Lecture #2

a) Basic nuclear physics of the BB decay

b) Brief history of BB decay

c) Decay rate formulae

d) Quantum mechanics of Majorana particles
e) See-saw



Basic nuclear physics issues

Whether a nucleus is stable or undergoes weak decay
is determined by the dependence of the atomic mass
M, of the isotope (Z,A) on the nuclear charge Z.

Near its minimum this function is a parabola
M, = const + b, (N-Z)2/4A2 + b, Z2/AY3 + m,Z + b

Here & describes nuclear pairing, coupling of nn or pp
pairs o I"= O,
For odd A & = O (only one parabola)
For even A & ~ +12/A2 MeV for odd N and odd Z

o ~-12/AY2 MeV for even N, even Z
Thus for even A there are two shifted parabolas



Double 33 decay is observable because even-even nuclei are more
bound than the odd-odd ones ( due to the pairing interaction)

Atomic masses of A=136 nuclei
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136Xe and 13¢Ce are stable against B decay, but unstable
against BP decay (BB~ for 13¢Xe and B*B* for 36Ce)



Candidate Nuclei for Double Beta Decay

Q (MeV) Abund.(%)
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. |ONd - 1805m 3.367 |5.6




Transition (A,Z) -> (A,Z+2) + 2e” + (possibly other neutral particles)
canago if  ML(Z,A) > M, (Z+2,A), while M,(Z,A) < M, (Z+1,A)

Transitions (A,Z) -> (A,Z-2) can go three possible ways:

(AZ) > (AZ-2)+ 2e* + ... if My\(Z,A) > M,(Z-2,A) + 4m,
(two positron emission)

(AZ)>(AZ-2)+e +EC+ .. if My(Z,A) > M(Z-2,A) + 2m, + B,
(one positron emission + one electron capture)

(AZ) > (AZ-2)+ 2EC+ .. if M(Z,A) > M, (Z-2,A) + B,(1) + B,(2)
(two electron captures)

Thus the decays with positron emission are disfavored as far as
the phase space is concerned. None was observed so far.



A comment on the two electron capture process:

The neutrinoless process obviously cannot go by itself, it would
violate energy conservation. It could go with emission of a photon,
with low energy preferred ~1/w.

But what if there is a resonance, an energy degeneracy?

From Frekers hep-ex/0506002

Near degeneracy between the f .
74Se ground state and an excited ,’f )’f }0
+ in 74 ( Q=1209
74se (0.9%) H»
Ams= —72.2125(15) MeV E-DB
3 596 (2+)

?4[39
Am= —?3.4219'{ 15} MeV




Resonance condition: Q = E*+B,(1)+B,(2)=E
The decay rate is then
1/1= (MM x T/[(Q - E)?*T?%/4],

where I is the final state width and AM is the weak
intferaction coupling matrix element. At resonance the
rate goes like 4/T while off resonance it goes like
/(Q-E)?, large enhancement.

However, ' ~ O(10eV) is dominated by the electron
vacancies. It is rather unlikely that one could find such
a perfect match.



Prehistory of (B decay (slides by John Wilkerson)

2v double-beta decay (2v55): Nucleus (A, Z) — Nucleus (A, Z42) + e + Vo + & + Ve

Allowed second-order e e
weak process V;’e ﬁx‘]‘
Maria Goeppert-Mayer
x A A 7
(1935) w W
2vff observed for > erocese [T
©Ca 75Ge, 25e. %Zr ™Mo, |15Cd 128Te, 110Te, |ONd (As Z) (As Z+2)

0v double-beta decay (0v/5f): Nucleus (A, Z) — Nucleus (A, Z+2) + e + €

e A Ao

Ettore Majorana (| 937) no>pte+v
realized symmetry properties V V DE L
of Dirac’s theory allowed the 5, A AW Racah (1937)

possibility for electrically :
neutral spin-1/2 fermions to ==  TUELEAR
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be their own anti-particle (A 7) (A, Z+2)




Early Estimates of B Decay Rates

2v double-beta decay (2v5h) 0v double-beta decay (0v5f)
Maria Goeppert-Mayer (1935) Furry (1939), assuming Parity
using Fermi Theory conserved, so no preferential handedness
oo |
T oPhase Space (4-body) (11 T®| o Phase Space (2-body) « Q5

leéﬁﬁ ~ 1022 years T?Eﬁﬁ ~ 101 years

OvfSf mode highly favored over 2vjf;

So, at that timeit looked asthat if the B3 decay isobserved with T, << 10%%

neutrinos are M ajorana particlesbut if it is observed with T,,> 10% than
neutrinosare Dirac particles.

Unfortunately, real lifeisnot that simple.




1956 The V is first observed (in SC)

Reines, Cowan, Harrison, McGuire, and Kruse
Science, July 1956

PHYSICAL REVIEW VOLUME 117, NUMBER 1 JANUARY 1, 1960

Detection of the Free Antineutrino*®

F. Reines,t C. L. Cowan, Jr.,} F. B. Harrson, A. D. McGuirg, axp H. W. Kruse
Los Alamos Scientific Laboratory, Universily of California, Los Alamos, New Mexico
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Weak Interaction maximally violates parity

PFHYSICAL REVIEW

VOLUME ju4.

Question of Parity Conservation in Weak Interactions®

T, 1), L, Catanlii Lrugeeraaty, Nt Ford, New Fark

AN

C.N. Yoawa, | Brookisven Nakioeel Lobsraoiory, (pdon, New Fork
tBecerved June 23, 1556}

The questing of parity corservation in 8 decaye sed in hyperon and meson deciys i exgminel Fossbie
expemiments are sgggested which might test pasity conservation in thess mbersctions

RUMBIER L

OCTOBER 1, 1934

Experimental Test of Parity Conservation
in Beta Decay*
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Observations of the Failure of Conservation
of Parity and Charge Conjugation in
Meson Decays: the Magnetic
Moment of the Free Muon™
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1958 Goldhaber-Grodzins-Sunyar

Helicity of Neutrinos®

M, Gormasez, L. Groremsy, awo Al W, Soevar

* VWeak Interaction

Bropkioven Netfonal Labsratory, [Upion, Ner Fork - i =
(Recsiv December 11, 1957 maximally violates parity
COMBINED analysis of circular podarization amd
A- resonant :stntttrhfg of 7 ravs Fllzliinw'lng orbital V-A nature
electron caplure mensures the helicity of the nentring, : L .
We have carried out such a messurement with Eu'*=, neutrinos emitted in beta-d ecay
which decays by orbital electron caplure, 1§ we assume
the most plausible spin-parity azsignment for this hElVE intriHSiC hande dnEEE

ianmmer compatible with its decay scheme,® 0—, we find
that the neutrine is “left-handed,™ ie, o fo=—1
{negative helicity],




1987 First observation ofvB3 decay in a live’ experiment
Elliott, Hahn, and Moe (this is a composite pictuyeMike Moe of a real situation)
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That was the size of a B3 experimental group then, here is the size
of another (33 experimental group now (EXO collaboration, May 2008)




2V[B decay rate, spectrum, etc.

Here gR << 1 hence long wavelength approximation is valid, only GT
operators ot need to be considered.
The phase space is simply:

Eg—ma ED_EI
)/ F(Z, Ee1)pe1FBe1d Eer / F(Z, Eo2)pes Fead Foa(Fy — Eo1 — Ees)® /30

mg mE

In a simple approximation (Primakoff-Rosen)

dN i 1K? K3 K*
T _ | | |

Here K is the sum kinetic energy of the electrons, hence total
rate 1/1 ~ T,!! , and near T, the spectrum goes like (T, - K)?
The fraction of events near the endpoint, in the dimensionless
interval 6= AE/Q is F ~ 7Q &°/m,. Thus signal/background is

S/B~m,/7Q & T%,,,/ T, ,, inversely proportional to AE®.



One can distinguish the two modes by measuring the sum electron energy.
Ultimately, though, the 2v decay is an unavoidable background to the Ovf3p.

30 —
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K./Q from S. Elliott



The nuclear matrix elements are
o, {0F1Giritim) (m| 07
- ¥ri
k., — (Mg -+ Mf)/?

And the decay rate is 1/T,,, = 62°(Q,Z) (M?")2. Knowing the
half-life we can extract M2 easily.

[sotope T%}’g (v) M2 (MeV™1)

B 3.9+ 0.7+£0.6) x 107 0.05 + 0.01

e 1.7+ 0.2) x 102 0.13 4+ 0.01 This is a summary

*2Ge 9.6 4 0.341.0) x 10" 0.10 + 0.01 of present 2v(p
measurements,

mostly from NEMO.
7.11 + 0.02 + 0.54) % 10 0.23+ 0.01 Y

2.8+ 0.1+ 0.3) x 101 0.13 + 0.01

2.0+ 0.1) x 10% 0.05 + 0,005

7.6+ 1.5+ 0.8) x 102 0.032 + 0.003

138Xe > 1.0 x 102 (90% CL) <0.01

150Nd  (9.240.25+ 0.73)x 108 0.06 & 0.003
(2.0 + 0.6) x 102 0.05 4 0.01

(

(

(
Sy (2.0+0:3 + 0.2) % 1019 0.12 £ 0.02
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The amplitudes +{m|dx 7 |07 )

and (0 [rit Im)

represent the - and 3* strength of the initial and
Final nucleus respectively.

They can be (at least for the few lowest states)
determined by the appropriate charge exchange
reactions (p,n), (*He,t) and (n,p),(d,?He), etc.

A number of experiments along these lines is
currently conducted.



An example of such data (D. Frekers, Blaubeuren conf. 2007)
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Nuclear matrix elements for the 2v
decay deduced from measured halflives.
Note the pronounced shell dependence.

1T, = G(E,Z) (Mg?)?

easily calculable
phase space factor

0.25 |

0.15

0.1

0.05

48 76 82 96, 100 116 130

Ca °Ge °se °zr Mo "°cd POre BONg



Ovpp decay rate formulae:

Wop = QWEspin‘RDu‘gé(Eel gia EEQ 1 Ef — Mi)dgpeldgpeﬁ

The transition amplitude R, includes leptons and nucleons, the lepton
part is a product of two left-handed currents

(@)% (1~ 75)05 (2)e(@) o5 (1 — 1) @)

The implied contraction over the two neutrino operators is possible
only for Majorana neutrinos. After the substitution for neutrino

propagator the lepton part becomes

_ dtg ey 1 1 "
it | (ot gt S~ @+ i) (1 =706 ()

1

and 1 1
5(1 — ¥s) (" Y + mj)§(1 — Y5) = mj§(1 —Ys)

Thus the amplitude is proportional to m;, the Majorana neutrino mass.



After integrating over dq° , and taking into account the energy
denominator of the second order perturbation we arrive at

R df 1  x 2R [*  gsin(qr)
H(r,Ep) = —— = 2
(r, Em) QWQQi/ w @t A ?rrgi/u Yo+ An)

This is a " heutrino potential (A, is the total energy in the
virtual nuclear state with respect to (M;+ M;)/2). The
constants are added for future convenience. r is the distance
between the two neutrons that are transformed into protons.

This H(r, E), fogether with spin and isospin operators will
appear in the nuclear matrix elements, In compact form

H(r ) = R/r ®(cwr) where ® (wr) <1 is aslowly varying
function. Since r < R the potential is > 1 (but less than 5-10).



The phase space integral is very simple

GDP(Qa Z) 5 /F(Za Eel)F(Za EEQ)pEIPEQEelEEQCS(ED — By — Ee?)dEeldEEQ .

with the proportionality constant

he\P1 1
4 = =
(G cosfcga) (R) A In(2)3275

The single electron spectrum (Primakoff-Rosen approximation) is

dN

- (Fod 12 (T—T. 1),

peaked, naturally, in the middle at T, = T,/2



In an exact expression we will have the ftransition operator

e (—hp+hgrois — hrSiz)

ih= 19 =01:02 , 8120 =301-¢d2-§ — o012 .
9(q+ Em — (M; + My)/2) ’
With a bit more complicated q dependence:
2 Q—*Q 1 Q—*Q 2 2 Q—*Q 1 Q—*Q 2
haor =05 |1—= - hr=g5 |2 - = :

This comes from the induced pseudoscalar current and
the use of the Goldberger-Treiman relation.

In the integral over dq the sin(qr)/gr is replaced by
jo(gr) for Fand 6T and -j,(qr) for T

The matrix element that we need to evaluate is then

M = (7% 25) (f\

with the constant chosen such ‘rha‘r we could modify g, if needed

Dy

+ Mg&r + M7Y|i)




We see that the " neutrino potentials’ depend on the nuclear
excitation energy E,. Thus, formally, one needs to use a slightly
different potential for every state, and integrate over dq.

How important is that dependence?

If it is not very important, e.q. if q > E,, we might do the dq
integrals first and not worry about the intermediate states
at all. This is the closure approximation used in the nuclear
shell model.



6.0IIIIII[IIIII|IIII|IIII|IIII|IIII|IIII|IIII

. Without short range correlations

How good is the
closure approximation?

Comparison between
the QRPA M® with the
proper energies of the
virtual intermediate
states (symbols with
arrows) and the closure
approximation (lines)
with different <E, - E»>.
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With short range correlations

Note the mild dependence
on <E, - E» and the fact
that the exact results

4.0

.o —| are reasonably close

C’z@ 1 to the closure approximation
30 1 results for <E, - Ep < 20 MeV.

‘ +~ 130Te 7

250 . o e -

L - 100 Mo T

2 O _I L1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 I_

"0 2 4 6 8 10 12 14 16 18

<En_Ei> Graph by F. Simkovic



A few words about the QM of Majorana particles

A bit of simple theory: Weyl, Dirac and Majorana fermions:

Free fermions obey the Dirac equation (y/— m)¥ =0

The four component Dirac equation can be rewritten as two cou-
pled two component equations

—m_+ (B =& plpy =0

(E+0-p)p- —mipy =0

Here 1y, are the chiral projections and the representation is used
where

j01y L (0 -G (10



In the limit m — 0 these equations decouple and we obtain the
states with a definite helicity and chirality & - pi. = 1.
Thus massless fermions obey the two-component Weyl equations:

(& . =0
(E+d-ph-=0
The two states, 1, =g, and 1 = 9}, are so-called van der Waerden

spinors that transform independently under the two nonequivalent
simplest two dimensional representation of the Lorentz group.



Massive fermions have two possibilities:
They can obey the four component Dirac equation, which can be
recast as shown before as two coupled two-component equations, or
M)
(R
Alternatively, Ettore Majorana pointed out that there is a two-
component alternative:

(E — & F)on — meiy = 0
and an independent second equation with a different mass value m’
(E+37- P+ mey; =0

whereez’ay( V 1).

rewritten in the four-component form ¥ — (

—1 0



The Majorana fields can be also formally expressed in the four-
component form (but only two components are independent)

Up(z) = ( _gfz ) Up(z) = ( zfp%)

—c1); also represents the solution of Majorana eq. with the same

mass m
To show it, substitute it into the eq. for yp:

(£ — - p)(—evy) —me(—epr) =0

Then multiply by ¢ from left and use that

ede =0  and (K +5*-p) = —(K+a5-p)

Thus we obtain (K + & - )Yy, + mey; = 0 which is what we wanted.



Comparing the Majorana eq. for ¥ with the corresponding part
of the coupled Dirac equations:

M: (E—37-p)r— meph =10

D: (E—-70-p)yp—miy =0

one can see that they become identical if ¢, = ¢;. The same is
true for the other pair.

The four-component Dirac field 1s therefore equivalent to two de-
generate (m = m’) Majorana fields, with the corresponding relation
between v;, and eyr.

It 1s also easy to see that the four-component form of the Majorana
field obeys formally the Dirac equation provided we use the relations

ey = Yy, etc.



Charge conjugation matrix ' in our (Weyl) representation is
—e 0
C = ,

Dirac bispinor ¥ = ( ) transforms as U5, = C°0% = ( S )

X
€& €}
X

. ) transforms as
€X

In contrast the Majorana bispinor V¥ ;; = (

Y=Y =Ty
This 1s called the Majorana condition.



Mass term in the Lagrangian must be Lorentz invariant and her-
mitian. There are two possible types of mass terms:

Dirac: ) and y“y°

Majorana: 1 + ¢

The Dirac mass term is invariant under a global phase transforma-
tion 1 — %3 1 — ¢ %) and the Majorana mass term is obviously
not. Thus, the Dirac mass term can be associated with a conserved

quantum number (‘lepton number’). The Majorana mass term vio-
lates conservation of the lepton number by two units.



The most general mass term is therefore
—2L,, = 3[mpth + Ymp© + pmanh® +rmi ]
This Lagrangiam is hermitian and Lorentz invariant. It can be
rewritten in a matrix form:
I
my; Mp Y°
If we use, more realistically, the chiral projections then

Dirac mass: 1r10p or Vrvr,
Majorana: 1,(1°)r etc.

With chiral projections the dimension of the mass matrix doubles;
only two eigenvalues and eigenvectors are independent. The eigen-
vectors are Majorana fields.



See-saw:
Lets do it more carefully:

The mass term is
mplrr + h.c] +mg/2[(V°)pr + h.c] + mp/2[(¥°) 1R + h.c]

We can rew rite it in terms of the charge-conjugation eigenstates:

f=vr+ ];’v’_
F—['R-I- V] /v2

The mass term is then

mp(fF+ Ff)+mpff+mgFF

6 ) ()

This is the same matrix we had before.



See-saw, cont.:

Lets consider now special cases:

ljl mp =g = 0.
The eigenvalues are £mp and we use the 5 trick to make them degenerate.
As expected, we recover the Dirac case.

Ejl mp, mp <. Mp
This is the quasi-Dirac case. A pair of close lying Majorana states with
opposite C'P eigenvalues.

3) Finally, the most interesting case when my ~ 0 and mp » mp. The

elgenvalues are

m4 ma
my = 2 and my = mp + 2~ Mp.



Given all of that we have the machinery
(except the nuclear matrix elements, to be
discussed next) to determine <mgg> if we
could observe the Ovf33 decay.

So, where are we in that quest?



Mass Limit {meV)

Moore's law of Ovfp decay:
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1260

I
1280

Year

I
2000

2020

There is a steady progress
in the sensitivity of the
searches for Ov(3p decay.
Several experiments that
are funded and almost
ready to go will reach
sensitivity to ~0.1 eV.
There is one (so far
unconfirmed) claim that
the OvpB decay of 7¢Ge
was actually observed.
The deduced mass <mgg>
would be then 0.3-0.7 eV.



spares



See-saw:

Lets write the general mass term with chiral projections:

L . . Al
(b, 05) [ ™ ™0 ) [ VE
' mp Mg iR

where mp = mq % |msg using the previous notation.

Since only v'; and 1% are interacting, we can use a different notation for
them. and for their sterile partners and write the Langrangian as

_ =y [ ML mp Ve
(HL““\L) ( mp Mg ) ( ;'?"I.'TR }

The eigenvalues are

AL = %[(mL +mp) £ \/{mL — mpg)? + 4m3)]

The eigenstates are ¢; 9. They are eigenstates of C'F with eigenvalues €; ».
The mass term is now diagonal
Ap 0101 + Ao,



The Standard Model (SM) 1s defined by the fields it

contains, its symmetries (notably weak 1sospin invariance),
and 1ts renormalizability.

[.eaving neutrino masses aside, anything allowed by the
SM symmetries occurs 1n nature.

Since Iy (vg)=0, Right-Handed Majorana mass
terms mpvevp are allowed by the SM symmetries.

Then quite likely Majorana masses
occur 1n nature too.

slide by B.Kayser



Possible Majorana mass terms:

C C ¢
HspHspyyvive, Hpy=1ViVe. MRVRVR

N v J ——
, 1 T—No Higgs
Not renormalizable L.
This Higgs
not in SM

slide by B.Kayser



Why Majorana Masses mmp Majorana Neutrinos

. .- S
The objects v; and v, ¢ in m;v; v, “are not the

mass eigenstates, but just the neutrinos in terms
of which the model 1s constructed.

T— C . C . L]
m, v; v, “induces v; < v;“mixing.

As a result of KO «—» KO mixing, the neutral K
mass eigenstates are —

Kgp= (KO KOV2. Kg=Kg; .

As aresult of v; < v;°mixing, the neutrino
mass eigenstate 1s —

— slide by B.Kayser

—_— C — &6 -9 _
Vi=vVp + V=" v+VvTL V.=V

The mass eigenstates are explicitly charge conjugation
eigenstates. They do not have fixed chirality.



