07 \ [0y } — 9
A A ST 0 (La ™~
7 X—>, Y +e +V, 7 - (%)
[ Neutrino fluxes from main fuel components | o / @
= 9 N
On average, 200 MeV and 6 ST, - 235U O/ (=
- : S - 239P \)
antineutrinos are released per Sl ] 241P3 ,7 .
fission. el - 238U o @
2 E
10*”.;—
10{5
10'5.;—
104% ! | !

2 4 6 8 10 12
Energy (MeV)
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Nuclear reactor neutrinos

O.Re
- pr 0 I
& { L~1050m i
L~400m : 4| ~ 40 viday °R3
~ 300 v/day L %4—& 390 mwe ;_,.:‘ o R e N neardl
120 mwe DTANT O f T —— N ar w2
o] ‘E { -&( ;

R1 do R2

Experiments with two identical detectors:

 Near Detector near the reactors measures the flux of

& PWRN4s antineutrinos before they oscillate.

&8 215w,
;  Far Detector measures the flux near the oscillation

maximum.

Systematic uncertainties on reactor flux and antineutrino
detection are drastically reduced by using identical near
and far detectors.
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Far/near

1.2

1.1

1.0

0.9

0.8

Double Chooz, Daya Bay & RENO results
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Measurements of 013

DC IV
TnC MD (n—H + n—C + n—-Gd)

Daya bay

PRL 121, 241805 (2018) n-Gd
PRD 93, 072011 (2016) n-H

RENO
PRL 121, 201801 (2018) n-Gd

Total uncertainty :
Statistical uncertaihty :

sin%(20,,) |_,_._|_|

=0.105 +0.014

{sin2(26,5) = 0.086 + 0.003
1sin®(26,5) = 0071 + 0.011

H—eH sin®(26,5) + 0.090 +0.007

T2K P :
PRD 96, 092006 (2017) Marginalization (e, 0)
Am3, >0 ———e |
A, <0 - |
L :
0.05 0.10 0.15
sin?(26, )

The experimental combination determines
013 ~ 8.6°

Much smaller than the other angles.

3 mixing angles are not zero.

Measuring CP violation at the leptonic sector is
possible!
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Neutrino oscillation parameters

Evolution of experimental measurements
From P. Denton, Neutrino22

Denton

o 08
Sin
> 02
2 4 *
Amsi ) HA
0.45 |
sin“f12 15 .
. 10 |
Am3, 5 1
0.04
Sln2 913 0
2 —
b} A

‘98 2000 2005 2010 2015 2020

v' Experimentally measured parameters: 6;,, Am2,, 6,3, 6,3, Am3,

? Unknown parameters: mass ordering (sing of Am3,), 8cp, 6,3 octant
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Conclusions

* Neutrinos are the most abundant matter particles of the
Standard Model.

* Experimental evidence of the need for Physics Beyond the
Standard Model to explain neutrino oscillations.

* Neutrino oscillations discovered experimentally, and neutrino
oscillation parameters measured experimentally using
different neutrino sources (solar, atmospheric, accelerator and
reactor neutrinos) and detector technologies.

accelerator,

Still neutrino unknown properties! ... to be continued (tomorrow) ¢, i Tiffany Bowman, Brookhaven National Laboratory.
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Neutrino unknowns

1.

Neutrino mixing
Is the CP symmetry violated in the neutrino sector? CP-violation is one of the
‘Sakharov conditions’ to explain the matter-antimatter asymmetry in the Universe.

Neutrino mass
How are the three neutrino mass states ordered from lightest to heaviest (neutrino
“mass ordering”)? What is the absolute scale of neutrino masses?

Neutrino nature
Is the neutrino its own antiparticle? Are neutrinos Majorana particles?

Neutrino species
Are there sterile neutrino species in addition to the three active ones participating
in the weak interactions?

Powerful experimental program to answer these questions!

Credit: symmetry magazine
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