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Outline- 1

1. Introduction/ 2 lectures
- role of beta decay in weak interaction physics
- betadecay Hamiltonian
- betadecay angular distribution

2. ft-values/ 3 lectures
- definition
- correctedft-values
- test of CKM matriunitarity
- role of mirror beta transitions and neutron decay

3. Correlationmeasurements /5 lectures
- correlationformula
- physicscontent and opportunities
- testing parity violation
- searchingor time reversal violation
- probingthe structure of the weak interaction (scalar and tensor currgnts




Outline - 2

4. Statusof new physics searchesl lecture
- overview
- prospectsand comparison to LHC
- weakmagnetism

5. Betaspectrum shape /1 lecture
- description
- ongoingand planned experiments

6. Reactomeutrino anomaly /1 lecture
- the problem (rate and bump)
- criticalanalysis
- searchedor a fourth, sterile neutrino
- role of first-forbidden beta transitions




Contribution of beta decay to weak interaction

Beta decay has played and is still playing a visible role in
the determination of properties of the weak interaction, e.g.

1. discovery of the neutrino
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The Savannah River Experiment
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2. determination of the helicity of the neutrino
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3. discovery of parity violation
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4. determination of the structure of the weak interaction
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5. determination of the absolute neutrino mass
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6. double beta decay “As
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1. Introduction -

b decay hamiltonian
and angular distribution

A )
Nathal Severijns

KU Leuven Univ., Belgium

B ) o




5% level A ~ 350 GeV

* Cy1 1, C, = -1.27 (ga/gy from n-decay) per mille level A ~2.5TeV
* C0=C, & C,°=C, (maximal P-violation) A
., M¢?
5 Cq= CO=Cr=CO=Cp = COL 0 G~ —
(only V- and A-currents) M new

* no time reversal violation (except for the CP-violation
described by the phase in the CKM matrix)
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experimental upper limits on
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involving right-handed neutrinos
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b decay Hamiltonian

Fermi, 1934
Analogous to electromagnetic interaction Fermi chooses a vector interaction

’H =g (Wp'yu\ljn) (@e ,IL\I]V) £ h.c. ( gare Dirac matrices)

Nucleon potential Lepton potential

Basic Current-Current Interaction ULz Alizl i 2

Hellum-3 (1, 2)

Lepton current v
(electron/neutrino) " .
Tritium (2, 1)

¢ —

neutrino share
the available

energy.

T Electron and

Mucleon current Electron Antineutrino

(neutron/proton)
(N2)— (N—1,Z+ 1) +e +V .




Intermezzo: the Pauli matrices and the Dirac g matrices

The Pauli matrices

sometimes also labeled as oy, o> and o3, and with

0;0;+0,0; = Zﬁgf (anticommutation)

C;0; = 10} (cyclic permutation of indices)

':Crf)g =1




There exist at most three 2 x 2 matrices that anti-commute,
e.g. the Pauli matrices o, o2 and o3

But, one can construct an anti-commuting set of 4 x 4 matrices out of the Pauli matrices

1 0
I =
0 1
namely :

0 o ) I 0
a; = with A£=123 and f=
o, O

and the 2 x 2 unit matrix

These matrices are hermitian and anti-commuting, e.g.

a; [f = —[fay

They are also unitary, i.e.

Ty =2 =
a, o =ap =1

-




The Dirac gmatrices: Ve =—iPoy k=123

ya=p
Thus :
0 0 0 —i 00 0 -1 0 —i 0
3 o 0 — 3 O 0 1 0 o o0 1
=g ; 2Zlo 1 00| B7li 0 0 o0
i 0 0 -1 0 0 0 0 - 0 0
1 0 -1 0
b = o1 0 -1| (0 -I
- "Tloo a0 T4 -1 o
o o0 0 -1 0 -1
The Dirac v-matrices obey the following rules :
}r'u?v:_}rp?"u HFEV
2
Vu=1
i i o -1
Ys = nrr ¥ ¥y I 0
Vs¥u ==V uls u=1234
2
?’5:I

}('.e:}’v—i_}'vy'u :25;”,. ,-':-I!V=1‘2345




Wave functions

The Dirac y-matrices act on the wave functions

w(r.t) = wexp %(;_;-F—Er)

where y (“spinor’) describes the spin part of the wave function. This spinor y 1s a (1-column. 4-
row) matrix :

. @,1
@2

1
=

)

o/

with ¢ and & two-component spinors. and describes the spin state of a particle (e.g. ¢) and its

anti-particle (e.g. £). Thus
1 0
= d =
=lo) = e=[i]

. describe a spin up and a spin down state. respectively. I



Free particle solutions of the Dirac equation

Consider the plane wave equation for a free particle :

— I- e —
w(r.,t) = WGXP[%(P" _Ef)} (2.14)

with  the wave function at the origin, a 4-component spinor describing the spin of the

particle. This y satisfies the Dirac equation (2.9)

E y= (C a-p +m002/5)9” (2.15)

¢
V= £ (2.16)

made up of two 2-component spinors ¢ and &.

with the 4-component spinor




Inserting this form for ¥ in eq. (2.15) and writing @ =—75G with O the 4 x 4 Pauli

matrices

[ O (k=123)
“ "o o (2.17)

(the o at the right-hand side are the 2 x 2 Pauli matrices; whether oy isa2x2ora

4 x 4 matrix should be clear from the context), this becomes :

¢ 01\ __ (I 0 ,
= co-p + M, C
& I 0 0 -7 &) (218)

or also :

c (D) E=(E-myc’) ¢
c(5:p) p=E+myc) & (2.19)




For a state of positive energy, i.e. with E. = +(C2 p2 + m.;;.‘?t'f‘)”2 one has :
&P,
E, +m0c?2 (2.20)
In the non-relativistic limit, i.e. E.=> mg02 ;
c(G-p) -V if ¥—0
S > ——5 ¢= ¢ > 0 221
2mg¢ 2c (2.21)

Therefore, ¢ is associated with the positive-energy states. It is therefore also sometimes

called the “large” component of . Similarly, & ("small” component) is associated with

the negative-energy states.




The 4-component spinor

&

was interpreted by Dirac as describing a spin-1/2 particle-antiparticle combination, e.g. an

electron (¢ ) and a positron (&), with the two components of ¢ and & describing the two
possible spin-orientations of the spin-1/2 particles.
Writing this more explicitly one has :

Xo
W= 7 - c(c-p) with  y» = : and y, = 0
c & —— X T o Yol (2.22)

E+ +1yc

or also

?5] Zo . op
Ve = = — . with 7=
[f ((,? G- D) Zg] | E | +myc? (2.23)




A few specific cases:

1. for a spin-1/2 particle with positive energy E. > 0, and with the spin either

1
in the positive z-direction, i.e. At — [U)

ar

0
in the negative z-direction, i.e. A1 ~ [J

eq. (2.23) becomes (notethat G-p=o,p, +o,p, +o.p_ ).

1 0
=L ’ resp. yf = 1
T 1ty | PP B 1492 | 1@ =2,) P | (2.24)
n@s+ip,)/p -np-/p

with 1+I}'2 a normalization factor.




2. for a spin-1/2 particle with negative energy E. < 0 , and with the spin either in the

positive or in the negative z-direction one has

- _ ¢ _ '(’? 515))50'
Vo £ . (2.25)

and eq. (2.23) becomes

[ -np./p ) [~ (@, —ip,)/ p

_ 1 -1 (P +ip,)/ p | np.'p

Wy = - JTesp. y = :
‘\{1"’??‘ I ﬁ/I—H?‘ 0 (2.26)

\ 0 ) \ I )




Solutions of the Dirac equation for a massless spin-1/2 particle

For massless particles (i.e. the neutrino), mg = 0 such that n = 1. If we further assume
that the particle:

- isin a positive energy state E.,

- has its spin along the z-axis, and

- its momentum in the (x,z)-plane,

then

i 1 ™ 4 0 ™
N 1 0 N 1 1
= — and = —
1 2| cosd& Vi \E sin @ (2.27)
\.siné )  —cos &

If one supposes, in addition, that the spin is along the positive z-derection, i.e.

pP=+pp.. then:

1 (0
+ 1|0 N 1|1
Wa = —— and y| = —
LEENID o2l o (2.28)

/r'
-

/."'
L

~



b decay Hamiltonian

Zeitschrift fon FRysik B8 (193s) 461
Versuch einer Thecrie der g-Strahlen. TI. 2
Von E. Fermi in Rom.
Mil 3 Abbildungen. (Bingegangen am 10, Januer 1934.)

Eina_quantitative Theorie das g-Zerfally wicd worgeschlagen, in welsher man

die Existeriz des MNeutrinos ammimmt, und die Emimsion der Blektronen und

Meutrinod aua einem Fern beim §-Zerfall mit einer ihniichen Methode behandnlt,

wie die EmEsion einea Lichiguants aus einem angeregten Atom in der Stroh-

lungatheorie.  Formeln fiic dis Lebenadaver und fiir die Torm des emitiierten

kontinuierlichen fi-Strohilenspekirums weordon abgeleitet und mit der T} riuhrung
varglichen.

. Grundamnafuen der Tleorie.

Hei dem Versuch, eins Theore der Kerneleltronen sowie der §-Famission
sufzubauen, begegnet man bekanntlich zwei Schwienigheiten. The ersia
ist durch das kontinmeriche S-Strablenspektrum bedingt. Falls der Er-
Laltungssatz der Energie giltip Ueiben soll, mul man anoelmen, dafi ein
Bruchteil der Leim f-Zerfall frel werdenden Enerde nnseron bishorigen
Beobochtungsmiglichleiten entgbt, Nach dern Versehlagr von W Panli
kann man @ B, aonebinen, dall beim f-Zerfall picht nure sin Elrktron,
sondern such ein newes Teilehen, das sogenanmte |, Neutrino™ (Masse von
der Geollenordnung oder Kleiner ala die Elektronemmasse; keing elektrische
Ladung] emittiert wird. In der vorliegenden Thaorie werden wir die Hypn-
fhese des Newtrnos zugrunde legen. T

Eine weitere Sehiwierigheit for die Theorie der Kernelskirnen bosteht
darin, dall die jetzigen relativistischen Theorien der leiebhien Teilehen
(Elelitrmen oder Neairinos) nieht imstonde sind, in cinwandfreier Weisa
su erklarer, wie sulehe Teilehen in Bahnen von Kerndinensionen gebunden
werden konmen,

B webeint dewegen zweckmuiliiger, mit Heisenberg?®) ansnmcdinon,
dal pin Wern nor ans schweren Trilchon, Trotonen und Weuteonen, lie-
stebib, e teotadem die Miglichkeis der f-Emission a0 verstohon, wollog
wir versuchen, vine Thearie der Fmissaon [eichtor Teilehim ane pimean Worn
i Analugie zur Theorie der Emission eines Lichtquonts ans einem an-
geregten Atom beim gewdhalichen Strshlongsprozel aufznbaman. In der
Strahlimgstheorie =t die tofale Anzahl der Lichtgnonten leine Konstants:
Lichiquanten entsteben, wenn sie von elnem Atom emittiert werdon,
und verschwinden, wenn sie absorhiert werden. In Analogie hierzu wollen

_-_‘}_ﬂT- die vorliiufige Mitteiling: La Ricsrca Scientifica 2, Haft 12, 1033,
) W. Ileisenberg, A8, [ Phys 77, 1, 1082

Versuch einer Theorie der §-Steahlen, L 17l

Wwir von verbofonen B bergingen. Man mal nabarich nichi erwarten, dafl
die verbotensn Uberglnge dbschaupt nicht vorkommen, da {#2) ner eine
Niherungrformel ist. Wir weeden in Eiffer § etwas aber diesen Typ voo
Ubergiing:s sprechen

7. Ine Massge des Neulrinos.

Dureh die Ubermangswahrscheinlichkeit (32) ist die Form des kont-
nuierlichen f-Spektrums bestimmt. Wir wollen zuerst diskutieren. wie
diese Form von der Rahemesse u des
Nenirinos abhingi, um von enem Ver- |
gleich mit den empirischen Kurven diesa
Konstonte g2 hestimmen. Dis Mame o
ist in dem Fakior plle, enthalten. Die
Abhingmgkeit der Form der Energie- ‘_
verbeilongskurve von w st am meisten
avegeprigy in der Nabke des Endpupktes
der Vertellongskurve. It By die Grenzenergie der f-Strablen, so sieht
man olme Schwierigheit, daf die Yertellungskarve fir Bnergion F in der
Nabe von E, bis anf einen von & unabhingicen Faktor sieh wie

iz
Fig. L

o 1 -
E' == B — B Y(E,—Ef - 2a#(E, _E) [26)

verhilt.

In der Fig. | ist das Ende der Verteilungsknrvs fir g = 0 cod fidr einen
Eleinsn und einen sroben Wart von p gezeichnet. Do ardBte Shnbohkeis
mit den empiristhen Kurven seigt die theorstische Tourre flar ge = 0.

Wir kommen also zo dern SchluB, dab die Hehemnses des Neutrinos
entweder Mull ader jedenfolls sehr Ylein in bezug suf die Masse des Elek-
trons isil). In den folgendes Fechnungen werden wir die einfachste Hypo-
these u = 0 einfubren. Es wird dann (30}

L W—
Ty = & Ra=Fu¢; F=-£= H:_ (7]

) &

Die Ungleichungen (38), (34) warden jetzt:
Hi= W, W=me [E1:4]
Und die Chergangswahrseheinlchkeit (32) nimmé die Form an:
S . 2 i .

P’=_|:3?§2 J“m“ndri o v (W —HP (39)

1) In ener ktrzlich erschisnenen Sotiz kemme F. Perrin, {. B. 197, 1625,
1833, mit qualitativen Ubsrlegungen #u demselben Sshigs,




Gamow and Teller (1936) include spin

H — Z 4 Ca (I_proian) (ﬁeoiqju) _|_ hC

coupling constants i to be determined by experiment

Name Symbol | Current | Number of components

Scalar S ) 1

Vector V Py 4 .

— , alar

Tensor T VoY § Pscudoscalar

Axial Vector A vy 4 :mor (or polar VCCF:]’) |
= —_— - seudovector (or axial vector

Psendo-Scalar P WYY 1

Extra selection rules
S and V: Al = 0 Fermi transition: S=10

T and A: AI - il a,nd 0 Gamow-Teller transition: S =1




H — Z { Ca (ﬁpoian) (ﬁeoiqju) _I_ h.C.

i€{S,V.T,A,P} Nucleon potential Lepton potential

and the operatorS; expressed asirac g matrices

Operator O; Number of Relativistic
independent transformation .fﬂ L#
matrices properties of 7,0, vy,
1 1 Scalar 5 SorP
Tu 4 Vector Y Vor A
" 6 antisymmetric Tensor
Yufi
e of rank 2 T T
1ars (niavo) 4 Axial vector A AoV
1s (= yivarava) 1 Pscudoscalar P PorS

VIIVIILYULO Vv




Lee & Yang, 1956 1T Wu et al., 1957
(maximal) violation of parity

H — Z q I'('i (\_Ij.pOi\I]'n) (ﬁr Oi\llu)
iE{.S'.\"T.A.P}_*_ (1; (\I_f,,O,-\If,,) (\—P,,O.;ﬁ.,r,\lf,,)]

or: H = g Z [(?pOi'v'n) (V.0 (C; + Cins),) + h'C-J
i=SV,T,A,P

Goldhaber et al., 1958 measure helicity of neutrino
A V-Atheory, left-handed interaction

B ) o




Structure of the weak interaction in b decay

b-decay Hamiltonian (Lee & Yang, 1956) :

| Hp/g "] (P1n) [e 1 (Cs+Csa)n

T eon) b GG+ G s

+ 2 @Smn )[e s ,4C +Cr ]

@[é Im & Ca + Ca sPT}
+ BET B (Cor G

with g (i=1,2,3,4)Dirac matrices(gs = 9,4 &

i
and Smn = 'E(gmg/' g) [

P-violationif C, 0 andG , O

Tviolation if ImC” /C;), © w



_ C,( 9¢oupling constants for the
the Standard Model: A different types of weak interaction

* V-A interaction Cﬁ 1; C, = -1.27 (Ca/Cy from n-decay)
* maximal P violation CP=GCy & P58,
* no S, T, or Pcomponents Cs = CA=C; =1 C%=Cp = C.21 O
* no time reversal violation al | Cos are real
(except for the CP-violation included in the CKM matrix)

and Bevond:

experimental upper limits for ‘CT( | )/CA‘ and ‘Cs( ) /CV‘ at few % level
(neutron and nuclear b-decay)

.

B

2
5% level A ~350GeV [ |~ My
per mille level A ~ 2.5 TeV VI

boson




b decay rate and angular distribution

H=gr Y |(@:0u) (B0(Ci+ Clysyn) + h.c.]
i=SV,T,AP

Fermi1’s golden rule:
__ 2w 2
w = S| Hi|*p
/'
/ AN

Probability of the transition Density of final states

B ) o




* In general : decay rate is given by Fermi’s Golden rule

2dN

2
N(EME = fnl fi

l | 276 % 9.8 5Pe e(EO—Ee)sze

Zﬁ” density of final states
0

General Weak interaction Hamiltonian for -decay
(non relativistic nucleons)

sum over all terms H = ) C; (Matrixelement; )

e Scalar

Cslwiv, JwiBw, )+ Cslwiv, wiBysv, )

e Vector

Cy(wiv, Jlwiv, )+ Culwiv, Jwivaw,)

e Tensor

CTw;Zown)(wZBwV)wL Crlwlov, JwiBoysy, )

e Axial vector

Calvlow, Jlwliow, )+ Cylyiow, Jyioray,)

—Calculate correlation by determining [Hg|*

—Make the sum over everything that is not measured







