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Are there more than
three neutrinos?

How do we know
neutrinos have a mass?

How do we know
neutrinos exist?

Which properties of
neutrinos are still
unknown?



Imagine we’d be a physicist in 1930...
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Imagine we’d be a physicist in 1930...
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1930: Postulation of the neutrino
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TUT
1930: Postulation of the neutrino

?@ﬂ-rcmq;,uf PCC 0393
/

6("(/&,:&,{ -
J Abschrift/15.12.5% M

Offener Brief an die Qrunpe der Radiosktiven bei der
Gauvereins-Tagung zu Tubingen.

.3 Abuchrift
———
Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, Lo Des. 1930
4Qirioh Cloriastrasse

Iiebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhbren bitte, Ihnen des n#heren auseinandersetsen wird, bin ich
angesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowie
des kontimuierlichen beta-Spektrums auf cinen versweifelten /usveg
verfallen um den "Wechselsats™ (1) der Statistik und den Energlesats
su retten. Nimlich die Moglichkeit, es k¥nnten elektrisch neutrale
Teilohen, die ich Neutronen nemnen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘sheh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie
mnit. Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordming wie die Elektronenmasse sein und
tﬁn- nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche

Spekctrum wire dann verstandlich unter der Amahme, dass beim
bota-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
aied, derart, dass die Summe der Energisn von Neutron und klektron
konstant ist.

y e 12 1 20 10°
\V/ telectron volts)

Susanne Mertens (TUM)



TUT
1930: Postulation of the neutrino

() . )
4(.,,(,&"4; i ,’m'rt?r/;m mF P 0393
/ Absohrift/15.12.5%6 M

O
"TOday I dld SomEThlng \' Q Offener Brief an die Qrunpe der Radioaktiven bel der

Cauvereins-Tagung zu Tubingen.

terrible, something no At
theoretical physicist should Pysiiolisches Tonideut | AT faned
ZArich i Oloru;tr;uc.

Iiebe Radiocaktive Damen und Herren,

ever do. | proposed something
that can never be verified \ TR ey A AT RTTYIN
ansuhbren bitte, Ihmen des n&heren auseinandersetsen wird, bin ich

. n
angesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowie
experlmenta”y des kontinuierlichen beta-Spektrums auf cinen versweifelten AuswWeg
verfallen um den "Wechselsats™ (1) der Statistik und den Energlesats
< / su retten. Nimlich die Moglichkeit, es kbnnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
\ welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
: ‘sheh von lichtquanten wmusserdem noch dadurch unterscheiden, dass sie
:‘nit Lichtgeschwindigkeit laufen. Die Masse der Neutronen
l . von derselben Orossenordmung wie die Elektronenmasse sein und
R aad s nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche
Spekctrum wire dann verstandlich unter der Amahme, dass beim
bota-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
aied, derart, dass die Summe der Energisn von Neutron und klektron
konstant ist.

[ ] 1 . ,
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Neutrinos from a reactor

144N
O—» Neutron 144& P 4
144 N .
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More neutrinos

Muon neutrinos (1962)

10 t spark chambe

-
—-——_—
- =

5KV OKV 5kV

Gas enclosure
(He/Ne)

Tau neutrinos (2000)

Flight Length:280um

DONUT v, event

Iron: i
T1imm— | \

YL
Emulsion

Susanne Mertens (TUM)




Neutrinos in the Standard Model

Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
I I 1 | Il Il
mass | =22 MeV/c? =128 GeVic? =173.1 GeV/c? =22 MeV/c? =128 GeVic? =173.1 GeV/c? 0 =124.97 GeVic?
charge % ¥ ¥ t -¥ = -¥ = =¥ 0
spin % Y% Q)‘f % 0 H

/‘é%%g«wf‘f{?@

up H charm ’ top J antiup J anticharmJ antitopJ gluon J higgs

=4.7 MeVi/c? =96 MeV/c? =4.18 GeVic? =4.7 MeV/c? =96 MeVi/c? =4.18 GeVic? 0

-Y5 -5 =Y Y5 Y3 = Y5 0 ik
‘OO O[O @

down H strange y bottom J antidownJ antistrangej antibottomJ photon
= v

o
e |

Neutrinos:

GAUGE BOSON
VECTOR BOSONS

=0.511 MeVic? =105.66 MeV/c? =1.7768 GeVic? =0.511 MeV/c? =105.66 MeV/c? =1.7768 GeVic? =91.19 GeVic? i L] 3 F I avo u rS
=0 =), -1 1 e 1, =T 1 e 0 —_
% ev(, Y% u % '[,-'/" % ei 7 % u.,"'/ % T 1 @
' tron || antime * Spin %
electron | muon | tau || positron antimuon || antitau Z° boson
m *"‘é‘! —=’*"5' — ‘ A—x:ﬁ@ _=:>~>‘p 52/
% <22 eVic2 <0.17 MeV/c? <18.2 MeV/c? <22eVict_ <0.17 MeV/c? <18.2 MeV/c? ~80.39 Gevie ) f=80.39 Gevics ® E I ect r| Cca I Iy neu t ra |
0 0 0 0 0 0 1 B -1 o
- Vey % V}J. % VT v Ve ¢ v Vu v V'E B W 1 W
& electron muon tau electron muon tau - . * On Iy Interact wea ki Y
‘ : : | = : ; A ; .| | W* boson | | W- boson
- neutrino 1 neutrino 7 neutrino 71 antineutrino / { antineutrino ; | antineutrino ;
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Which properties of | Are there more than
neutrinos are still three neutrinos?
unknown?

How do we know
neutrinos have a mass?

How do we know
neutrinos exist?

A

V4

* Postulation by Pauli\f%:
in 1930
(continuous beta
decay spectrum)

* Experimental 4 ;

discovery in 1956

(reactor neutrinos, |

inverse beta decay) :

s, y/



“How can | detect
neutrinos from the
sun?"

Ray Davis swimming in the water
shield of the Homestake experiment




p++p+q2H+e++ve]M ﬂ[p++e—+pum ﬁ

105 %
M{ 2H 4 p* —SHe+ § 3He+p+—*4He+e+g
15,08 %
{ 3He + *He - "Be + y ]L
99,9 %

7Be+e‘—>7Li+ve} [ Be -+ p*—EB +y }

B

y

3He 4 SHe —+He-+ 2p* Li+ p* = “He + “He { PBr—BBe* 4-aF 4 B

‘

{ 8Be* — 4He + %He

Susanne Mertens (TUM)



s this possible?

Vo +pon+e’

Susanne Mertens (TUM)



This is possible:

Vot N —>p+e

Susanne Mertens (TUM)



Radiochemical Detection S

every 2 days

615t
perchloroethylene

T1/2 (37Ar) =35 dayS

e+3Ar—- v, +°Cl”



Solar Neutrino Problem

Prediction of
John Bahcall

e ...All experiments measure less neutrinos than expected

* What is wrong? The expectation? The measurement?

Susanne Mertens (TUM)



Flavours und Masses

PMNS matrix
f3 F|av0ur /Ve \ /Uel UeZ Ue3 \
013 Mass Vi | = Uﬂl Uﬂ2 3

UZ'2 Ur3 /

Susanne Mertens (TUM)



Neutrino Propagation

Neutrino creation

ﬂ
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Neutrino propagation
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Neutrino Propagation

it/ it/ —iHt/h —iHt/h
v3> e e |vl>+Ue2-e |v2>+Ue3-e |v3>

_ _-iEt/h —iEst/h > . —iE3t/h| >

ve> — Uel )

v1>+Uez-

v2>+Ue3-

ve>=U

el
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Neutrino Oscillations (for 2 flavours)

~ Amplitude  Frequency

Susanne Mertens (TUM)



Neutrino Oscillations (for 3 flavours)

1.0 N
c 08l sin®2043 > \ 7\
o ,
k) Amj;
S 06|
3 04| Ve
& y
L 0.2} 3 Am?

1 10 100

Susanne Mertens (TUM)

Distance (km)

3 Flavour

| Mass
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The |dea!

charged current (CC) = only electron flavour

) A e R 6 |

Deuteron Proton

Susanne Mertens (TUM)

neutral current (NC) = all flavours
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is measured via
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...and what did SNO find?

So my
calculations were
right...

SSM prediction (BPB 2000)

-

neutrino flux (x10% em™ sec™")

... and my
measurements,
too

fraction of SSM

Only v, Mainly v.  All Flavour

Susanne Mertens (TUM) 2001 (30 years later)... 2



...and what did SNO find?

Takaaki Kajita and Arthur B. McDonald:

“for the discovery of neutrino
oscillations, which shows that neutrinos
have mass”

SSM prediction (BPB 2000)

fraction of SSM

5
oy af &

2015 NOBEL PRI

-2
=2

neutrino flux (x10% em™? sec™)

&

Takaaki Kajita and
Ith ur B. McDonald

Only v, Mainly v.  All Flavour

attons, whic s
whick shows thay newirinos have my

“ Nobelprize.org

Susanne Mertens (TUM)



0, =33 O(Hsol)

023 =45 o(gatm)

—

SNO, Kanada
(Sun)

KamLAND, Japan
(Reactor)

Am%l
= 8-10"°eV? (AmZ,)

Super Kamokande, Japan (Atmosphere)
T2K, (Accelerator)

Minos, USA
(Accelerator)

Am3, ~ Am3; =
(+) 2.5-107%eV? (Amgym)

Double Chooz, FR
(Reactor)

Daya Bay, China
(Reactor)

RENO, Korea
(Reactor)



How do we know
neutrinos exist?

Postulation by Pauli

in 1930
(continuous beta
decay spectrum)
Experimental
discovery in 1956
(reactor neutrinos,
inverse beta decay)

How do we know
neutrinos have a mass?

Which properties of
neutrinos are still
unknown?

Solar
(+atmospheric)
neutrino problem Y- L S
Discovery of WIS
neutrino '
oscillations

Senstive to mass

squared difference

y

Are there more than
three neutrinos?



TUT
What we know, and don’t know... !?

Normal hierarchy Inverted hierarchy i
E— i e Atleast two neutrinos have a mass
! Am:!, « Am5;, =8-10"°eV2,Am3; = 2.5 10 3eV2
V1 I
Am2 e v, islighter than v, (matter effects)
32

2

Vs Amg,
Am2, * How are the neutrinos masses ordered?

v

v v

I

|

Do neutrinos violate CP?

Are there more than three neutrinos?

?

‘-—-—.—

2 2 1
Myightest mlightesti 7
i | . What is the mass of the lightest neutrino?

Vel V@ VB

Is the neutrino its own antiparticle?

Susanne Mertens (TUM)



TUT
What we know, and don’t know... !?

Normal hierarchy Inverted hierarchy i
_V3 i  Atleast two neutrinos have a mass
y ! Am.zll « Am5, =8-10""eV2,Am4; = 2.5-10 3eV?
'
Am2 e v, islighter than v, (matter effects)
392
Amgl
e How are the neutrinos masses ordered?

v

Va_T * Do neutrinos violate CP?
2 2 1 ° . 2
? Mt ehtest m]ightesti ') Are there more than three neutrinos?
% < * What is the mass of the lightest neutrino?

Is the neutrino its own antiparticle?

Vel V@ VrB

Susanne Mertens (TUM)



Two ways to resolve the ordering

Precision
normal ordering inverted ordering
m2 m2
BT v3 vy
Uy
4
Am?,
Am?,
N v
T vy 7

Matter effects

normal ordering inverted ordering

_ V3 _ Vo
3
Uy

4
2
Ami,
Am?,
HENE [
I vy Y N V3 '
l/e V" VT Ve V“ UT

Susanne Mertens (TUM)




Neutrino ordering

Pee =1—Py; — P31 — Ps3y

P21 = COS4 913 Sin2 2(912 SiIl2 Agl

L

Ve
-
-

P31 = COS2 912 SiIl2 2013 Sin2 A31

P32 = Sin2 912 sin2 2913 sin2 A32

O P~ e Ay

“ e
v i
Al
i
\‘-‘.‘

- 5 S8
o A T I NN
L
= N W v ¥

A
=%

55km baseline

neutrino source:
only v, created

* Reactor neutrino oscillation = simplification: Am#; ~ Am3;

e Butin reality: The oscillation frequency is slightly different for normal and inverted ordering

Susanne Mertens (TUM)



JUNO

* Experiment in China

e Detection of reactor neutrinos
with large underground
detector

* 35 m diameter, 20 000 tons of
liquid scintillator, 15 000 PMTs

 Starts data taking soon




Two ways to resolve the hierarchy

Precision
normal ordering inverted ordering
m2 m2
BT v3 vy
Uy
4
Am?,
Am?,
N v
T vy 7

Matter effects

normal ordering inverted ordering

_ V3 _ Vo
3
Uy

4
2
Ami,
Am?,
HENE [
I vy Y N V3 '
l/e V" VT Ve V“ UT

Susanne Mertens (TUM)




Matter effects

P(v, - v,)
Am? - L,

= sin? 26 - sin?
S11 Sll’l( Ev

|

G\G”Mew Tum

v, (10 MeV)




O\ v.(1Mev) TU

Matter effects
v, (10 MeV)

Small energies (1 MeV):
» The oscillation length is shorter than the mean free path
» Neutrino changes its flavor before it interacts

» Matter effects don’t matter

Large energies (10 MeV):
» Oscillation length larger than mean free path

» Neutrino interacts before it oscillates

» Neutrino stays in electron flavor eigenstate
(electron flavor eigenstate = effective mass eigenstate)

» Matter effects matter

Susanne Mertens (TUM)



Neutrino ordering — matter effects

normal ordering inverted ordering
m2 m2
N

T v [ R e e

Susanne Mertens (TUM)



TUTI
Signature of mass hierarchy o)z ()

Ey

P(v,2V,) for 130 km P(v,2v,) for 2300 km
S 02 v 0.2 - ‘ : :
a NH NH
£ NH,3,,0 ] —
= 015 Bcp= ﬂ 0.15 Wil ——
= IH,8,,=0 - IH,8,=0 ——
o)
2 o1 » 0.1 ;
| =
2
£ 005 0.05 /\
= N
8 O : ‘ 0 / : 1
0 0.2 04 0.6 0.8 1 0 2 4 6 8 10
Energy [GeV] Energy [GeV]

* Why is the signal more prominent for longer baseline?

Susanne Mertens (TUM)



TUTI
Signature of mass hierarchy o)z ()

Ey

P(v,2V,) for 130 km P(v,2v,) for 2300 km
S 02 v 0.2 - ‘ : :
a NH NH
£ NH,3,,0 ] —
= 015 Bcp= ﬂ 0.15 Wil ——
= IH,8,,=0 - IH,8,=0 ——
o)
2 o1 » 0.1 ;
| =
2
£ 005 0.05 /\
= N
8 O : ‘ 0 / : 1
0 0.2 04 0.6 0.8 1 0 2 4 6 8 10
Energy [GeV] Energy [GeV]

* Longer baseline = larger energy (to be at the oscillation maximum) = larger matter effect!

Susanne Mertens (TUM)



The DUNE experiment

* Primary goal: detection of CP violation
* Liquid Argon TPC
* 4 x17 kt fiducial volume

Sanford Underground

Research Facility Fermilab

{



How do we know
neutrinos exist?

Postulation by Pauli
in 1930
(continuous beta
decay spectrum)
Experimental
discovery in 1956
(reactor neutrinos,
inverse beta decay)

&

"' How do we know
" neutrinos have a mass?

B,

Solar
(+atmospheric)
neutrino problem
Discovery of
neutrino
oscillations
Senstive to mass
squared difference

Which properties of
neutrinos are still
unknown?

42
e 4 -

Mass ordering

* CP violation

* Important
experiments:
DUNE, JUNO,
Hyper-K, IceCube

Are there more than
three neutrinos?



Sterile neutrinos

This is what we call
,sterile” neutrino

Susanne Mertens (TUM)



Active neutrinos: 3x3 PMNS matrix

Susanne Mertens (TUM)

1 o - N
a I
g " V1 Ule Ulu Ulr
Vs, = Use Uy, Uy
v U U Us,
L2 N A €




Sterile neutrinos: 4x4 PMNS matrix

(%)
é V1 Use Ulu Use Uss Ve
Vs, Use Uy, Uy Uy, vy
v U U U U
3 _ 3e 3u 3t 3s Vi
V4 tafe Uay Us, U4s/ Ve
~ ~ ~ -~ lLarge
I Y Vs Small
—:sz
T vy
Ve Vy Vp Vs

Susanne Mertens (TUM)



Right-handed neutrino

Leptons

Standard Model (SM)

o¢ve

Y

w

2.4 MeV 1.27 GeV 171.2 GeV
2/3 u 2/3 C 2/3 t
up charm top
4.8 MeV 104 MeV 4.2 GeV
-1/3 d -1/3 S -1/3 b
down strange bottom
<1eV <1eV <1eV

o'\,t

0.511 MeV

e

electron

105.7 MeV

muon

1.777 GeV

T

tau

-1

Susanne Mertens (TUM)

» The Higgs transforms left- to right-handed chirality

() ()
Higgs Higgs

P NN



No neutrino mass in the SM

i : R

© e X 3

R L
u
u L ML pl'R
tL tR
t Higgs Field
tR
1
L

Y




Adding a right-handed neutrino

i , R
g e J ;
R L
u
u : ML pl'R
tL tR
t Higgs Field
t . Not in the SM
L

v N\

v e



Dirac neutrino mass

The Yukawa coupling to the Higgs fermion masses
would have to be tiny to explain the dre sS@ be
smallness of the neutrino mass
U He Ce te
Vi —eieV, 0V3 ee Le Te
| | | | | | | | | | | | | | | | | | | |
ueV meV eV keV MeV GeV TeV
Not in the SM
A% mD \ v
P > R Mp vL >




Majorana neutrino mass

* A mass term for v, is allowed
without Higgs mechanism

» New mass eigenstates
= “sterile” neutrino

Majorana v

See Saw Type 1:
Heavy right-handed v

mZ

>m, ~ =2 (small)

mm

»m, = my (large)

Mp My Mp
_— i ~ —
vL VR vy, VR




Sterile Neutrinos

Heavy sterile neutrinos (> GeV)

* Lightness of neutrinos
+ Matter/Anti-matter asymmetry

Light sterile neutrinos (~1 eV)

* Short-baseline neutrino oscillation anomalies

KeV-scale sterile neutrinos (~ 1 - 50 keV)

 Dark matter candidate

arXiv:1901.08330v2 (2019), Carlo Giunti and Thierry Lasserre —
arXiv:1906.01739 (2019): S. Boser, C. Buck, C. Giunti, J. Lesgourgues, L. Ludhova, S. Mertens, A. Schukraft, M. Wurm - 56
Prog.Part.Nucl.Phys. 104 (2019): A. Boyarsky, M. Drewes, T. Lasserre, S. Mertens, O. Ruchayskiy



Which properties of Are there more than
neutrinos are still three neutrinos?
unknown?

' How do we know
neutrinos have a mass?

How do we know
neutrinos exist?

y \ NG

* Postulation by Pauli Solar * Mass ordering * Maybe.
in 1930 (+atmospheric) . * CPviolation * New neutrino mass
(continuous beta neutrino problem ~ ¢ Important eigenstates =
decay spectrum) * Discovery of - experiments: almost sterile

* Experimental neutrino DUNE, JUNO, and * eV = oscillation
discovery in 1956 oscillations others anomalies
(reactor neutrinos, * Senstive to mass * keV=dark matter
inverse beta decay) squared difference * very heavy = see

Q Saw






