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•  neutrino helicity and mass

•  neutrino moments and interactions



•  Pauli’s 1930 conjecture that an unobserved 
   neutral, spin-1/2 “neutrino” accounted for the
   apparent absence of energy conservation in 
   decay -- neutrino viewed as a nuclear constituent

•  Chadwick’s 1932 discovery of the neutron

•  prompted Fermi to propose
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•  remarkable conjecture:  correct effective theory for the low-energy
   weak interaction apart from one detail, parity violation

•  produced neutrino has no charge or other distinguishing additive 
   quantum number, raising the question -- are the neutrinos produced
   in      and      decay the same?β+β−

so we do an experiment:
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this defines the   which is then found to produce:νe e−
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and a second one:
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•  with these definitions of the      and      , they appear operationally
   distinct, producing different final states

•  introduce a “charge” to distinguish the neutrino states and to define
   the allowed reactions,  le , which we require to be additively conserved
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lepton le
e− +1
e+ −1
νe +1
ν̄e −1

•  historically connected with the development of the Cl solar neutrino
   detector:  after Pontecorvo’s suggestion,  Alvarez did a carefully 
   background study for this detector for a potential reactor experiment,
   but did not pursue a measurement

•  Davis’s BNL program included a Savannah River experiment in which
   reactor anti-neutrinos

   failed to produce Ar, indicating that the      and     are distinct at          ,
   a prejudice embedded in the standard model 

37Cl + ν̄e → 37Ar + e−

νe ν̄e ∼ 5%



These experiments are done virtually in neutrinoless      decayββ

parent nucleus (A,Z)                  (A,Z+1)                  daughter (A,Z+2)

W

•  only SM fermion where this question of identity under particle-
   antiparticle conjugation arises:  other fermions carry charges

•  the arguments make an assumption about neutrino helicity that has 
   important consequences for descriptions of neutrino mass

(Wilkerson)
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•  parity was used early in the 1920s to classify atomic wave functions and
   atomic transitions:  in 1927 Wigner showed that “Laporte’s rule” was a
   consequence of the mirror symmetry of the electromagnetic force

•  in 1956 Lee and Yang considered the tau-theta puzzle, the apparent 
   existence of a pair of equal-mass mesons, one of which has negative 
   parity and decays into three pions, the other with positive parity and 
   decaying into two pions:  observed that the experimental support for
   parity conservation was limited to the strong and E&M interactions

•  parity violation demonstrated by
       ◊ Wu, Ambler, Hayward, Hoppes, and Hudson: observed the angular
           asymmetry of the βs from the decay of polarized 60Co
       ◊ Garwin, Lederman, and Weinrich: established large μ polarization
           in π β-decay from the angular distribution of μ-decay electrons

•  elegant GGS experiment showing β-decay νs are left-handed (Grodzins)

Circa 1957



If the weak interaction produces left-handed νs and right-handed νs,
let’s re-examine
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Remove the restriction of an additively conserved lepton number
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and account for suppressed rates by the nearly exact handedness 

W
W

e
e

e
-

e
-

W
X

n p

n p

d
ecay

fo
rb
id
d
en
:

e ,
an
ti-

e
o
rth
o
g
o
n
al

n
eu

trin
o
less  !

!
 -d

ecay fo
rb

id
d
en

: 
n
eu

trin
o
, an

tin
eu

trin
o
 o

rth
o
go

n
al

W
W

e
e

e-
e-

W
X

np

np

d
ec
ay
fo
rb
id
d
en
:

e,
an
ti
-
e
o
rt
h
o
g
o
n
al

n
eu

tr
in

o
le

ss
  
!
!

 -
d
ec

ay
 f
o
rb

id
d
en

: 
n
eu

tr
in

o
, a

n
ti
n
eu

tr
in

o
 o

rt
h
o
go

n
al

W W
ee

e
-

e
-

W

n

p

n

p

decay forbidden: e, anti- e orthogonal

neutrinoless  !! -decay forbidden: 
neutrino, antineutrino orthogonal

e− e−

W

νe

W

νeRH LH

allowed, but suppressed 
with a rate proportional to 

GF4  (mν/Eν)2

the γ5-invariance is not exact if the ν has a mass as the “RH-ed” ν state
with then contain a small piece of LH-ed helicity proportional to mν/Eν 

where Eν ∼ 1/Rnuclear

more important, we have found that, because of PNC, there is no need for 
an additively conserved quantum number constraining descriptions of the
neutrino, unlike the case for other SM fermions



Massive neutrino descriptions

νLH νRH

boost

CPT

Majorana:
boost

νLH

νRH

Dirac:

boosts

CPTCPT

νLH νLH νRHνRH

Lorentz invariance

or some linear 
combinations

of the two



Let’s see the mass consequences:  start with the Dirac eq., project out 

Allow for flavor mixing

To give the mass 4n by 4n matrix

(Ψ̄c
L, Ψ̄R, Ψ̄L, Ψ̄c

R)





0 0 ML MT
D

0 0 MD M†
R

M†
L M†

D 0 0
M∗

D MR 0 0









Ψc
L

ΨR

ΨL

Ψc
R





Lm(x) ∼ mDψ̄(x)ψ(x)⇒MDΨ̄(x)Ψ(x)

C ψR/L C−1 = ψc
R/LψR/L = 1

2 (1± γ5)ψ]

ΨL ≡




Ψe

L
Ψµ

L
Ψτ

L







Observe that the handedness allows an additional generalization

(Ψ̄c
L, Ψ̄R, Ψ̄L, Ψ̄c

R)





0 0 ML MT
D

0 0 MD M†
R

M†
L M†

D 0 0
M∗

D MR 0 0









Ψc
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ΨR

ΨL

Ψc
R





to give the more general matrix

which has a number of interesting properties

•  the eigenvectors are two-component Majorana spinors:  2n of these

•  the introduction of                breaks the global invariance
   associated with a conserved lepton number 
   

ML, MR Ψ→ eiαΨ

Lm(x)⇒MDΨ̄(x)Ψ(x) + (Ψ̄c
L(x)MLΨL(x) + Ψ̄c

R(x)MRΨR(x) + h.c.)



•  the removal of                makes the eigenvalues pairwise degenerate:
   two two-component spinors of opposite CP can be patched together to
   form one four-component Dirac spinor -- so one gets n of these

•  the mass that appears in double beta decay is                         , where
       is the ith’s neutrino CP eigenvalue and        the coupling probability
   to the electron:  this vanishes when   

•  the MSM has no RHed neutrino field;        can be constructed, but
   does not appear in the MSM because it is not renormalizable

   it is the only such dimension-five operator in the SM, and thus a likely
   source of the new physics that would show the MSM is breaking down

•  ββ decay constrains the LHed Majorana mass to be below about an eV

•  removal of        yields two sets of n decoupled LHed/RHed Majorana νs

ML, MR

∑2n
i=1 U2

eiλimi

λi U2
ei

ML, MR → 0

ML

ML ∼ 〈φ〉2
Mnew

MD



Missing solar neutrinos were 
traced to the phenomenon of 

neutrino oscillations: 
Neutrinos spontaneous change 
from one type (electron) to 
another (muon) before they 

arrive on earth.

This phenomenon requires 
neutrinos to have a mass,

though our “standard model” of 
particle physics says neutrinos 

must be massless.

The mass requires either the 
existence of new neutrino 
states or new interactions.
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rinos. These neutrinos interact with atomic nuclei in the
water to produce electrons, muons or tau leptons that travel
faster than the speed of light in water to produce a shock wave
of light called Cerenkov radiation. This radiation can be
detected by sensitive photomultiplier tubes surrounding the
water tank.

From these signals, the SuperKamiokande team could also
determine the directions from which the neutrinos came.
Since the Earth is essentially transparent to neutrinos, those
produced high in the atmosphere on the opposite side of the
planet can reach the detector without any problems. The
team discovered that about half of the atmospheric neutrinos
from the other side of the Earth were lost, while those from
above were not. The most likely interpretation of this result is
that the muon neutrinos converted or “oscillated” to tau neut-
rinos as they passed through the Earth. SuperKamiokande is
unable to identify tau neutrinos. The particles coming from
the other side of the Earth have more opportunity to oscillate
than those coming from above. Moreover, if neutrinos con-
vert to something else by their own accord, we conclude that
they must be travelling slower than the speed of light and
therefore must have a mass.

SuperKamiokande was also used to monitor solar neut-
rinos. The fusion reactions that take place in the Sun only
produce electron neutrinos, but these can subsequently oscil-
late into both muon and tau neutrinos. Though the experi-
ment was able to detect the solar neutrinos, it was unable 
to distinguish between the different neutrino types. In con-
trast, the Sudbury Neutrino Observatory (SNO) in Canada
can identify the electron neutrinos because it is filled with
“heavy water”, which contains hydrogen nuclei with an extra
neutron. Small numbers of electron neutrinos react with the
heavy-hydrogen nuclei to produce fast electrons that create
Cerenkov radiation (figure 1).

By combining the data from SuperKamiokande and its own
experiment, the SNO collaboration determined how many
muon neutrinos or tau neutrinos were incident at the Japan-
ese detector. The SNO results also provided further evidence
for neutrino mass and confirmed that the total number of
neutrinos from the Sun agreed with theoretical calculations.

The implications of neutrino mass are so great that it is 
not surprising that particle physicists had been searching 
for direct evidence of its existence for over four decades. In
retrospect, it is easy to understand why these searches were
unsuccessful (figure 3). Since neutrinos travel at relativistic
speeds, the effect of their mass is so tiny that it cannot be
determined kinematically. Rather than search for neutrino
mass directly, experiments such as SuperKamiokande and
SNO have searched for effects that depend on the difference in
mass between one type of neutrino and another.

In some respects these experiments are analogous to inter-
ferometers, which are sensitive to tiny differences in frequency
between two interfering waves. Since a quantum particle can
be thought of as a wave with a frequency given by its energy
divided by Planck’s constant, interferometry can detect tiny
mass differences because the energy and frequency of the
particles depend on their mass.

Interferometry works in the case of neutrinos thanks to the
fact that the neutrinos created in nuclear reactions are actu-
ally mixtures of two different “mass eigenstates”. This means,
for example, that electron neutrinos slowly transform into 
tau neutrinos and back again. The amount of this “mixing” is

quantified by a mixing angle, θ. We can only detect interfer-
ence between two eigenstates with small mass differences if
the mixing angle is large enough. Although current experi-
ments have been unable to pin down the mass difference and
mixing angle, they have narrowed down the range of possi-
bilities (figure 4).

Implications of neutrino mass
Now that neutrinos do appear to have mass, we have to solve
two problems. The first is to overcome the contradiction be-
tween left-handedness and mass. The second is to understand
why the neutrino mass is so small compared with other parti-
cle masses – indeed, direct measurements indicate that elec-
trons are at least 500 000 times more massive than neutrinos.
When we thought that neutrinos did not have mass, these
problems were not an issue. But the tiny mass is a puzzle, and
there must be some deep reason why this is the case.

Basically, there are two ways to extend the Standard Model
in order to make neutrinos massive. One approach involves
new particles called Dirac neutrinos, while the other ap-
proach involves a completely different type of particle called
the Majorana neutrino.

The Dirac neutrino is a simple idea with a serious flaw. Ac-
cording to this approach, the reason that right-handed neut-
rinos have escaped detection so far is that their interactions are
at least 26 orders of magnitude weaker than ordinary neut-

2 Neutrinos meet the Higgs boson
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(a) According to the Higgs mechanism in the Standard Model, particles in the
vacuum acquire mass as they collide with the Higgs boson. Photons (γ) are
massless because they do not interact with the Higgs boson. All particles,
including electrons (e), muons (µ) and top quarks (t), change handedness
when they collide with the Higgs boson; left-handed particles become 
right-handed and vice versa. Experiments have shown that neutrinos (ν) are
always left-handed. Since right-handed neutrinos do not exist in the Standard
Model, the theory predicts that neutrinos can never acquire mass. (b) In one
extension to the Standard Model, left- and right-handed neutrinos exist.
These Dirac neutrinos acquire mass via the Higgs mechanism but 
right-handed neutrinos interact much more weakly than any other particles.
(c) According to another extension of the Standard Model, extremely heavy
right-handed neutrinos are created for a brief moment before they collide with
the Higgs boson to produce light left-handed Majorana neutrinos.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in
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fermion masses

A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.

Murayama’s ν mass cartoon

standard model masses

LHed Majorana neutrino

light Dirac neutrino

← the anomalous ν mass scale



The ν’s handedness allows a more general mass ⇒ explanation ν mass scale

•  give the ν an MD  typical of other SM fermions

•  take ML ∼ 0, in accord with ββ decay

• assume MR >> MD as we have not found new RHed physics at low E

 • take mν ∼ √m2
23 ∼ 0.05 eV and mD ∼ mtop ∼ 180 GeV 

                     ⇒ mR ∼ 0.3 × 1015 GeV 

   this is a novel mass generation mechanism, not shared by other SM 
   fermions;  ν mass may originate from physics near the GUT scale  

(
0 mD

mD mR

)
⇒ mlight

ν ∼ mD

(
mD
mR

)



Neutrino electromagnetic interactions:  expected for massive νs

•  potential nonzero moments for a spin-1/2 fermion include
      ◊ charge form factor (charge distribution) C0
      ◊ magnetic moment  M1
      ◊ anapole moment (P odd, T even)  E1
      ◊ electric dipole moment (P odd, T odd) C1

•  Dirac neutrinos can exhibit all of these

•  one C-even moment arises for Majorana νs,  which requires PNC, the
   anapole moment -- generates an axial contact interaction for virtual 
   photons:  could this be exploited to settle the Dirac/Majorana question? 

•  none measured + the  “practical Dirac-Majorana confusion theorem”
 
•  best current limits come from red-giant burning

Ū(p′)(F1(q2)γµ − i
F2(q2)
2M

σµνqν +
a(q2)
M2

(qqµ − q2γµ)γ5 − i
d(q2)
M

σµνqνγ5)U(p)

γ∗ → νν̄



where the triple-α ignition of the degenerate He core is delayed by
anomalous cooling
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• but transition moments allowed for both

• neutrino magnetic moments are much discussed in solar ν physics 
  because magnetic shifts can compensate for vacuum mass differences   
  between ν flavors:  “spin-flavor” oscillations of Lim and
  Marciano,  Ahkmedov  -- potential source of solar-cycle dependence

(and still some 8 orders 
of magnitude below the 
most naive estimates of 
μ for an eV-scale ν)

γ*
γ*



Non-V-A weak interactions a la GGS -- a example from the Northwest

•  the LHed neutrino found in the GGS experiment was consistent with
   a V-A interaction and maximal PNC -- the aspect of the weak interaction 
   that Fermi could not anticipate

•  determining whether small admixtures of exotic interactions alter
   the SM’s exact V-A structure is an important motivation for precise
   tests of β decay, in the style of GGS

•  high-Q-value 0+ → 0+  (Fermi) β decay a nice laboratory

    for probing new, non-SM exchanges (leptoquark, charged Higgs,...)

νe

e+

back-to-back decay 
forbidden for V-A 

because of unbalanced 
angular momentum

Hβ = (ψ̄nγµψp)(ψ̄νCV γµ(1− γ5)ψe) + (ψ̄nψp)(ψ̄ν(CS + C ′
Sγ5)ψe)



•  such scalar interactions produce leptons with identical chiralities, 
   preventing their omission in the same direction:  recoil momentum of
   daughter nucleus then tests whether such contributions are present

•  this momentum can be measured best in systems whether the
   daughter nucleus decays quickly to light particles (e.g., delayed protons)
   whose distribution can be accurately measured: idea behind the
   32Ar β-delayed proton measurements of Adelberger et al. at Isolde

On the other hand, the extracted value of the correla-
tion coefficient is very sensitive to the energy and angle
of the detected β particle. We adopted the singles tech-
nique because it seemed difficult to determine the beta’s
kinematics with sufficient precision.

FIG. 1. Intrinsic shapes of the 0+
→ 0+ delayed proton

group for a = +1, b = 0 (heavy curve) and a = −1, b = 0
(light curve). The daughter’s 20 eV natural width is not vis-
ible on this scale.

The kinematics of 32Ar superallowed decay deter-
mine the daughter’s velocity distribution and thereby the
broadening of the delayed proton peak. The maximum
kinetic energy of the recoiling 32Cl nucleus is

Tmax =
∆2 − m2

2Mi
(6)

where ∆ is the difference in atomic masses of the par-
ent and daughter states. The accepted value of ∆ is
poorly known because of the ±50 keV uncertainty in the
32Ar mass [9]. We use the isospin-multiplet mass equa-
tion [10], M(T3) = c0 + c1T3 + c2T 2

3 , to obtain an im-
proved value for ∆ from the measured masses of all 5
members of the A = 32, T = 2 multiplet. These masses,
shown in Table I, were obtained from the known ground-
state masses and excitation energies [12] of the isobars,
except for 32Cl which we computed from our measured
energy of the superallowed delayed-proton peak in 32Ar
decay, ELAB = 3349.9±1.2 keV [13] and the known pro-
ton and 31S masses. The isospin-multiplet mass equa-
tion provides an excellent fit to the data and predicts
that ∆ = 3c2 − c1 = 6087.3 ± 2.2 keV [14], implying
Tmax ≈ 638 eV and a maximum daughter velocity of
v = 2.07 × 10−4c. The 32Cl daughter state has a width
Γ ≈ 20 eV (see below) so that in one mean life the
daughter travels at most 2.1 × 10−2Å before emitting
the proton. The recoiling 32Cl therefore emitted the pro-
ton while it was still traveling with the full velocity it
received from lepton recoil. The intrinsic shape of the
delayed proton peak (the shape for a counter with per-
fect energy resolution) is shown in Fig. 1 for the limiting
cases a = +1, b = 0 and a = −1, b = 0.

We performed our experiment at ISOLDE. Beams of
60 keV 32Ar and 33Ar ions from the General Purpose
Separator were focused through a 4 mm diameter colli-
mator and implanted in a 22.7 µg/cm2 carbon foil in-
clined at 45◦ to the beam axis. Protons were detected in
a pair of 9 mm × 9 mm PIN diode detectors collimated
by 7.72 mm × 7.72 mm apertures located 1.6 cm from
the beam axis. We eliminated possible uncertainties from
beta summing effects by placing the detection apparatus
inside a 3.5 T superconducting solenoid. The magnetic
field prevented the betas from reaching the proton detec-
tors (the highest energy betas from the 0+ → 0+ decay
had Rc = 0.53 cm), but had little effect on the protons
(the superallowed proton group had Rc = 7.56 cm).

The PIN diodes were maintained at −11 C by thermo-
electric elements that held the diode temperatures con-
stant to ±0.02 C. The signals were amplified by preampli-
fiers located immediately outside the vacuum chamber.
The preamplifier housings were held at +20 C by ther-
moelectric devices that held the housing temperatures
constant to ±0.01 C. Condensation of vacuum system
contaminants on the detectors and stopper foil was min-
imized by surrounding them with a copper shield cooled
by a steady flow of liquid nitrogen. As an added pre-
caution, the detectors were warmed to +27◦ C once each
day to drive off any condensed material. The preamplifier
signals were amplified and digitized by modules mounted
in temperature-controlled crates and recorded in event-
mode by a mini-computer. For each event we recorded
the detector energy signals, the absolute time, the delay
time after the arrival of a proton pulse, and the tem-
peratures of the detectors, preamps, NIM crate, liquid
nitrogen shroud, and the room. Our system gave excel-
lent resolution; the pulser peaks for the two detectors had
full-widths at half-maximum of 2.98 and 3.27 keV.

Data were taken over a period of 12 days under several
different conditions: with the stopper foil at 45◦, 135◦,
225◦ and 315◦ with respect to the beam axis, and for two
different beam tunes. These produced 6 different spectra
for each of the 2 counters. We continually alternated
between ≈ 2 h long 32Ar runs and 5-15 min long 33Ar
runs that provided energy calibrations for the 32Ar data.
The 32Ar and 33Ar beam intensities on target,

TABLE I. Comparison of the measured mass excesses of
the lowest T = 2 quintet in A = 32 to predictions of the
Isobaric Multiplet Mass Equation [P (χ2, ν) = 0.71].

isobar T3 Mexp (keV)a MIMME (keV)
32Si +2 −24080.9 ± 2.2 −24081.9 ± 1.4
32P +1 −19232.88 ± 0.20b

−19232.9 ± 0.2
32S 0 −13970.98 ± 0.41 c

−13971.1 ± 0.4
32Cl −1 −8296.9 ± 1.2d

−8296.6 ± 1.1
32Ar −2 −2180 ± 50 −2209.3 ± 3.2

aunless noted otherwise, ground state masses are from Ref. [9]
bEx = 5072.44 ± 0.06 keV from Ref. [12]
cEx = 12045.0 ± 0.4 keV from Refs. [10,11]
dfrom delayed proton energy [13] and masses of Ref. [9].

2

delayed proton recoil spectrum, pure V-A

delayed proton recoil spectrum, pure scalar



•  yielded a 1% limit on the ν-e correlation coefficient

a ≡ 2− |CS |2 − |C ′
S |2 + 2Zαm/p Im[CS + C ′

S ]
2 + |CS |2 + |C ′

S |2

= 0.9989 ± 0.0052(stat) ± 0.0036(syst)

checked the dependence of ã on the fitting regions of the
proton spectra; a 28% variation in the width of the re-
gion changed ã by less than ±0.00055. We examined the
dependence of our results on the form of the detector
response function by reanalysing the data with a single-
tail response function; by reanalyzing the data assuming
that a weak Gamow-Teller peak lay under the tail of the
32Ar superallowed peak; and by simultaneously fitting
the 33Ar and 32Ar superallowed peaks using a common
response function. From these tests we inferred a line-
shape systematic error of δã = ±0.0016.

FIG. 4. 95% conf. limits on C̃S and C̃′

S. Upper panel:
time-reversal-even couplings. The annulus is from this work.
The narrow diagonal band is from b(0+

→ 0+) [19]. The
broad diagonal band shows constraints from A, B, a, and
t1/2 in n decay [20]; the sausage-shaped area includes, in ad-
dition, constraints from G(14O) and G(10C) [21], b(22Na) [22]
and a(6He) [5]. Lower panel: time-reversal-odd couplings.
The circles are from this work and correspond to C̃S and C̃′

S

phases of ±90◦, +45◦ and −45◦. The shaded oval shows the
constraint with no assumptions about this phase. The diago-
nal band is from R(19Ne) [23].

For scalar interactions with C̃S = −C̃′
S so that b = 0,

we obtain a 1σ limit |C̃S |2 ≤ 3.6 × 10−3. The corre-
sponding limit on the mass of scalar particles with gauge

coupling strength is MS = |C̃S |−1/2MW ≥ 4.1MW .
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ported in part by the DOE (at the University of Wash-
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Summary:  What we know we don’t know about the neutrino

•  GGS showed the neutrino is left-handed, consistent with V-A:  we
   suspect beyond-the-SM effects may alter this result, but we do
   not know their level

•  we know the neutrino has a mass, but the ambiguity in ββ decay
   between helicity suppression and exact conservation of lepton number
   prevents us from determining what kind(s) of mass

•  we know the freedom available in describing ν masses provides an 
   elegant explanation for the ν mass scale -- but we do not know
   whether nature uses the seesaw mechanism, or whether the
   seesaw scale suggested by δm23 is an important hint about GUTs

•  we know Dirac and Majorana νs can exhibit distinct E&M moments --
   but in practical situations no consequential differences will arise, and the
   likely scale of these interactions is well beyond our present reach



•  we have recently learned a great deal about νs from their oscillations --
   mass splittings, two large mixing angles, and consequently the possibility
   of significant CP violation -- but we do not know the origin/significance
   of curiosities like θ23 ∼ 45°

   and, of course, there is what we don’t know we don’t know

Congratulations to the pioneers of a field still going strong after 50 years!


