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SubatomicStructure
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Particlemasses

A Mass 938.3 MeV*

2
Proton U ='up'quark +3e ﬁMass 1.73.3 MeV*

D ='down'quark -~e A Mass 4.15.8 MeV*

A Mass 939.6 MeV*

Neutron

*Independent particle rest mass which,
in the case of quarks, is meaningless
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Betadecay

W

A Free neutrons decay into protons with900 s

A Due to charge conservation, an electron is emitted

A Due to lepton number conservation, and antineutrino is also emitted
A Free protons are stable

lEM
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Nucleamass
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A Itis a residue of the strong o | elwbest e e T T
Interaction between quarks % Mo e N \ o0e
A B/A~8 MeV on average : [ i
A Maximum around?Ni g |
A Explains stellar nuclear reactions 7
A Element abundance 7
A Nuclear reactors
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Semiempiricalmassformula

B(A,Z) =a,A — a,A%/3 — ac.Z(Z — 1)}1_1’”{:3 | -

/" T T T AN

volume  surface Coulomb symmetry pairing

https://en.wikipedia.org/wiki/Semiempirical_mass_formula
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Assymetrjerm

A Also known a®auli term

A It originates from the Pauli
exclusion principle and the Shell
structure

A An excess of neutrons would need
to occupy higher energy orbitals

A It can be expressed as:

('b( )

A Notice the square dependence
with the difference between
protons and neutrons

A This can also be derived by
modeling the nucleus as a Fermi
ball of nucleons

CSIC
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Nuclear chart

Protons
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Neutrons
https://www.nndc.bnl.gov/
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Nuclearstabllity

A Due to the asymmetry term, in isobar lines the masses will follow a parabola
A Nuclei will decay into the valley of stability

A This valley is not at N=Z mamly due to the Coulomb repuIS|on between proto
At N2G2ya AYyaARS (UKS ydzOf Sdza Ol y *6 S

Thusfor each Avalueone cancalculatethe | sz b it | prorethivm 61

nucleus with lowest mass (largest binding \ -

energy): | * | Y
m | ¥

For a given A a parabolic behaviour of the z| lodine 53 F Neodymium 60

nuclearmassesshowup. I U [ e [ s
_g | Kenon 54 X ¢  Praseodymium 59

odd-A only one stable nucleus The rest b’ & ammesm \ _ / wes [/ rznan

decaytowards the only stablenucleus o AN yee/ D'—‘“'“'“jﬁ _

317 years
Barium 55 +«— Lanthanum 57

;;;;;;

even A both eveneven and oddodd Y 2 o
parabolas implied by the mass equation. | 51 52 53 54 55 56 57 58 50 60 61 62

proton (Z)
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BetaDecay definition

Beta Decay: universal term for all weaknteraction
transitions between two neighboring isobars

Takes place in 3 different forms
b, b* & EC(capture of an atomic electron)

b*p A n+e*+n

IXn oy Xt
EC.p+e A n+n _
b:nA p+e+n

A i A *
+e - +n_+
zXN € Z-lX N+1 n, Xray

A ‘\¢*  +e 47
z X N z4 X N-1 €
a nucleon inside the nucleus is transformed into another

No preformation!
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Atomic MassModel

Relationshipwith Nuclear Decay Models

1167 ee
254 Stable nucleif 4 oo (2H, 6Li, 10B“N)
183 eo

e 34 Primordial (T, > 10)
~ 3000 produced in nuclear reactions

~ 7000 predicted to be bound

1 Decay characteristics of most radioactive nuclei
determined byl -decay i.e. weak interaction

1 For heavier nucleA, Electromagnetic
N interaction important A I -decay

ffission

1 Moving away from stable nuclei by adding protons or neutroAs
until the particle driplines (3=00r §=0)

Nucleibeyonddrip-line areunboundto nucleonemission i.e. Stronginteraction
cannotbind one more nucleonto the nucleus

A =2\Y/
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Betadecayenergyspectrum

Energy spectrum of beta
particle is continuous

No discrete peaks

This is why neutrinos were
suggested

3-body decay: beta,
(anti)neutrino and recoiling
nucleus ] -

Energy mass difference is - /
Split among the 3 prOdUCtS 0o.o 02 04 06 08 10 12
Total energy available: Electron Energy [MeV]

@ «a a4 & )X=0 0O ©

o Do Do o

Intensity [arbitrary units]
A
1 n

o o

CA

Typical Q is few MeV
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Energyspectrafeatures

SET LT P g R TVl

64Cu B8~

A E, .~Q, thei particle takes all the e’ K
available energy; daughter nucleus = - =
and neutrino at rest

A There is a most likely value for the Bl Ly fal ¥t
particle energy 0.83.4Q 0 01 02 03 04 05 A06 0.7

T(‘. (MeV) (Te)m.'w
A 1 -can be emitted at ~0 energy

. _ = L L I L L L L
A 1 *can not be emitted at ~0 energy I sicy gt |
I The attraction or repulson of the protons = ~
in the nucleus is not negligible =3[ —
s

T

C - .
N (Te) — EF(Za Q)‘Vf!F[Q - i”e]z\/i”e2 + QTemeCZ (Te + mecz) 1

Cloc e b b L
0 01 0.2 03 04 05 06 fu*?

Te(MeV) (Tedmax
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Neutrino massmeasurement

dN
S =C*F(E2)*p(E+mg)+ (Eg-E)+{(Eg-Ep-m,?
110°
m,=10eV
m,=03eV
m,=00eV

810 *

610 2

4101

Intensity (count rate, arbitrary units)

AE =10eV

110 %

210 *

A If we know with great precision

0-10°

the nuclear masses, we know Q e

A Aprecise measurement ofthe o+ oo e e e
end point is sensitive to M

A Model independent method https://indico.cern.ch/event/572149/contributions/2488095/att

achments/1446803/2228876/ALPS2017_fraenkle.pdf

A =2\Y/
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KATRINKarlsruherlritium Neutrino Experimeny
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KATRINKarlsruherlritium Neutrino Experimeny

Electrostatic high-pass filter Analysing plane
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A Molecular tritium source (I,=12.3 years and,318.59202 (6keV)
A Electric field to filter low energy particles

A Magnetic field to conduct them to the detector




KATRINKarlsruherlritium Neutrino Experimeny

-200 -100 0
Los Alamos (1991) a
Tokyo (1991) —
A Up to now ~65 days of Zori (1992) -
measurement Mainz (1999 .
Beijing (1993) o
A Out of ~1000 days planned I
A Current upper limit om,<0.8 eV .. o0 .
A Plan to reaChm,\<O.2 eV Mainz (1999) | | ® | e
A Model independent Trotsk (1999) - . .
measurement, but relies on Malnz (005) * |
- . Troitsk (2011) _ al
theoretical calculation
. . KATRIN (2019) —_—r ®
A i.e. molecular dynamics CATRIN (2021) . |
KATRIN (combined) . - . ™
-.B -6 4 -2 0 2|

-200 -100 0
Best-fit m* (eV?)

Nat. Phys18, 160;166 (2022). https://doi.org/10.1038/s4156021-014631
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Doublebetadecay

A There are a few cases for which e
simplel decay is not
energetically allowed, but
doublel decay is. s 60 |
A Has been observed in about 2
dozen cases, i.€5GeA "5Se 8 el
A T,,~108-10" years X
2
<
S 70}
75k
26 29 30 31 32 33 34 35 36 37 38 39
76Ge 7686 Z
J.MendezPhDthesis
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Neutrinolessdoublebetadecay

A If neutrinos have masses
(they oscillate, so yes) they
could be Majorana particles

A Neutrinos would be their
own antiparticle !

A This decay would violate
lepton number conservation
(+2 from the emitted g

A Would allow for absolute
measurement of m

A Imply physics beyond the
standard model

Physicd.1, 30 (2018)
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