
Neutrinos

• Oscillation
• CP violation
• Mass
• Majorana vs. Dirac
• Sterile Neutrinos
• Other fun neutrino experiments…
– Ice Cube



Neutrinos DISAPPEAR!

• Originally discovered by Ray Davis: there 
are too few neutrinos coming from the sun

• Original experiment in 
Homestead Mine (Cl): Only 1/3 
of expected flux

• Confirmed by Sage, Gallex, 
Super-K, SNO, …

• Confirmed with reactors:
Bugey, Chooz, KamLand,… and 
accelerator neutrinos (T2K, 
NOnA,…)

• Also found disappearance of µ-
neutrinos in atmosphere: Super-K.



Kamiokande, Super-K
• Detect neutrinos from sun and atmospheric 

neutrinos
• Only 50%

of solar ns
• Detection

via 
Cherenkov
Light

Kamioka Observatory, ICRR (Institute for Cosmic Ray Research), The University of Tokyo



SNO
• Heavy Water Cherenkov detector
• Sensitive to all 3 types of n’s with 

different observables:
d + ne ® p + p + e-; 
d + nµ ® p + n + nµ

• First unambiguous confirmation that 
total number of n’s from sun is as 
expected -
only flavor
changes





Explanation: 2 –neutrino model



uncertainties. There are no best-fit values in the inverted
mass hierarchy and lower θ23 octant because the likelihood
has no local maximum in this hierarchy-octant region, as
will become clear in Fig. 14. The χ2 for the overall best fit is
84.6 for 72 degrees of freedom.
The precision measurements of sin2 θ23 and Δm2

32 come
from the νμ disappearance data. A fit to these data alone
gives essentially the same values for these parameters in the
normal mass hierarchy. However, the best joint νμ − νe fit
pulls the value of jΔm2

32j up by 0.04 × 10−3 eV2=c4 from
the νμ disappearance-only fit in the inverted mass hierarchy.

2. Two-dimensional contours and significance
levels of single parameters

All of the contours and significance levels that follow are
constructed following the unified approach of Feldman and
Cousins [56], profiling over unspecified physics parameters
and systematic uncertainties.
Figure 10 shows the 1, 2, and 3σ two-dimensional

contours for Δm2
32 and sin2 θ23, separately for each mass

hierarchy. Figure 11 shows a comparison of 90% confi-
dence level contours for these parameters in the normal

mass hierarchy for NOvA, T2K [7], MINOS [6],
IceCube [57], and Super-Kamiokande [58]. All of the
experiments have results consistent with maximal mixing.
Note that the range 0.4 to 0.6 in sin2 θ23 corresponds to the
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FIG. 10. Regions of Δm2
32 vs sin2 θ23 parameter space con-

sistent with the νe appearance and the νμ disappearance data at
various levels of significance. The top panel corresponds to
normal mass hierarchy, and the bottom panel corresponds to
inverted hierarchy. The color intensity indicates the confidence
level at which particular parameter combinations are allowed.
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FIG. 11. Comparison of measured 90% confidence level con-
tours for Δm2

32 vs sin
2 θ23 for this result (black line; best-fit value,

black point), T2K [7] (green dashed), MINOS [6] (red dashed),
IceCube [57] (blue dotted), and Super-Kamiokande [58] (purple
dash-dotted).
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FIG. 12. Regions of sin2 θ23 vs δCP parameter space consistent
with the νe appearance and the νμ disappearance data. The top
panel corresponds to normal mass hierarchy (Δm2

32 > 0), and the
bottom panel corresponds to inverted hierarchy (Δm2

32 < 0). The
color intensity indicates the confidence level at which particular
parameter combinations are allowed.
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CP violation
Due to a mixing in the PMNS matrix describing neutrino mixing

Result from NOvA: A joint fit to the data for νμ disappearance and 
νe appearance gives the best fit point as normal mass hierarchy, Δm2

32 = 2.44×10-

3 eV2/c4, sin2θ23 = 0.56, and δCP = 1.21π. The 68.3% confidence intervals in the normal 
mass hierarchy are Δm2

32 ∈ [2.37,2.52]×10−3eV2/c4, sin2θ23 ∈ [0.43,0.51] ∪ [0.52,0.60], 
and δCP ∈ [0,0.12π] ∪ [0.91π,2π]. The inverted mass hierarchy is disfavored at the 95% 
confidence level for all choices of the other oscillation parameters.

Fermilab-Minnesota

https://en.wikipedia.org/wiki/PMNS_matrix
https://en.wikipedia.org/wiki/Neutrino


Neutrino Masses

DOE Site Visit: Nov. 30 - Dec. 1, 2017

Neutrino oscillation experiments have 
proven that neutrinos are massive 
particles and measured the splittings 
between mass states, but are insensitive 
to the absolute neutrino mass scale. 

TUNL investigations into the scale and 
nature of neutrino masses: 

• Absolute neutrino mass measurement 
through β-decay spectroscopy: KATRIN 

• Majorana vs Dirac nature of neutrino 
mass through neutrinoless double-beta 
decay: EXO-200/nEXO, KamLAND-Zen, 
MAJORANA DEMONSTRATOR/LEGEND 
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TUNL & Neutrino Mass



Absolute Neutrino Mass

DOE Site Visit: Nov. 30 - Dec. 1, 2017

Karlsruhe TRItium Neutrino Experiment
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Faculty & Staff: M.A. Howe, J. Wilkerson 

Postdocs & Graduate Students: 0.5 FTE Postdoc & 1 graduate student (TBD) 

PhD Granted (2015-2017): K. Wierman - Studies of Charge Accumulation In 
the KATRIN Main Spectrometer

Intense T2 source 
 (1011 decays/second) 

Spectrum analysis with 
electromagnetic filter 

Design resolution: 0.93eV 

Design mνβ sensitivity: 0.2eV 
(90%CL) 

UNC/TUNL responsible for 
DAQ 

Wilkerson serves as chair of 
KATRIN Executive Board
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KATRIN spectrometer



How does it work?



DOE Site Visit: Nov. 30 - Dec. 1, 2017

Recent KATRIN Progress
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Oct. 2016: Photoelectron transport 
over full 70m apparatus.

• Illuminate rear wall 
• Magnetically guide 

photoelectrons along 
beamline 

• First all-KATRIN commissioning

Summer 2017: Gaseous and condensed 
83mKr source measurements.

• calibration 
• alignment 
• systematics



DOE Site Visit: Nov. 30 - Dec. 1, 2017

KATRIN - Status and Next 3 Years

6

Status: 
• All major components on-site 
• Unexpected background from 210Po decay in/on 

walls. Background rate ~ 50 times larger then design 
value (10 mcps), due to ionization of Rydberg atoms 
by black body radiation 

• With revised measurement plan, should reach 
sensitivity of ~240 meV. 

• Implementing major revision of Electronics/FPGA/
DAQ to optimize mass sensitivity and sterile neutrinos 
searches (support much higher data rates, ~ MHz 
per channel). 

• Successful gaseous and condensed Kr 
commissioning measurements. 

Spring 2018: System commissioning with H2, D2, 

Mid 2018: First tritium data 

2018-2020: 
• First mass results (final sensitivity: 3 beam-yrs) 
• Sterile neutrino searches 
• Searches for beyond-the-standard-model physics



Neutrinos beyond the Standard Model

• Majorana vs. Dirac
–What is a Majorana Particle?
– Could neutrinos be majorana particles?
– Double beta decay
– Neutrinoless double beta decay

• Sterile Neutrinos?



What is a Majorana Particle?
• Basic definition: 

A fermion that is its own antiparticle
• Cannot be true for charged particles 

(electrons, muons, tauons and quarks) –
have 4 distinctive dof: 
(Left-handed - right handed) x (particle – antiparticle)

• If neutrinos had NO mass, they would ONLY participate in the weak 
interaction => only 2 dof: left-handed neutrinos and right-handed 
(anti)neutrinos

• Mass term in Dirac-equation couples LH to RH -> massive neutrinos 
must be Dirac-Fermions… or must they? 

• Mass eigenstates COULD be linear combinations of neutrinos and 
antineutrinos

• Another possibility: one heavy (sterile) Majorana neutrino coupling 
to 3 light and 3 heavy Majorana neutrinos

• Consequence: Lepton number violation



Dirac equation



What is a Majorana Particle?

Are Neutrinos Their Own Antiparticles?* 

Boris Kayser 

Fermilab, MS 106, P.O. Box 500, Batavia, IL 60510, U.S.A. 

Email: boris@fnal.gov 

 
Abstract: We explain the relationship between Majorana neutrinos, which are their own 

antiparticles, and Majorana neutrino masses. We point out that Majorana masses would make 

the neutrinos very distinctive particles, and explain why many theorists strongly suspect that 

neutrinos do have Majorana masses. The promising approach to confirming this suspicion is to 

seek neutrinoless double beta decay. We introduce a toy model that illustrates why this decay 

requires nonzero neutrino masses, even when there are both right-handed and left-handed weak 

currents. 

 

For given helicity h, is each neutrino mass eigenstate 

! 

"i  identical to its antiparticle, or different from 

it? Equivalently, do neutrinos have Majorana masses? If they do, then, as we shall explain, each 

! 

"i  is 

identical to its antiparticle: 

! 

"i h( ) = "i h( ) . Neutrinos of this nature are referred to as Majorana 

neutrinos, while ones for which 

! 

"i h( ) #"i h( )  are called Dirac neutrinos.  

 

Let us recall what a Majorana mass is.  Out of, say, a left-handed neutrino field, 

! 

"L , and its charge 

conjugate, 

! 

"L
c

, one can build the “left-handed” (so called because it is constructed from 

! 

"L) 

Majorana mass term 

 

                       LL = 

! 

mL"L"L
c

,                                                      (1)  

 

which absorbs a 

! 

" ( )
R

 and creates a 

! 

"L . As this illustrates, Majorana neutrino masses mix neutrinos 

and antineutrinos, so they do not conserve the lepton number L that is defined by 

  

! 

L "( ) = L l
#( ) = #L " ( ) = #L l

+( ) , where   

! 

l  is a charged lepton. Moreover, a Majorana mass for any 

fermion 

! 

f mixes 

! 

f  with its antiparticle 

! 

f , or with a related antifermion having the same electric 

charge as 

! 

f . Thus, quark and charged-lepton Majorana masses are forbidden by electric charge 

conservation. However, neutrinos, being electrically neutral, are permitted to possess Majorana 

masses, and such masses would make them very distinctive. For, a Majorana neutrino mass cannot 

                                                        

* FERMILAB-CONF-09-058-T. To appear in the Proceedings of the Carolina International Symposium on 

Neutrino Physics. 
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Left-handed Majorana Mass Term:

=> Mass eigenstates:

arise from the neutrino analogue of the Standard-Model (SM) coupling that gives quarks and charged 

leptons their masses. That analogue would be a Yukawa coupling of the form 

! 

HSM "R"L , where 

! 

HSM  is the SM Higgs field. Instead, Majorana masses must come from couplings such as 

! 

HSMHSM "L
c"L  or 

! 

HIW =1"L
c"L . The first of these leads to non-renormalizability, and so is 

outside the spirit of the SM. The second involves a Higgs boson with weak isospin 

! 

IW =1, and there 

is no such boson in the SM. In addition, one can have the right-handed Majorana mass 

! 

mR"R
c"R , 

which doesn’t involve any Higgs field at all. One way or another, Majorana neutrino masses must 

have a different origin than the masses of quarks and charged leptons.  

 

To see why the neutrino mass eigenstates will be Majorana neutrinos if neutrinos have Majorana 

masses, we note first that the objects 

! 

"L  and 

! 

"L
c

 that appear in the Majorana mass of Eqn. (1) are 

not the mass eigenstates, but just the neutrinos in terms of which our neutrino model is constructed. As 

we have noted, the Majorana mass of Eqn. (1) induces mixing between 

! 

"L
c

 (a right-handed 

antineutrino) and 

! 

"L . Now, we recall that, as a result of 

! 

K
0
"K

0
 mixing, the neutral 

! 

K  mass 

eigenstates are not 

! 

K
0

 and 

! 

K
0

, but 

! 

KS  and 

! 

KL . Neglecting CP violation, the latter particles are just 

the states 

 

    

! 

KS,L = K
0

± K
0" 

# 
$ 

% 
& 
' / 2 .                                                     (2)  

 

Clearly, each of these states is self-conjugate (apart from an irrelevant sign) under particle-antiparticle 

interchange. In a similar way, as a result of the 

! 

"L
c
#"L  mixing induced by the Majorana mass of 

Eqn. (1), the neutrino mass eigenstate that results from this mass term is 

 

        

! 

"i = "L + "L
c

.                                                       (3) 

 

Clearly, this 

! 

"i  satisfies 

! 

"i
c

= "i . Thus, like 

! 

KS  or 

! 

KL , 

! 

"i  is identical to its antiparticle. 

 

Among theorists, there is a widespread belief that neutrinos do have Majorana masses. One reason 

for this prejudice is the following argument: The electroweak SM may be defined by a few principles 

that include 

! 

SU 2( )
L
"U 1( )

Y
  gauge invariance and renormalizability, and by its field or particle 

content. The original version of the SM did not include neutrino masses, and, leaving these masses 

aside, it is observed that anything allowed by the defining SM principles actually occurs in nature. 

Now, if we extend the SM to include neutrino masses, we note that right-handed Majorana masses are 

allowed by the defining SM principles. Therefore, it seems likely that Majorana neutrino masses occur 

in nature too.    

 

To determine whether Majorana masses do occur in nature, the most promising approach is to seek 

neutrinoless double beta decay (0νββ). This is the process  

Nucl → Nucl′ + e–e–, in which one nucleus decays into another plus two electrons. The observation of 

this decay at any nonzero level would imply the existence in nature of a neutrino Majorana mass term.1 

To see this, we note that at the quark level, 0νββ is the process dd → uu + e–e–. If this process is 

observed, then, by crossing, the amplitude for the process 

! 

e
+

u d " e
#

ud  must be nonzero. The SM 

tells us that the amplitudes for all the (virtual) processes 

! 

" ( )
R
# e

+
W

$
, 

! 

W
"
# u d , 

! 

ud "W
+

, 

and 

! 

e
"
W

+
#$L  are nonzero as well. Thus, combining amplitudes, we conclude that the amplitude 

for the chain 

! 

" ( )
R
# e

+
W

$
# e

+
u d( )# e

$
ud ( )# e

$
W

+
#"L  must be non-vanishing. But this 

chain results in 

! 

" ( )
R
#"L , which is precisely the effect of the Majorana mass term of Eqn. (1). 

Hence, the observation of 0νββ would imply the existence of a non-vanishing amplitude that is 

equivalent to a Majorana mass term. Consequently, this observation would also imply that neutrinos 

are Majorana particles.  

 

Although 0νββ can receive contributions from a variety of sources, one anticipates that it will be 

dominated by the diagram in Fig. 1. There, the vertices labeled “SM vertex” are SM charged-current 

vertices, U is the leptonic mixing matrix, and, as indicated, the amplitude is a coherent sum over the 

contributions of all the neutrino mass eigenstates 

! 

"i .   
 

 
 

Figure 1. The diagram expected to dominate neutrinoless double beta decay. 

 

The SM charged-current interaction that acts at each of the two leptonic vertices in Fig. 1 is lepton-

number conserving. If the neutral particle that is absorbed at the vertex on the right is to create an 

electron, it must be a neutrino, not an antineutrino. However, at the vertex on the left, where this same 

particle is emitted, it is created by a W boson together with an electron, so at this vertex it must be an 

antineutrino, not a neutrino. Thus, the diagram in Fig. 1 does not exist unless 

! 

"i = "i . This is another 

way to see that the observation of 0νββ would imply that neutrinos are identical to their antiparticles. 

 

Owing to the left-handed chiral character of the SM charged-current interaction, the “antineutrino” 

created by a 

! 

W boson together with an 

! 

e
"

 will be in a state that is dominantly of right-handed helicity, 

even if there is no difference between neutrinos and antineutrinos. Thus, the “

! 

"i ” emitted at the 

leptonic vertex on the left in Fig. 1 is in a state that is mostly of right-handed helicity. However, if 

! 

mi  

is the mass of 

! 

"i  and 

! 

E  is its energy, this state does have a small component, of order 

! 

mi E , with 

left-handed helicity. At the vertex on the right in Fig. 1, where the 

! 

"i  is absorbed to make an 

! 

e
"

, the 

SM left-handed charged current can absorb without suppression only its left-handed-helicity 

component. Thus, the contribution of 

! 

"i  exchange to the diagram of Fig. 1 is proportional to 

! 

mi . 

Consequence: Lepton-number violating 
neutrinoless double-beta decay

Decay rate is proportional to

Summing over i and including the factors of Uei that appear at the vertices, we see that if the diagram 

of Fig. 1 dominates, then the amplitude for 0νββ, Amp[0νββ ], is proportional to the quantity 

 

        

! 

miUei
2

i

" # m$$ .                      (4)        

 

This quantity is known as the effective Majorana neutrino mass for neutrinoless double beta decay. 

 

We see that when the diagram of Fig. 1 dominates, Amp[0νββ ] is proportional to neutrino mass. 

Our discussion of helicities can leave one with the misimpression that this proportionality to mass is 

due merely to a mismatch of helicities at the two leptonic vertices. One might be tempted to believe 

that if the current acting at the leptonic vertex on the right in Fig. 1 were a non-SM right-handed (RH) 

current, rather than the SM left-handed (LH) one, then the diagram could lead to 0νββ without the 

need for any neutrino mass. Indeed, some years ago, it was common for an experiment obtaining an 

upper bound on the rate for 0νββ to quote its result as a bound on 

! 

m"" , and, alternatively, as a bound 

on the strength of any RH current, as if a RH current could engender 0νββ all by itself, without there 

being any neutrino mass. However, we now understand that, even if the current acting at one of the 

leptonic vertices in Fig. 1 is a RH current, 0νββ still requires nonzero neutrino mass. We have already 

seen that, without any assumption about the underlying mechanism driving 0νββ, the observation of 

this decay would imply a Majorana neutrino mass. To see the need for mass in a way that is more 

specific to the mechanism in Fig. 1, we note first that 0νββ does not conserve lepton number 

! 

L . Its 

initial state, a nucleus, has 

! 

L = 0. Its final state, containing another nucleus, two leptons, and no 

antileptons, has 

! 

L = 2. Now, as already mentioned, the SM interactions in Fig. 1 do conserve 

! 

L . 

Moreover, a SM-like leptonic interaction that merely has a RH current in place of the SM LH current 

would conserve 

! 

L  as well. Absent any non-SM 

! 

L -violating interactions, the 

! 

"L = 2 of 0νββ can only 

come from Majorana neutrino masses such as the one of Eqn. (1). By absorbing a 

! 

"  and creating a 

! 

" , 

this Majorana mass term causes the required 

! 

"L = 2. If we were to turn off the neutrino masses, 

including their Majorana masses, no lepton number violation would remain, and 0νββ would not 

occur.  

 

The essential role of neutrino mass, even when there are RH currents, is nicely illustrated by a 

parity-conserving toy model that contains both LH and RH currents. In this model, we assume that 

there is only one generation. We suppose that the W couples to the electron and neutrino fields via the 

parity-conserving interaction 

 

–LW  = 

! 

g

2
W"

#
e $ "% + h.c.=

g

2
W"

#
eL$

"%L + eR$
"%R( ) + h.c. ,       (5) 

 

where g is a coupling constant. Finally, we suppose that the neutrino mass term is the 

! 

L" R  

symmetric  

  

–LM  = 

! 

1

2
mM "L

c"L + "R
c"R

# 
$ 
% 

& 
' 
( + mD"R"L + h.c. .                               (6) 

  

Here, the Majorana mass 

! 

mM , and the “Dirac mass” 

! 

mD (the neutrino analogue of the masses of 

other Dirac fermions such as the quarks), are both taken to be real and positive, and it is assumed that 

! 

mM > mD. 

 

More general (+RH heavy Majorana n):

See-saw mechanism:



Mass generation

Higgs 
mechanism

Dirac

Majorana



Reminder: neutrino masses

DOE Site Visit: Nov. 30 - Dec. 1, 2017

Neutrino oscillation experiments have 
proven that neutrinos are massive 
particles and measured the splittings 
between mass states, but are insensitive 
to the absolute neutrino mass scale. 

TUNL investigations into the scale and 
nature of neutrino masses: 

• Absolute neutrino mass measurement 
through β-decay spectroscopy: KATRIN 

• Majorana vs Dirac nature of neutrino 
mass through neutrinoless double-beta 
decay: EXO-200/nEXO, KamLAND-Zen, 
MAJORANA DEMONSTRATOR/LEGEND 

3

TUNL & Neutrino Mass

EW scale: W, Z, Higgs

Cosmological bounds:
Present: Sm < 0.25 eV
Future: push to 0.01 eV



Nuclear Beta Decay

M (A,Z ) = N ⋅Mn + Z ⋅M p + Z ⋅me − B / c
2 ; B = aV A− aSA

2/3 − aC
Z 2

A1/3
− aa

N − Z( )
2

4A
±
δ
A1/2

Reminder:

28 3 Nuclear Stability
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Fig. 3.2. Mass parabola of
the A = 101 isobars (from
[Se77]). Possible β-decays are
shown by arrows. The abscissa
co-ordinate is the atomic num-
ber, Z. The zero point of the
mass scale was chosen arbitrar-
ily.

101
46Pd → 101

45Rh + e+ + νe , and
101
45Rh → 101

44Ru + e+ + νe .

Such decays are called β+-decays. Since the mass of a free neutron is larger
than the proton mass, the process (3.9) is only possible inside a nucleus.
By contrast, neutrons outside nuclei can and do decay (3.7). Energetically,
β+-decay is possible whenever the following relationship between the masses
M(A,Z) and M(A,Z −1) (of the parent and daughter atoms respectively)
is satisfied:

M(A,Z) > M(A,Z −1) + 2me . (3.10)

This relationship takes into account the creation of a positron and the exis-
tence of an excess electron in the parent atom.

β-decay in even nuclei. Even mass number isobars form, as we described
above, two separate (one for even-even and one for odd-odd nuclei) parabolas
which are split by an amount equal to twice the pairing energy.

Often there is more than one β-stable isobar, especially in the range A >
70. Let us consider the example of the nuclides with A = 106 (Fig. 3.3). The
even-even 106

46Pd and 106
48Cd isobars are on the lower parabola, and 106

46Pd is the
stablest. 106

48Cd is β-stable, since its two odd-odd neighbours both lie above
it. The conversion of 106

48Cd is thus only possible through a double β-decay
into 106

46Pd:
106
48Cd → 106

46Pd + 2e+ + 2νe .

The probability for such a process is so small that 106
48Cd may be considered

to be a stable nuclide.
Odd-odd nuclei always have at least one more strongly bound, even-even

neighbour nucleus in the isobaric spectrum. They are therefore unstable. The
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only exceptions to this rule are the very light nuclei 2
1H, 6

3Li, 10
5B and 14

7N,
which are stable to β-decay, since the increase in the asymmetry energy would
exceed the decrease in pairing energy. Some odd-odd nuclei can undergo both
β−-decay and β+-decay. Well-known examples of this are 40

19K (Fig. 3.4) and
64
29Cu.

Electron capture. Another possible decay process is the capture of an
electron from the cloud surrounding the atom. There is a finite probability
of finding such an electron inside the nucleus. In such circumstances it can
combine with a proton to form a neutron and a neutrino in the following way:

p + e− → n + νe . (3.11)

This reaction occurs mainly in heavy nuclei where the nuclear radii are larger
and the electronic orbits are more compact. Usually the electrons that are
captured are from the innermost (the “K”) shell since such K-electrons are
closest to the nucleus and their radial wave function has a maximum at
the centre of the nucleus. Since an electron is missing from the K-shell after
such a K-capture, electrons from higher energy levels will successively cascade
downwards and in so doing they emit characteristic X-rays.

Electron capture reactions compete with β+-decay. The following condi-
tion is a consequence of energy conservation

M(A,Z) > M(A,Z −1) + ε , (3.12)

where ε is the excitation energy of the atomic shell of the daughter nucleus
(electron capture always leads to a hole in the electron shell). This process
has, compared to β+-decay, more kinetic energy (2mec2 −ε more) available
to it and so there are some cases where the mass difference between the initial
and final atoms is too small for conversion to proceed via β+-decay and yet
K-capture can take place.

Beta-minus decay: M(A,Z) > M(A,Z+1)
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101
46Pd → 101

45Rh + e+ + νe , and
101
45Rh → 101

44Ru + e+ + νe .

Such decays are called β+-decays. Since the mass of a free neutron is larger
than the proton mass, the process (3.9) is only possible inside a nucleus.
By contrast, neutrons outside nuclei can and do decay (3.7). Energetically,
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it. The conversion of 106

48Cd is thus only possible through a double β-decay
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The probability for such a process is so small that 106
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Electron capture. Another possible decay process is the capture of an
electron from the cloud surrounding the atom. There is a finite probability
of finding such an electron inside the nucleus. In such circumstances it can
combine with a proton to form a neutron and a neutrino in the following way:

p + e− → n + νe . (3.11)

This reaction occurs mainly in heavy nuclei where the nuclear radii are larger
and the electronic orbits are more compact. Usually the electrons that are
captured are from the innermost (the “K”) shell since such K-electrons are
closest to the nucleus and their radial wave function has a maximum at
the centre of the nucleus. Since an electron is missing from the K-shell after
such a K-capture, electrons from higher energy levels will successively cascade
downwards and in so doing they emit characteristic X-rays.

Electron capture reactions compete with β+-decay. The following condi-
tion is a consequence of energy conservation

M(A,Z) > M(A,Z −1) + ε , (3.12)

where ε is the excitation energy of the atomic shell of the daughter nucleus
(electron capture always leads to a hole in the electron shell). This process
has, compared to β+-decay, more kinetic energy (2mec2 −ε more) available
to it and so there are some cases where the mass difference between the initial
and final atoms is too small for conversion to proceed via β+-decay and yet
K-capture can take place.

Beta-minus decay: M(A,Z) > M(A,Z+1)
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semileptonic baryon decays have made a decisive contribution to our cur-
rent understanding of the weak interaction as formulated in the generalised
Cabibbo theory.

We now want to attempt to describe the weak decays of the baryons
using our knowledge of the weak interaction from Chap. 10. The weak decays
take place essentially at the quark level, but free quarks do not exist and
experiments always see hadrons. We must therefore try to interpret hadronic
observables within the framework of the fundamental theory of the weak
interaction. We will start by considering the β-decay of the neutron, since
this has been thoroughly investigated in various experiments. It will then be
only a minor matter to extend the formalism to the semileptonic decays of
the hyperons and to nuclear β-decays.

We have seen from leptonic decays such as µ− → e− + νe + νµ that the
weak interaction violates parity conservation maximally, which must mean
that the coupling constants for the vector and axial vector terms are of the
same size. Since neutrinos are left handed and antineutrinos are right handed
the coupling constants must have opposite signs (V−A theory). The weak de-
cay of a hadron really means that a confined quark has decayed. It is therefore
essential to take the quark wave function of the hadron into account. Fur-
thermore strong interaction effects of virtual particles cannot be neglected:
although the effective electromagnetic coupling constant is for reasons of
charge conservation not altered by the cloud of sea quarks and gluons, the
weak coupling is indeed so changed. In what follows we will initially take the
internal structure of the hadrons into account and then discuss the coupling
constants.

β-decay of the neutron. The β-decay of a free neutron

n → p + e− + νe (15.31)

(maximum electron energy E0 = 782 keV, lifetime 15 minutes) is a rich source
of precise data about the low energy behaviour of the weak interaction.

To find the form of the β-spectrum and the coupling constants of neutron
β-decay we consider the decay probability. This may be calculated from the
golden rule in the usual fashion. If the electron has energy Ee, then the decay
rate is

dW (Ee) =
2π

! |Mfi|2
dϱf (E0, Ee)

dEe
dEe , (15.32)

where dϱf (E0, Ee)/dEe is the density of antineutrino-electron final states
with total energy E0 and the electron having energy Ee and Mfi is the
matrix element for the β-decay.

Vector transitions. A β-decay which takes place through a vector coupling
is called a Fermi transition. The direction of the quark’s spin is unaltered in
these decays. The change of a d- into a u-quark is described by the ladder

Reminder: Ordinary beta-decay
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The neutron lifetime. The lifetime is given by the inverse of the total
decay probability per unit time:

1
τ

=
∫ E0

mec2

dW

dEe
dEe =

∫ E0

mec2

2π

! |Mfi|2
dϱf (E0, Ee)

dEe
dEe . (15.42)

Assuming that the matrix element is independent of the energy, we can pull
it outside the integral. The state density ϱf (E0, Ee) may, in analogy to (4.18)
and (5.21), be written as

dϱf (E0, Ee) =
(4π)2

(2π!)6
p2
e

dpe

dEe
p2

ν
dpν

dE0
V 2 dEe , (15.43)

where we have taken into account that we here have an electron and a neu-
trino and hence a 2-particle state density and V is the volume in which the
wave functions of the electron and of the neutrino are normalised. Since this
normalisation enters the matrix element (15.39) via a 1/V 2 factor, the decay
probability is independent of V .

In (15.42) we only integrate over the electron spectrum and so we need
the density of states for a total energy E0 with a fixed electron energy Ee.
Neglecting recoil effects we have E0 = Ee + Eν and hence dE0 = dEν . Using
the relativistic energy-momentum relation E2 = p2c2 + m2c4 we thus find

p2
edpe =

1
c2

peEe dEe =
1
c3

Ee

√
E2

e − m2
ec

4 dEe (15.44)

and an analogous relation for the neutrino. Assuming that the neutrino is
massless we obtain

dϱf (E0, Ee) = (4π)2 V 2 Ee

√
E2

e − m2
ec

4 · (E0 − Ee)2

(2π!c)6
dEe . (15.45)

To find the lifetime τ we now need to carry out the integral (15.42). It
is usual to normalise the energies in terms of the electron rest mass and so
define

f(E0) =
∫ E0

1
Ee

√
E2
e − 1 · (E0 − Ee)2 dEe where E = E/mec

2. (15.46)

Together with (15.39) this leads to

1
τ

=
m5

ec
4

2π3!7
· (g2

V + 3g2
A) · f(E0) . (15.47)

For (E0 ≫ mec2) we have

f(E0) ≈
E5
0

30
(15.48)

Similar shape for 2b2n decay
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devices, and new computing techniques are themselves 

great achievements (see Sidebar 5.1). Several 

experiments are currently operational or about to come 

online with half-life sensitivities for the neutrinoless 

decay mode in the range of 1025–1026 years; they will 

also provide us with critical guidance about how best to 

take the next steps.

Next-generation neutrinoless double beta decay 

experiments have enormous potential to discover 

this process. With masses of isotope on the scale of 

tons, expected improvements in half-life sensitivity 

are two orders of magnitude or more over existing 

limits (i.e., 1027–1028 years). Results from solar, reactor, 

and atmospheric neutrino oscillation experiments 

have shown that there must be a neutrino mass 

state of at least 50 meV. When interpreted within the 

simplest lepton-number-violating mechanism (i.e., the 

exchange of light Majorana neutrinos), such “ton-scale” 

experiments can discover neutrinoless double beta 

decay if the lightest neutrino mass is above 50 meV or 

if the spectrum of neutrino masses is “inverted” (see 

Figure 5.2). Even if neither condition is realized in nature, 

a discovery is possible if other mechanisms beyond the 

simplest one contribute to the decay. Well motivated 

alternative mechanisms involving new super-heavy 

particles more than 10 times heavier than weak force 

carriers (the W and Z particles) provide additional strong 

motivation for next-generation experiments.

Within the simplest mechanism (light Majorana neutrino 

exchange), the measurement of the decay half-life 

of the neutrinoless mode combined with input from 

nuclear theory allows a determination of the effective 

neutrino mass. This effective neutrino mass is a special 

quantum mechanical sum of all of the neutrino masses 

and is distinct from the individual neutrino masses. In 

this context, then, the search for neutrinoless double 

beta decay not only tests the fundamental law of lepton-

number conservation but also provides quantitative 

information about the absolute scale of neutrino mass, 

complementing direct neutrino mass and cosmological 

measurements. In combination with these probes, 

the absence of a signal in the ton-scale search for 

neutrinoless double beta decay would imply the 

presence of a Dirac component of the neutrino masses, 

with significant ramifications for our understanding of the 

origin of neutrino masses.

Figure 5.2: Effective average neutrino mass from neutrinoless double beta decay vs. the mass of the lightest neutrino. Current limits and expected limits 
from ongoing experiments are shown as gray and blue horizontal bands. The green (for inverted hierarchy) and red (for normal hierarchy) bands show the 
expected ranges within the light Majorana neutrino exchange mechanism. Next-generation ton-scale experiments aim to probe effective Majorana neutrino 
masses down to 15 meV, shown as the horizontal dashed line.

Sensitivity:
Effective average neutrino mass from 
neutrinoless double beta decay vs. the 
mass of the lightest neutrino. Current 
limits and expected limits from ongoing 
experiments are shown as gray and blue 
horizontal bands. The green (for 
inverted hierarchy) and red (for normal 
hierarchy) bands show the expected 
ranges within the light Majorana
neutrino exchange mechanism. Next-
generation ton-scale experiments aim 
to probe effective Majorana neutrino 
masses down to 15 meV, shown as the 
horizontal dashed line.



NeutrinoLESS double beta decay

Experiments taking data as of November 2017:
COBRA, 116Cd in room temperature CdZnTe crystals
CUORE, 130Te in ultracold TeO2 crystals
EXO, a 136Xe and 134Xe search
GERDA, a 76Ge detector
KamLAND-Zen, a 136Xe search. Data collection from 2011.[20]

Majorana, using high purity 76Ge p-type point-contact detectors.[21]

XMASS using liquid Xe
Proposed/future experiments:

CANDLES, 48Ca in CaF2, at Kamioka Observatory
MOON, developing 100Mo detectors
AMoRE, 100Mo enriched CaMoO4 crystals at YangYang [22]

nEXO, using liquid 136Xe in a time projection chamber [23]

LEGEND, Neutrinoless Double-beta Decay of 76Ge.
LUMINEU, exploring 100Mo enriched ZnMoO4 crystals at LSM, France.
NEXT, a Xenon TPC. NEXT-DEMO ran and NEXT-100 will run in 2016.
SNO+, a liquid scintillator, will study 130Te
SuperNEMO, a NEMO upgrade, will study 82Se
TIN.TIN, a 124Sn detector at INO
PandaX-III, an experiment with 200 kg to 1000 kg of 90% enriched 136Xe

In the U.S. the Enriched Xenon Observatory 
(EXO-200) is currently operational at WIPP 
in New Mexico using 3D/time imaging in a 
liquid 136Xe chamber, while the Majorana
Demonstrator at the Sanford laboratory in 
South Dakota using p-type point-contact 
76Ge detectors is about to come on line. 
The Cryogenic Underground Observatory for 
Rare Events (CUORE) located at Gran Sasso
National Laboratory in Italy is being 
assembled and commissioned using TeO2 
crystals in a bolometric detector 
configuration. SNO+ at SNOLAB in Canada 
is a large-volume, loaded-scintillator 
detector under construction using 130Te. 
Other experiments, with some U.S. 
involvement, using 136Xe are KamLAND-Zen 
at the Kamioka mine in Japan, NEXT at the 
Canfranc Laboratory in Spain, and PANDAX-
III at the JinPing Laboratory in China. 

https://en.wikipedia.org/wiki/COBRA_Experiment
https://en.wikipedia.org/wiki/CUORE
https://en.wikipedia.org/wiki/Enriched_Xenon_Observatory
https://en.wikipedia.org/wiki/Germanium_Detector_Array
https://en.wikipedia.org/wiki/Kamioka_Liquid_Scintillator_Antineutrino_Detector
https://en.wikipedia.org/wiki/Double_beta_decay
https://en.wikipedia.org/wiki/MAJORANA
https://en.wikipedia.org/wiki/Double_beta_decay
https://en.wikipedia.org/wiki/Kamioka_Observatory
https://en.wikipedia.org/wiki/Double_beta_decay
https://en.wikipedia.org/wiki/Double_beta_decay
https://en.wikipedia.org/wiki/SNO%2B
https://en.wikipedia.org/wiki/Neutrino_Ettore_Majorana_Observatory
https://en.wikipedia.org/wiki/India-based_Neutrino_Observatory
https://en.wikipedia.org/wiki/PandaX


Running Experiments
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Experiment BI Median 
Sensitivity T1/2 Limit <mββ>

KamLAND-Zen ~20x10-3 c/(keV kg yr) 5.6x1025 yr 1.1x1026 yr 61-165meV

EXO-200 1.5x10-3 c/(keV kg yr) 3.7x1025 yr 1.8x1025 yr 147-398meV

CUORE 14x10-3 c/(keV kg yr) 7x1024 yr 1.5x1025 yr 140-400meV

GERDA 1.0+0.6-0.4 x10-3 c/(keV kg yr) 4.0x1025 yr 5.3x1025 yr 150-330meV

MJD 1.6+1.2-1.0 x10-3 c/(keV kg yr) 2.1x1025 yr 1.9x1025 yr 240-520meV

Currently-Operating Experiments

47



Example: nEXO (Snolab?)



Majorana Demonstrator/LEGEND

DOE Site Visit: Nov. 30 - Dec. 1, 2017

MJD Accomplishments - 2015-2017
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Demonstrated the best energy resolution at Qββ 
(2.4keV FWHM at 2039keV) of any double-beta decay 
experiment to date.

DOE Site Visit: Nov. 30 - Dec. 1, 2017

0νββ Half-life Sensitivity
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MJD/GERDA
~140 kg y exposure
4 counts/(FWHM t y)

LEGEND-1000
~10 tn y exposure
0.1 counts/(FWHM t y)

LEGEND-200
~1 tn y exposure
0.6 counts/(FWHM t y)

Approximate Theory Uncertainty

DOE Site Visit: Nov. 30 - Dec. 1, 2017

LEGEND

22

 “The collaboration aims to develop a phased, Ge-76 based double-beta decay experimental 
program with discovery potential at a half-life ~1028 years, using existing resources as appropriate 
to expedite physics results.” 

Combining successes of MJD clean materials development, GERDA active shield, and new 
initiatives. 

LEGEND-200:  
• ~200-kg array deployment in existing GERDA cryostat 
• 50 kg on-hand (GERDA + MJD) 
• European funding secured for additional ~70 kg 
• BG goal (5x lower) 0.6 c/(FWHM-tn-yr) (BG-free) 
• Start of data taking by 2021 

LEGEND-1000:  
• 1000-kg, ~4-module array with phased deployment. 
• BG goal (30x lower) 0.1 c/(FWHM-tn-yr) (BG-free) 
• Timeline connected to US DOE down-select 
• Location TBD - Required depth under investigation 

LEGEND-200 LEGEND-1000

Faculty: Green, Wilkerson

DOE Site Visit: Nov. 30 - Dec. 1, 2017
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No observed counts in Qββ window T 0⌫
1/2 > 1.9⇥ 1025 yr (90%CL)

Limit based on an unbinned, 
extended profile likelihood 

Median sensitivity (90% CL)

T 0⌫
1/2 > 2.1⇥ 1025 yr

Limit implies:

M0⌫ = 2.81� 6.13

G0⌫ = (2.36� 2.37)⇥ 10�15 yr�1

gA = 1.27

hm��i < 240� 520meV
using:

arXiv:1710.11608
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- Active Exposure: 9.95 kg yr (enrGe) 

- Background after cuts: 24 counts in 360 keV window  

•0.29 counts expected in the Qββ window of 4.32 keV, optimized for 
the measured peak shape
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Figure 5.3:  Possible timeline for the development of a ton-scale neutrinoless double beta decay experiment.

Neutrino Mass, Mixing, and Other Puzzles
Neutrino mass can be directly measured via a careful 

study of the spectrum of electrons emitted in ordinary 

beta decay. Such measurements are independent of 

the Majorana nature of the neutrino and are more direct 

than measurements inferred from studies of the cosmic 

microwave background radiation. The U.S. has joined 

Germany and three other nations to build the KATRIN 

experiment to measure the mass of the neutrino from 

the beta decay of tritium. This experiment is expected to 

be complete within the duration of this Long Range Plan. 

Although KATRIN will be sensitive to masses as small as 

0.2 eV, a factor of 10 below current limits, the mass could 

be smaller still, down to the oscillation limit of 0.02 eV 

(the smallest possible average mass of the 3 neutrino 

states). A new idea is being explored, called Project 8, 

which uses cyclotron radiation to measure the beta 

spectrum of tritium. The basic concept was successfully 

demonstrated in 2014.

The neutrino mass hierarchy is one of the key remaining 

unknowns in the neutrino sector, with important 

implications for a number of nuclear physics problems. 

Prospects for answering the open questions of the 

hierarchy and the possible violation of time-reversal 

invariance by neutrinos were dramatically advanced 

in 2012 when experiments using reactor antineutrinos 

at Chooz in France, Daya Bay in China, and Hanbit 

(RENO collaboration) in Korea measured the previously 

unknown neutrino “mixing angle” known as q
13

. A 

number of groups are proposing to use atmospheric 

neutrinos to determine the mass hierarchy, for example 

PINGU in the Antarctic ice cap, leveraging major 

U.S. investment in IceCube.

The value of the q
13

 mixing angle has also made it 

possible to complete designs for the future long-baseline 

neutrino oscillation experiments. A major U.S. initiative 

in high energy physics is DUNE, the Deep Underground 

Neutrino Experiment at the new Sanford Underground 

Research Facility in South Dakota. The expertise of 

nuclear theorists will be called on to calculate the 

interactions of neutrinos with nuclei, using input from 

several experiments focused on neutrino cross sections.

Improved knowledge of neutrino interactions is also 

needed at lower energies, for example in the regime 

of relevance for understanding of supernova neutrinos. 

Additionally, the elastic scattering of neutrinos from 

nuclei is expected to be enhanced by quantum 

mechanical interference effects, but this has never been 

seen experimentally. New experiments, CENNS and 

COHERENT, are planned to test this prediction.

Neutrinos from the sun and neutrinos produced by 

cosmic rays in the earth’s atmosphere were the key to 

the discovery of neutrino oscillations. They continue to 

provide an unparalleled resource for scientific discovery. 

Over the past decade the Borexino experiment, a 

100-ton liquid scintillation detector located in Italy’s 

Gran Sasso underground laboratory, has detected 

neutrinos from specific nuclear processes in the sun’s 

core, the pp reaction, the pep reaction, and the decay 

of 7Be, confirming for the first time explicit predictions 
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…and the fun continues…

• Ice Cube
• Underwater n detectors
• Coherent n scattering
• Nuclear/particle physics with n (MINERnA)
• Supernova n hunting (Super-K with Gd)
• …


