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COURSE POLICIES

®* Attendance

® Up to four excused absences
* Two with notes from parent/guardian
* shpattendance@columbia.edu

® Valid excuses:

* lliness, family emergency, tests or athletic/academic competitions,

mass transit breakdowns

® Invalid excuses:
® Sleeping in, missing the train...

* | will take attendance during class
® No cell phones

® Ask questions!

SHP Particle Physics April 7, 2018



LECTURE MATERIALS

® https://twiki.nevis.columbia.edu /twiki/bin/view /Main /ScienceHonorsProgram

® Questions: cristovao.vilela@stonybrook.edu

SHP Particle Physics April 7, 2018


https://twiki.nevis.columbia.edu/twiki/bin/view/Main/ScienceHonorsProgram

SCHEDULE

8—Neu+|=mes—|} Cris José

9. Neutrinos Il _}- Jesé Cris

10. LHC and Experiments
Inés
11. The Higgs Boson and Beyond

12. Particle Cosmology }— Cris

SHP Particle Physics April 7, 2018






THE WORLD, ACCORDING TO A PARTICLE PHYSICIST

mass = =23 Me\/fc? - =1.275 GeVic? - =173.07 GeVic? 0 =126 Gelic?
charge — 2/3 213 213 ] o
spin - 112 142 12 1 0 w
up charm top gluon Egggﬁ

=4.8 MeWic? =05 Me\/c? =4.18 GeVlc?

0

=113 =13 0

112 112 1
bottom photon

QUARKS

strange
0.511 MeVic? 105.7 MeVic? 1.777 GeVie? h91 2 GeVic?
-1 -1 -1
172 172 1/2
electron muon tau

GAUGE BOSONS

LEPTONS

W boson

SHP Particle Physics April 7,2018 6



NEUTRINO INTERACTIONS
HOW WE DETECT NEUTRINOS
® Neutrinos interact with matter in two ways:

Charged current Neutral current
a———r

vy /

JI

"

Vy
I

quarks

—
I
~~

quarks

or or

leptons

leptons

® Extremely rare processes! o, , ~ 10" **cm? @1 MeV

Vy

® Probability of 1 MeV neutrino interacting with electron while

traversing the whole earth is 10-''l

SHP Particle Physics April 7,2018



Actually...

® Neutrino interactions with nucleons inside nucleus much more

® Also way more complicated!
Charge Exchange

Elastic
Scattering

Pion Production

traversing the whole earth is 10-''l

SHP Particle Physics April 7, 2018




NEUTRINO MIXING

® Neutrinos interact according to their weak states.

® Defined by what charged lepton (e, |, T) is produced in the interaction.
® ... but they propagate according to their mass states.

®* These two bases with which to describe neutrinos are not “aligned”.

® This leads to superpositions of “mixed” states and... wait for it...

® Quantum interference!

°+,)+

Neutrinol Neutrino2 Neutrino3

Weak / Flavor
states Muon Neutrino

)

Tau Neutrino

SHP Particle Physics April 7,2018 9



NEUTRINO MIXING FORMALISM

®* Write the most general matrix that conserves number of particles.

® Like rotations in three dimensions, but with complex numbers...
®* The Pontecorvo-Maki-Nakagawa-Sakata

Weak / Flavor “Atmospheric”
states parameters (PMNS) matrix.

Ve

Vi —

Vr
1
Vo
V3

“Reactor” CP violating “Solar”
Mass states
parameters phase parameters

®* We wouldn’t be in this mess if neutrinos were masslessl!

®* So how do we know they’re not?

SHP Particle Physics April 7,2018 10



NEUTRINO MIXING FORMALISM

" Writs By the way...

® Quarks also mix! But a lot less.

Weak / Fla awa-Sakata

states * A whole different story, for another occasion...

Mass states

®* We

®* So how do we know they’re not?

SHP Particle Physics April 7, 2018 11



NEUTRINO OSCILLATIONS

® Assume, for simplicity only two neutrinos.

®* Two weak states that mix with two mass states.

Vo) [ cos®  sinf 2 v\  [cost) —sind Vg
vg) \—sinf cosf) \1» vy)  \sinf cost Vg
®* Wave functions “evolve” with time by rotating in the complex

plane:
v (2,t) >\ (et 0 21(0,0) >
(2, t) >) 0 e ) \]n(0,0) >
fer 0 cos) —sinB\ [ |va(0,0) >
N 0 e ) \sind cosf v5(0,0) >
®* With a few lines of trigonometry:

P2 — P
— )

SHP Particle Physics April 7, 2018 12
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NEUTRINO OSCILLATIONS

P2 — P
— )

® Time evolution determined by energy of the state. If we assume™

P(vy — 1) = sin®(20)sin’(

the two superimposed mass states are produced with the same

energy, we get:
m3 m3 B Am?L

2E1_2E2) T 9F

Py — D1 = (

® Substituting in oscillation probability expression gives:

L
P(ve = v,) = 8’5?’&2(29)8’5?’62(1.27Am2§)

X :
Oscillation amplitude Oscillation frequency

* Assumption not necessary if more detailed wavepacket formulation is used.

SHP Particle Physics April 7,2018 13



NEUTRINO OSCILLATIONS
)

®* Time evoluti e. If we assume®*

the two sup with the same

energy, we

® Substituting i gives:

L
P(ve = v,) = sin2(29)sin2(l.27Am2E)

Quantum interference on a (very) macroscopic scalelll

* Assumption not

SHP Particle Physics April 7,2018 14



NEUTRINO OSCILLATIONS
)

®* Time evoluti e. If we assume®*

the two sup with the same

energy, we

® Substituting i gives:

L
P(ve = v,) = sin2(29)sin2(l.27Am2E)

Quantum interference on a (very) macroscopic scalelll

* Assumption not
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08 KM BUT MORE COMPLICATED THAN THAT...

10°1! EV?




THE STANDARD SOLAR MODEL

® Nuclear fission and decay processes power the Sun: neutrinos everywhere!

IHO\ ‘ %?Z " ppchain E\IZ

@ " @
x@o /T&* %f 0\{

6%@¢§

Y

1H0 OlH

V  Neutrino v 0 Proton
aaaaaaa y
4He O Neutron
() Positron V. nNeutrino
() Positron

SHP Particle Physics April 7, 2018 17
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Neutrino Flux

THE SOLAR NEUTRINO PROBLEM

In the late 1960s Ray Davis and John Bahcall set up an
experiment to try to detect these solar neutrinos.

Ve + °TCl — 3TAr + e~

They detected some, but not as many as they expected. i

This was soon confirmed by a number of other
experiments.

®* Kamiokande, SAGE, GALLEX.

Gallium  }Chlorine | Superk, SN?

10% g S

5 Bahcall
101 //m 1%
100 |
109 |
108 r +10% Homestake experiment
107 r "Be "Be 1965 - 1994 (1)
10¢ ,- 4
108 r
08 /
10ef
1007 o3 1 L L

SHP Particle Physics
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¢, (x 10°cm? s)

THE SOLAR NEUTRINO SOLUTION

®* Two experiments provided confirmation of Ray Davis’ observations: Super-Kamiokande
and SNO.

®* SNO measured total neutrino flux (NC) and electron neutrino flux (CC) independently.

® Confirmation that total neutrino flux from Standard Solar Model is correct.

® Electron neutrinos really are disappearing!

sk . UNRNEN - e 68% C.L.
- e

5 — b, 68%, 95%, 99% C.L.
sl RN T
3 .
,E I o ss%CL.

- B .. 68% CL.
- T e 68% CL.

- B iz ck%mcL
ﬂ_l N B R B B Dl
0 0.5 L L3 2 2.5 3 35

SHP Particle Physics ¢, (x 10" cm™ s) April 7,2018 19



OSPHERIC NEUTRINOS




NEUTRINOS FROM THE ATMOSPHERE

Primary cosmic rays

®* The Earth is constantly being
bombarded by cosmic rays (mostly
protons) with astrophysical origin.

® These interact strongly with nuclei in
the atmosphere, producing showers

of hadrons.

® Unstable hadrons eventually decay T s
to the lightest meson, 1T, which

decays weakly, producing neutrinos!

Cosmic Ray (p, He, atc)

'. '
- - B/ S 3 e )
¥y > ) \
@ This cosmic ray Image s a modified versioh of ar pictire prodiiced by CERN

SHP Particle Physics April 7,2018 21



ATMOSPHERIC NEUTRINO OSCILLATIONS

®* Naively expect 2-to-1 ratio of
muon to electron neutrinos.

®* However, neutrinos produced on the
“far” side of the earth travel
thousands of kilometres before they
reach a detector.

® So, they oscillate!

®* Comparing the number of neutrinos

hitting the detector from the “top”
(short L) to those coming from the
“bottom” (long L) gives a direct

measurement of atmospheric
neutrino oscillations.

SHP Particle Physics April 7, 2018 22



SUPER-KAMIOKANDE

The Super-Kamiokande experiment
was designed to unambiguously
observe oscillations in atmospheric
neutrinos.

® Following hints from its predecessor,
Kamiokande.

A tank containing 50 kilo-tons of
ultra-pure water is instrumented
with 11000 photo sensors to detect
Cherenkov radiation emitted by
relativistic charged particles.

Excellent particle identification and
directionality.

® Crucial for oscillation measurement.

SHP Particle Physics April 7, 2018 23



SUPER-KAMIOKANDE EVENTS

SHP Particle Physics April 7, 2018




SUPER-K FIRST RESULTS

® Super-Kamiokande announced
its discovery of oscillations in
atmospheric neutrinos in 1998.

® A clear deficit of “up-going”
muon neutrinos was observed in
the data.
® Muon neutrinos are oscillating

into tau neutrinos, which are not
detected.

® Effect not seen in electron
neutrinos.

® Muon neutrino to electron
neutrino oscillations are sub-
dominant at this L/E.

SHP Particle Physics

Zenith ang(e dependence
(Multi-GeV)
1(::1,90i“3 Dowr —3oin3

L (a) FC e-like Datq

w0l / | X*(shape)

o e =2 8/4010{—
=yl

40 bz e b U[: =0.93 +0.13
+MC stat | Down s

l'_; PO | : L —

(b) FC n-like + PC W = (Sha Pe)

©

Number of Events
N
o

o

N
o
o

o'

!
)
L
o
N
X

-
o
o

= +0.06
*—_+_, 25€ | Down 0\54'0~07

139 74
M 0 o 2e
X UP/Down syst. error jor - like

Number of Event
(9;]
(=]
=
—

Hux caleulation ---- £ {7/
Tkm rock above Sk --- L§/. )1*8/

Ene calib. for L0797
Dat R ~
ShE (Non Y Background S 2/) 217

Prediction (

April 7,2018 25



—
Sub-GeV e-like 0-dcy e Sub-GeV y-like 0-dcy e Sub-GeV y-like 1-doy e 400 Up- Stopping 1
400 E
[ o= o O O N 1000f ]
1000 R e | & ﬂ
200p= —
200 - 500k n
-0,
15
1.2F ! E 1. ! E 1.2F ! 3 N
\Eo——o——0-o—0= ° e ] - OO o~ = o —o4
—o— 0 —0—0—_¢ 1 © —0— < g =0="0" =000
08 ) 4 0 1 - 08 L = 0.5 +
T T T T
Multi-GeV e-like v, 400k Multi-GeV e-like 7 s PC Stop Up-p Non-showering
100p= - 1000k= -
100f 4 .+_
200f- . som soo- J
EF j ' ' : ' % 12 X 3
i P S « P &t o e oo
1aa - Ria sl o ! S e 0&; ——
0. ' " ' 3 o 'l i 1 =
200 Multi-Ring e-like v, - Multi-Ring e-like 7% PC Thru Up-p Showering
-+- 500~ p
200} =
100 -
100f p
-
—o—
= T K 15 T T K 1. T
i T i o 5 ! 1 —t
1 1-+1-Y = | R o = o= o |_°_v*vf_°_-v-°v "—0——p
08F . 3 o L 0 1 3 ) L
) -1 0.5 0
Multi-GeV p-like 400k Multi-Ring p-like i Multi-Ring Other
400 -
200 -
200 -
200 -
12F ! E 1. ! E 1.2F ! E
1p=% ~—_ _o—0——o0—0="% 1 .Yw.¢+: 4 -e-+
& — ==
sk i 3 0. - - 0.8f . E
-1 0 1 1 0 -1 0
cos zenith cos zenith cos zenith cos zenith

SHP Particle Physics

April 7,2018

26



ICECUBE ATMOSPHERIC NEUTRINOS

®* Same principle as Super-K, but in the ice sheet at the

South Pole! Not its primary science goal.

4. IcECuBE

& EQuri POLE NELMUNG DISEERVATTRY

- . —q v

50 m

IceCube Laboratory 86 strings of DOMs,
; set 125 meters apart
Data is collected here and f

sent by satellite to the data
warehouse at UW-Madison

P,

Digital Optical
Module (DOM) 2450 m
5,160 DOMs

deployed in the ice

SHP Particle Physics
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ICECUBE ATMOSPHERIC NEUTRINOS

Cascade-like Track-like
2000} |
. “* 1O OSC. S Br, CC gy
® Icecube sees atmospheric . b atm
w ! E]Ve CC O+ ot
. . . 2 1500F g Pl
neutrino oscillations g Sv, CC | data
[ ] ° | :r= _‘.5. . JdL 4
consistent with the Super- 3 77
5 2 s 2
Z ol Bk D
K results. 5001 RIS B |
B A'o.:.:.:,:.:.:é L
- R
2 L R
[ FC 68% % 1.2 ‘ I I I I ' ‘ 1
. pg 1_0_Iﬂ:.‘znEIEIEEI.I..I..ITI.I.:JTI.I_IH.E i‘{iixiililiilfiffiltil}illlfl"
< + 0.8 1E
o 08 . . . . . J ‘
0 . - - . 5 0 1 2 3 0 1 2 3
54|~ [C2017 [NOJ (this work) - SK IV 2015 [NO] = 10810( Lyeco/ Breco [km/GeV])
[+« MINOS w/atm [NO] =+ NOwvA 2017 [NO]| ] 5 3
_32f== T2K2017 NO] | | ® Note Am“ ~ 107, 100 times
% 3.0 larger than solar mass splitting!
= 2.8} ]
i
~ FC 68% v M
— 26| | ® Also, the mixing angle is very
E [ ] [ ] L] L] [ ]
24 large — it looks like mixing is
2.2} °
maximal or close...
2.0} 90% CL contours
0.4 0.5 0.6 0 1 2
.92 Axi
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G BASELINE EXPERIMENTS

0 MEV (CAN TUNE PRECISELY)

L 100 KM (CAN TUNE PRECISELY)




NEUTRINO BEAMS

* So far, looked at experiments that use pre-existing neutrino sources.
® Either natural: Sun, cosmic rays impinging on the atmosphere.

® Or artificial: commercial nuclear reactors — electricity is paid for, but neutrinos

are freel

® But we’ve been producing neutrino beams since the 60s.

®* We can confirm neutrino oscillations using a well controlled neutrino

source.

® Long baseline neutrino experiments:
® Produce very intense muon neutrino beam
® Point it at very large detector very far away.

® Use well controlled beam energy, direction and timing to make very precise
measurements.
® Including searching for electron neutrino appearance from a muon neutrino beam.

* Needs non-zero 0,

SHP Particle Physics April 7, 2018 30



PRODUCING A NEUTRINO BEAM

® https://www.youtube.com/watch2v=U xWDWKg1CM

1. Accelerate protons and aim them at a target.

2. Focus the resulting pions using magnetic horns.

® Can focus positive or negative pions to give neutrinos or anti-neutrinos.

3. Allow pions to decay in empty volume, producing neutrinos and
muons.

4. Absorb the muons, and neutrinos will go through.

Absorber Muon Monitors

A\ 2 !}. >
d g ".. ‘:
e R i
”'l" i == 4 )
; A A\ w
. -
| B X
}
-

Target .
\ Target Hall Tieeay Lipe

120 GeV

protons

From
Main Injector

Hadron Monitor 12
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CURRENT LONG BASELINE EXPERIMENTS

Michigan

Detector

KEK-JA

L 5 > 3 v

SHP Particle Physics



(A.U))

295km
Yy

o

THE OFF-AXIS TRICK

® Both NOVA and T2K use the “off-axis trick”.

® Don'’t place the detector right in front of the neutrino beam, but a
little to the side.

® Neutrinos that leave the decay pipe at a high angle have a more
well defined energy

* Cantune L / E very precisely!

Medlum Energy Tune
80 _ . gnmizgoff-axis Jete ]
> — 14 mrad off-axis K .
—————q 3 [ — 21 mrad off-axis . ‘.
1 it OA 0.0° — =
- %44 OA 2.0° - £
=== 0A25° 7 A
i 13
0.5 1=295 km F 1=810 km
E = 0.6 GeV k E = 2.0 GeV
L/E—492km/GeV = L / E = 405 km / GeV

E, (GeV) ', Gev)”

drF rarricie rnysics April 7,2018 34



NEAR DETECTORS

®* Want to characterise the neutrino beam as well as possible before any
oscillations.

® Place neutrino detectors near the neutrino production point.

®* Use data from these detectors to measure neutrino cross sections.

T2K: NOVA:
Complex of general Miniaturized version
purpose detectors of far detector

UAI Magnet
N
' PODECal Barrel ECal

SHP Particle Physics April 7,2018 35



T2K AND NOVA NEUTRINO EVENTS

1000

X (cm)

y (cm)

[ 1000

NOVA - FNAL E929
Run: 18620/13
Event: 178402

UTC Fri Jan 8, 2015
00:13:53.087341608

Event nunibar: 1102641 Partiion ;681 Runin: (ager Baam Spil

14 meters

SlejpW ¢

7T0p‘ E

e ———————
Beam direction

" Color denotes
Side view - deposited charge

4500 5000

3000 00
z (cm)
NOVA - FNAL E928

Run. 18620713
Event: 178402

UTCFiiJan 9, 2015
001353 087341608
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T2K AND NOVA DATA
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—— Best Fit prediction
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SHORT(ER) BASELINE REACTOR EXPERIMENTS
®* Daya Bay experiment, south China.

® L~ 1.5km; E~ 1 MeV; Minimum Am?~10-3 eV?
[‘ . Far
" detectors

-~
.
.

L)
.
.
.
1 -
.

A

o T1s4s
' A4

v 1540
1912

Near
@ detectors detectors ”
W reactors i :" “.‘ Ling Ao II Plant
S 8
i distance (meters) 480
y 1307 I
Near

.22 857 ’
detectors .‘,'i .
v 364

. . Daya Bay Plant

Ling Ao I Plant
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SHORT(ER) BASELINE REACTOR EXPERIMENTS

® In 2012, 8,; went from being the least well known of the
mixing angles to the most precisely measured!

/L __Observation of Electron Antineutrino

Daya Bay,

13

sin? 2015 = 0.092 + 0.016(stat) £ 0.005(syst)

800 - —4— Far hall
—}— Near halls (scaled)

Entries / 025MeV

Prsilasilagslsasilassligglieslisslisalias
0 02 04 06 08 | 1.2 14 16 1.8 2
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AT WE KNOW SO FAR

AT WE DON'T KNOW AND WOULD LIKE TO KNOW...




FROM NEUTRINO OSCILLATIONS

®* There are at least two (very) different neutrino mass
splittings:
® At least 3 neutrino mass states, but one of them might be zero.

® But don’t know which of the mass states is the lightest.

® The three mixing angles are non-zero and large.
® Unlike in the quark sector, where they are small.

® This makes it possible to measure the CP violating phase in the

PMNS matrix.

®* Wouldn'’t be possible if any of the angles was zero, and it would

be very difficult if any of the angles was very small.

SHP Particle Physics April 7, 2018 42



THREE NEUTRINOS!

fr—

) _
® Three mass states. = - /M
® Three flavour states. D_E 30| ALEPH SW,
| . DELPHI
® Three corresponding L3
charged leptons. : OPAL

20 | )/
® From LEP* (large electron "x

. . | ¢ average measurements, //
pOSITron CO”Idel’) qT CERN i el'l'oghal-s iﬂfl'f‘ﬂﬁf‘d f,.-'lf

by factor 10
we know, that at most there !
are three “active” neutrinos 10 _

with mass below 45 GeV.

0 =8¢ 388 90 92 o1

E_[GeV]

cIm
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CURRENT STATUS OF THE PMNS MODEL

©,; might be maximal CP might not be conserved

Sign of Am?,, is unknown

T2K Run1-8 preliminary
30l ] T T T BT EEREE R
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< e MINOS 2014 i B E
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N . ~ N —
— 26— ] g 15H N\ § g
L - m o N Q
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<1 241 —] 10’_ \ \\ ]
B ] [ § ]
L i CRN ]
22| - 2N N 7
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C I I | ] N N\ 3
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sin®0
¢ — - - 23 BCP (rad)
E: = 31| o — i 4o
1 ®F 4 / :
< 0 L T — i3
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AW’Lsz.ol
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CURRENT STATUS OF THE PMNS MODEL

©,; might be maximal CP might not be conserved

Sign of Am?,, is unknown

T2K Run1-8 preliminary
3o A | LT B WL S 7 LB SR A | =
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22 Want to know: N
oL * |s CP conserved? If not, how large is CP asymmetry? .
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

® https://www.youtube.com/watch2v=nv13DswlIKr8

Sanford Underground
Research Facility

Fermilab
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https://www.youtube.com/watch?v=nv13DswIKr8

Beam Excess

BEYOND THE PMNS FRAMEWORK

® |s the PMNS framework the full story?

® In the late 90s, the Liquid Scintillator Neutrino Detector (LSND) claimed observation of
electron neutrino appearance from a muon neutrino beam with a very short baseline.

® Implication: there is a very large squared-mass splitting, around 1 eV?, so there must be a 4t

(heavier) neutrino mass state!

® MiniBooNE experiment built to confirm or disprove LSND result.

¢ Also found excess of electron neutrinos, but not compatible with LSND...

17.5 ® PBeam Excess > 9
] C
15 R PR, oVeen = 25F-
o5 E2 pfa.etin g ;+
) EEEE other l-% 2:— {
10 15 +
7.5
1
5 : —+— 0.5
2.5
S e sosge s 02 04 06 0.8

04 06 08 1 12 14
SHP Particle Physics UE‘.? (mEtEfEfMEV)

e Data
[ V. fromp
I v. fromK*
v, fromK°
B ° misid
) A—=Ny
B dirt
[ other

1 12

April 7, 2018

Const. Syst. Error

14 15 3

EVE (GeV)

47



SHORT BASELINE PROGRAM AT FERMILAB

® Use liquid argon TPC technology to try to settle the matter!
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SHORT BASELINE PROGRAM AT FERMILAB

® Use liquid argon TPC technology to try to settle the matter!
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WHAT'S SPECIAL ABOUT NEUTRINO MASS?

® It seems to be ridiculously small, compared to the rest of the mass

spectrum...

®* We would like to imagine that particle masses are generated through some
dynamic mechanism, and we wouldn't like to have to fine-tune it.

® Neutrinos are the only fundamental neutral fermions we know.
® This means they could be their own anti-particle.

® In a nutshell: if we want neutrino masses to be just like the other fermions
(Yukawa couplings arising from coupling to Higgs field) then we need to
postulate right-handed neutrino fields (and left-handed anti-neutrino fields)
that do not interact.

® It might be that there these fields do not exist and that the only difference
between what we call a neutrino and what we call an anti-neutrino is its
helicity.

®* These are called Majorana neutrinos, and lead to non-conservation of lepton

number.

Also might help explain the smallness of neutrino masses, through see-saw
mechanisms.
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DIRECT MASS MEASUREMENTS

® Neuvutrino oscillations give us only mass differences.

® If we are to understand the puzzle of neutrino mass, we need to measure the
absolute mass scale of neutrinos.

®* The most promising way to do this is to precisely measure the end-point of the
beta-decay spectrum.

® Conservation of energy requires that the maximum energy the electron can carry is the
difference in mass between the initial and final state nucleus minus the neutrino mass.
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THE KATRIN EXPERIMENT

®* An enormous spectrometer to look at the end point of the

beta-decay of tritium.

Tritium Source Transport Section " Pre- and Main-Spectrometer Detector
® :
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Electrons are guided towards
the sprectrometer by
magnetic fields. Tritium has
to be pumped out to provide
tritium free spectrometers.

The electron energy is
analyzed by applying an
electrostatic retarding poten-
tial. Electrons are only
transmitted if their kinetic
energy is sufficiently high.

Tritinium decays, releasing

an electron and an anti-
electron-neutrino. While the
neutrino escapes undetected,
the eletron starts ist journey

to the detector.
SHP Particle Physics
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At the end of their journey,
the electrons are counted at
the detector. Their rate varies
with the spectrometer poten-
tial and hence gives an

integrated B-spectrum.
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THE KATRIN EXPERIMENT

® An enormoiis shectrometer to laonk at the end naint of the

betc B s\

Tritium Sc ector

*Is
E= 18600 -
-.
Tritinium decays, releasing Electrons : | At the end of their journey,
an electron and an anti- the spre el the electrons are counted at
electron-neutrino. While the magnetic . the detector. Their rate varies
neutrino escapes undetected, to be pumped out to provide tial. Electrons are only with the spectrometer poten-
the eletron starts ist journey tritium free spectrometers. transmitted if their Kinetic tial and hence gives an
to the detector. energy is sufficiently high. integrated B-spectrum.
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NEUTRINOLESS DOUBLE-BETA DECAY

®* Double-beta decay is a rare process where two beta decays occur simultaneously in a
nucleus where a single beta decay is energetically forbidden.

* Typicall half-lives are on the order of 1020 years!

® |If neutrinos are Majorana particles (and hence their own antiparticles) the two
neutrinos usually emitted in such a process might annihilate each other: neutrinoless
double-beta decay!

®* Observing such a process would imply that neutrinos are Majorana particles, and it
would also give the absolute mass scale of neutrinos, as the rate for the process
depends on it.
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NEUTRINOLESS DOUBLE-BETA DECAY

® Current best limits on the existence of this process come from

two experiments that use xenon-136 as their source.
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NEUTRINOLESS DOUBLE-BETA DECAY

® Current best limits on the existence of this process come from

two experiments that use xenon-136 as their source.
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ROPHYSICAL NEUTRINOS




SUPERNOVA 1987A

Seen in photons (Hubble) on the left and neutrinos on the right.
When another supernova occurs, many more (and larger) neutrino detectors will be listening!

Supernova early warning system: SNEWS https://snews.bnl.gov/
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SCHEDULE

8—Neu+|=mes—|} Cris José

9. Neutrinos Il _}- Jesé Cris

10. LHC and Experiments
Inés
11. The Higgs Boson and Beyond

12. Particle Cosmology }— Cris
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