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Neutrino mass 
measurements have a 

long history in physics, 
predating the Standard 

Model itself.
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We have learned one 
thing in this time. 

“Grande” is ruled out. 

And now, so is “Zero”.
3
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First Evidence 

A Crack in the 
Standard Model



• From Monday’s lecture you learned that 
oscillations are described by a 3 x 3 
matrix(the Maki-Nakagawa-Sakata-
Pontecorvo, or MNSP mixing matrix): 

• However, the picture simplifies if one of the 
mixing angles is small… 

• Depends only on two fundamental parameter 
and two experimental parameters (for a 
given neutrino species).

Bruno Pontecorvo
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Neutrino Oscillations
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long baseline reactor, accelerator solar, KamLAND 0⇥��



How to Think About 
Oscillations?

Oscillations are fundamentally a QUANTUM phenomena.   

It is useful to cast it in such a framework.  For example, one 
could cast it in the language of Quantum Field Theory

Production Detection

νi

Uαi U*
βi
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It is useful to cast it in such a framework.  For example, one 
could cast it in the language of Quantum Field Theory

Production Detection
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We can treat 
the neutrino as 

a propagating 
fermion…

See J. Kopp, arXiv:0904.4346
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Thus the matrix 
element picks up a 
propagating term 
that depends on 

the neutrino mass 
and coupling
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Thus the matrix 
element picks up a 
propagating term 
that depends on 

the neutrino mass 
and coupling
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How to Think About 
Oscillations?

νi

Uαi U*
βi

Use the Grimus-
Stockinger 
theorem to 
simplify the 

propagator term… 



The Grimus-Stockinger theorem
Let  (~p) be a three times continuously differentiable function on 3, such that
 itself and all its first and second derivatives decrease at least like 1/|~p|2 for
|~p|!1. Then, for any real number A > 0,

Z
d3p

 (~p) ei~p~L

A� ~p2 + i✏
|~L|!1����! �2⇡2

L
 (
p

A~L
L )ei

p
AL + O(L�

3
2 ).

) Quantification of requirement of on-shellness for large L = |~L|.

Joachim Kopp (Fermilab) Mössbauer neutrinos 17



How to Think About 
Oscillations?

νi

Uαi U*
βi

Sum over all 
contributing terms 

(i.e. all mass 
states!)



Result takes on 
the more familiar 

form… 
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How to Think About 
Oscillations?

OR… you can cast things in terms of Pauli matrices (equivalent to 
quantum optics) 
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FIG. 1: Neutrino states on the Poincaré sphere. The flavor
states | να ⟩ and | νβ ⟩ are the two antipodal points on the z
axis while |ϑ,± ⟩ correspond to the mass (energy) eigenstates
lying on an axis making an angle ϑ with respect to the z axis.

about the axis defined by a line joining the two eigen-
states of the Hamiltonian. Mathematically, these uni-
tary rotations on the Poincaré sphere are generated by
e−iHt. This is identical to unitary time evolution gen-
erated by the Hamiltonian of the quantum states in the
Hilbert space. The quantum-mechanical analogue of the
Poincaré sphere is the Blöch sphere, which geometrically
represents the space of pure states of a two-level quantum
system.

Nonvanishing values of A,B, C simultaneously param-
eterize the effect of an elliptically birefringent medium.
Circular (linear) birefringence are special cases where
the conditions A,B = 0 and C,D ̸= 0 (B, C = 0 and
A,D ̸= 0) are satisfied.

C. Neutrinos and optics analogy

We can now describe the isomorphism between neu-
trino states and polarized states in optics. The complete
set of states for two flavor neutrino system can be repre-
sented on the Poincaré sphere just like the optical states
as depicted in Fig 1. For convenience we define a new
coordinate ϑ, which goes from 0 → 2π as we traverse
the unit great circle in the x − z plane. In terms of the
old coordinates, the points θ, φ = 0 are now labeled by
ϑ = θ and the points θ, φ = π are labeled by ϑ = 2π − θ.
If we assume that the flavor states are the north and
south poles of the Poincaré sphere, then the mass eigen-
states are represented by the two antipodal points ly-
ing on an axis making an angle 2Θ = ϑ with respect to
the polar axis. States on the equator coincide with the
mass eigenstates for the special case of maximal mixing
(Θ = ϑ/2 = π/4) which corresponds to complete flavor
conversion (MSW effect). Geometrically, the MSW ef-
fect can be viewed as rotation about an equatorial axis,

rotating the north pole into the south pole.
Ignoring the term proportional to the Identity, the neu-

trino Hamiltonian (Eq. 2) both in vacuum or matter can
be recast in exactly the same form given by (see Eq. 4)

Hν =
ω

2
[(sinϑ)σx − (cosϑ)σz ] , (5)

where ω = δm2/2p and the mixing angle Θ is replaced
by ϑ/2 [52]. Comparing the two Hamiltonians (Eq. 4
and Eq. 5) we see that the neutrino Hamiltonian repre-
sents a medium with elliptic birefringence. And neutrino
oscillations can be viewed as the neutrino flavor state
precessing [36] about the line joining the mass eigenstates
(analogous to elliptic axis) induced by the time-evolution
operator e−iHνt on the Poincaré sphere. In the language
of neutrino optics, both vacuum and matter exhibit el-
liptic birefringence property with different elliptic axes.

The absence of flavor changing neutral currents in the
SM gives rise to a real form of the Hamiltonian (B = 0),
and it corresponds to a CP -conserving situation. The
eigenvectors (also called mass eigenstates) of Eq. 5 are
given by

|ϑ, + ⟩ =

(

cos(ϑ/2)
sin(ϑ/2)

)

and |ϑ,−⟩ =

(

− sin(ϑ/2)
cos(ϑ/2)

)

.

(6)
Note that states |ϑ, + ⟩ and |ϑ,−⟩ are orthogonal an-
tipodal points on the Poincaré sphere which always lie
on the great circle formed by the intersection of the x−z
plane with the Poincaré sphere. Mass eigenstates lying
outside the x−z plane imply CP violation. This fact has
very interesting consequences for the physics of geometric
phases in CP nonconserving situations [43].

III. PANCHARATNAM’S PHASE IN THE TWO
FLAVOR NEUTRINO SYSTEM

The Pancharatnam phase :- We give a brief introduc-
tion to the idea of Pancharatnam’s phase in quantum-
mechanical language along the lines of Ref. [24, 42, 44].
Given any two nonorthogonal states |A ⟩ and |B ⟩ in the
Hilbert space describing a system, a notion of geometric
parallelism between the two states can be drawn from
the inner product ⟨A |B ⟩. The two states are said to be
parallel (in phase) if ⟨A |B ⟩ is real and positive, which
defines the Pancharatnam connection (or rule). Geomet-
rically, it implies that the norm of the vector sum of
the two states ||(|A ⟩ + |B ⟩)||2 = ⟨A |A ⟩ + ⟨B |B ⟩ +
2|⟨A |B ⟩| cos(ph⟨A |B ⟩) is maximum. Physically, it im-
plies that if we let the two states interfere with each other
the resulting state will have maximum probability (inten-
sity). Note that if |A ⟩ is in phase with |B ⟩, and |B ⟩ is
in phase with |C ⟩, then |C ⟩ is not necessarily in phase
with state |A ⟩. The phase difference between the states
|C ⟩ and |A ⟩ is the Pancharatnam phase, and it is equal
to half the solid angle Ω subtended by the geodesic trian-
gle A, B, C on the Poincaré sphere for a two-level system
at its center. In general, for an n-level system, the space

Poincare Sphere 

See P. Mehta, arXiv:0901.0790



How to Think About 
Oscillations?

OR… you can cast things in terms of Pauli matrices (equivalent to 
quantum optics) 

Oscillations then cast as a property that Pauli matrices do not 
commute 
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Here, σ represents the 
Pauli  matrices and r is 

a vector that points 
along a Poincare  

sphere  
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the neutrino-matter interactions (in an electrically neu-
tral homogeneous medium) leading to

Ei=∓ =

(

p +
m2

1 + m2
2

4p
+

VC

2
+ VN

)

∓
1

2

√

(ω sin 2Θ)2 + (VC − ω cos 2Θ)2 , (1)

where ω = δm2/2p with mass splitting δm2 = m2
2 − m2

1

and p ≃ E being the fixed momentum (energy) of the
neutrino. Θ is the mixing angle in vacuum. VC =√

2GF ne = 7.6×10−14Yeρ eV and VN = −
√

2GF nn/2 =
−3.8 × 10−14Ynρ eV are the respective effective poten-
tials due to coherent forward scattering of neutrinos with
electrons (via charged current interactions) and neutrons
(via neutral current interactions). GF = 1.16637 ×
10−5 GeV−2 parameterizes the weak interaction strength
(Fermi constant). VC and VN depend on the electron
(ne) and neutron (nn) number densities (in units of
cm−3). ne/n = ρYe/nNAvo, where ρ is the mass den-

sity in g cm−3, Ye/n is the relative electron (neutron)
number density and its value is roughly ∼ 0.5 for Earth
matter, and NAvo is the Avogadro’s number. Setting
VC = VN = 0, we recover the vacuum case.

Note the fact that although there are two densities ne

and nn appearing in the eigenvalues, it is only ne that
appears in a nontrivial way (through VC) in the flavor
Hamiltonian,

Hν =

(

p +
m2

1 + m2
2

4p
+

VC

2
+ VN

)

I

+
1

2

(

VC − ω cos 2Θ ω sin 2Θ
ω sin 2Θ −(VC − ω cos 2Θ)

)

. (2)

The above Hamiltonian (Eq. 2) also describes an inhomo-
geneous medium provided the scale of variation of mat-
ter induced potential VC is slow compared to the scale
of the order of !/(E+ − E−)), hence ensuring no tran-
sitions between the mass eigenstates. This defines the
adiabaticity condition [36, 39]. As neutrinos traverse a
density gradient, at a particular value of ne the diagonal
elements of Hν can vanish causing an interchange of fla-
vors irrespective of the value of the vacuum mixing angle
Θ. This phenomenon of resonant conversion in matter
is known as the Mikheyev-Smirnov-Wolfenstein (MSW)
effect [40, 41].

The off-diagonal form of the Hamiltonian in flavor ba-
sis (both in vacuum and matter) leads to flavor oscil-
lations of neutrinos, which is the only mechanism that
mixes the neutrinos of different generations or flavors
while preserving the lepton number (note that the ab-
sence of flavor changing neutral currents prevents any
flavor change within the SM). Also note that the matter
term appears in diagonal elements only so in the absence
of vacuum mixing, neutrinos of different flavors cannot
mix. The term proportional to the identity gives an over-
all phase to each of the mass eigenstates and hence does
not affect oscillations. This corresponds to the gauge
freedom of any state of a two-level quantum system [3].

In the next subsection, we describe the polarized states
in optics in the language of quantum mechanics.

B. Polarized states in optics

Polarization optics is mathematically identical to the
evolution of a two state quantum system. In a helicity
basis for polarized light, we can write |R ⟩ and |L ⟩ rep-
resenting right and left circular polarizations. A general
polarized light beam |Ψ ⟩ can then be expanded in this
basis as |Ψ ⟩ = α|R ⟩+ β|L ⟩ where |α|2 + |β|2 = N , the
intensity of the beam of polarized light. We can param-
eterize an arbitrary state of polarized light by

|Ψ ⟩ =
√

N exp{iη}
(

cos(θ/2) exp(−iφ/2)
sin(θ/2) exp(iφ/2)

)

, (3)

where N is the total intensity, which is normalized to
unity, and the angles θ and φ (where 0 ≤ θ ≤ π and
0 ≤ φ ≤ 2π) describe the state of polarization of the
beam, represented on the two-dimensional unit sphere
(S2) called the Poincaré sphere. Orthogonal polarization
states are antipodal points of the sphere. η is the overall
phase of the beam. The states on the sphere are de-
fined modulo this overall phase of η and represent the
ray space [42]. The north pole (θ = 0) represents right
circular light and the south pole (θ = π) represents left
circular light. States on the equator (θ = π/2) repre-
sent linear polarizations. Any other point on the sur-
face of the sphere represents elliptic polarization. The
Poincaré sphere is a useful device to visualize the changes
in the state of polarization of a light beam traversing
through a medium.

The mapping between the polarized states and a two-
level quantum system originates from the following fact.
Neglecting absorption effects [51], the effect of different
media can be encoded in terms of 2 × 2 Hermitian ma-
trix (Hamiltonian). The time evolution of optical states
in a medium is governed by a Schrödinger-like equation
with the medium represented by the most general form
of Hamiltonian for a two-level system given by

H = Aσx + Bσy + Cσz + DI , (4)

where, the coefficients of the three traceless Pauli ma-
trices, A,B and C are responsible for generating rota-
tions of incident optical states about x, y, z axes on the
Poincaré sphere. D just adds an overall phase that can
be absorbed in a redefinition of the state. Hence given
an arbitrary medium, it can be represented by a Hamil-
tonian as mentioned above, and the eigenstates of the
Hamiltonian represent those optical states that do not
suffer any change (when incident on such a medium) in
their state of polarization except for picking up an overall
phase shift. The polarization of any other state (other
than the eigenstates) incident on this medium will un-
dergo a periodic change. On the Poincaré sphere this can
be visualized as a rotation of the incident state vector

= r0I +
~r · ~�
2



Ray Davis Jr., Homestake

The Sudbury Neutrino Observatory

SNO

KamLAND

KamLAND

Super-Kamiokande

Super-Kamiokande

MINOS

MINOS

With oscillations 
firmly in place, 

we at least 
understand that 
the neutrino has 

a mass 

As such, 
oscillation 

measurements 
place a lower 
limit on the 

neutrino mass 
scale.

13



Solar

Atmospheric
Camilieri, Lisi, Wilkerson Ann. Rev. 57 (2008).
Fogli et al, arXiv:1205.5254 (hep-ph)

Reactor & Long Baseline
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oscillations 
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least 
understand 

that the 
neutrino has a 

mass 

As such, 
oscillation 

measurements 
place a lower 
limit on the 

neutrino mass 
scale.



2015 Nobel Prize in Physics

Arthur B. McDonald 
(Sudbury Neutrino Observatory)

Takaaki Kajita 
(Super-Kamiokande)



Measuring 
Neutrino Masses

Lightest Neutrino Mass (eV)
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Beta Decay Measurements

Oscillations now make a 
prediction upon other 

measurements.

Ruled out by β-decay experiments
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The Neutrino 
Mass Scale

• The neutrino mass scale remains one of the 
essential “unknowns” of the Standard Model.   

• Knowledge of neutrino masses can have a 
significant impact on many different 
arenas, including cosmology, the mass 
hierarchy, sterile neutrinos, and even relic 
neutrino detection.
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The Neutrino 
Mass Scale

mν > 0.01 eV (normal hierarchy) 
  Oscillation limit; possible CνB detection

• The neutrino mass scale remains one of the 
essential “unknowns” of the Standard Model.   

• Knowledge of neutrino masses can have a 
significant impact on many different 
arenas, including cosmology, the mass 
hierarchy, sterile neutrinos, and even relic 
neutrino detection.

Lightest Neutrino Mass (eV)

Be
ta

 D
ec

ay
 M

as
s 

(e
V
)

mν > 2 eV (eV scale, current) 
  Neutrinos ruled out as dark matterRuled out by β-decay experiments

mν > 0.05 eV (inverted hierarchy) 
  Resolve hierarchy if null result

mν > 0.2 eV (degeneracy scale) 
  Impact on cosmology and 0νββ reach

Next goal of future β-decay 
experiments

17



Wilson & Penzias
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Cosmological Measurements
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Sloan Digital Sky Survey

The Era of 
Precision 

Cosmology

Wilson & Penzias

WMAP

CBI

Atacama  
Cosmology Telescope

Cosmology has 
had a similar 
trajectory as 

neutrino physics, 
from inception 
to present day

19



The Strategy 
(a naive view)
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CMB Polarization
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The Strategy 
(a naive view)

WMAP Temperature Map

CMB Polarization

Galaxy Surveys

Weak lensing

Lyman α
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Large scale structure tends to weaken 
power spectrum at small wavelengths... 

Temperature Map

CMB Polarization

Galaxy Surveys

Weak lensing

Lyman α
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New Frontiers
Neutrino Physics 
& Cosmology

• Two primary cosmology measurements 

that link directly to neutrino physics: 

(1) Number of neutrino species  

(2) Sum of neutrino masses  

•   Both large scale structure (LSS) 

and CMB anisotropies (CMB), 

particularly CMB gravitational 

lensing, can be used to measure 

these quantities.
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New Frontiers

Planck Satellite: 

Launched May 14th, 200923



The Microwave 
sky...
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The Microwave 
sky...
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PLANCK Results

• The basic PLANCK analysis looks 
at 6 main cosmological 
parameters.  Neutrino masses are 
added as extensions to that 
model. 

• Most conservative data 
combinations see no evidence for 
neutrino masses. 

• Certainly tension exists with 
certain parameters (SZ clusters, 
Hubble constant, BICEP2) that 
alter the fits or in some cases 
favor finite masses.

Source: Planck Collaboration XVI

FIGURE 6. Marginalized posterior distributions for Neff. In
black the case CMB only. In blue, red and green respectively
the posteriors obtained adding BAO and H0 direct measurement
or both.

constant and its value inferred from CMB data is still not
understood and is artificially relieved at the cost of ex-
tra neutrino physics: Neff = 3.62±0.25 (in red in Fig.6).
Indeed it could also be caused by some new physics but
every interpretation in this sense seems for the moment
only speculative.
It is worth stressing that the error bar on Neff is suffi-
ciently small to claim for a 10s indirect evidence of the
existence of the cosmic neutrino background. If there
were no n-like energy density the value of Neff would
have been consistent with zero.

Neff and BBN

Along with CMB, the observation of light element
abundances created during big bang nucleosythesis
(BBN) provides a precision test for the standard cosmo-
logical model of the hot big bang.
In this model the abundances of helium-4 (YP) and
deuterium (yDP) can be predicted as a function of the
baryon density wb = Wbh2 and Neff. To calculate this
dependence it has been used the ParthENoPE code [17].
In Fig.7 in blue are shown the regions in the wb �Neff
plane preferred by different measurements of primordial
abundances, assuming standard BBN.
For comparison we also show the 68% and 95% con-
tours inferred from CMB analysis with Neff left as a free
parameter (and YP fixed as a function of wb and Neff
according to BBN).
There is no significant tension between CMB and BBN
predictions, and combining the two measurements we
can diminish the error on Neff. For example the combi-

nation between Planck data and the Pettini & Cooke yDP
measurement gives Neff = 3.02±0.27 [7].
It is also possible to search for a joint constraint on both
Neff and YP. Unfortunately this latter has an impact on
the dumping tail of the CMB power spectrum that is
partially degenerate with Neff. If we let both Neff and
YP free we have thus larger errors but the results are
still compatible with standard BBN and three species of
neutrinos.

Source: Planck Collaboration XVI

FIGURE 7. BBN measurements and Planck preferred region
in the wb-Neff plane

Limits on Âmn

Source: Planck Results XVI

FIGURE 8. Posterior distribution for Âmn . Solid line is
CMB alone, dashed line is adding lensing and red line is
marginalising over lensing information.

Constraints on Âmn considering three species of de-
generate massive neutrinos are reported here.
The black solid line posteriors in Fig.8 correspond to

140001-5
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black the case CMB only. In blue, red and green respectively
the posteriors obtained adding BAO and H0 direct measurement
or both.

constant and its value inferred from CMB data is still not
understood and is artificially relieved at the cost of ex-
tra neutrino physics: Neff = 3.62±0.25 (in red in Fig.6).
Indeed it could also be caused by some new physics but
every interpretation in this sense seems for the moment
only speculative.
It is worth stressing that the error bar on Neff is suffi-
ciently small to claim for a 10s indirect evidence of the
existence of the cosmic neutrino background. If there
were no n-like energy density the value of Neff would
have been consistent with zero.

Neff and BBN

Along with CMB, the observation of light element
abundances created during big bang nucleosythesis
(BBN) provides a precision test for the standard cosmo-
logical model of the hot big bang.
In this model the abundances of helium-4 (YP) and
deuterium (yDP) can be predicted as a function of the
baryon density wb = Wbh2 and Neff. To calculate this
dependence it has been used the ParthENoPE code [17].
In Fig.7 in blue are shown the regions in the wb �Neff
plane preferred by different measurements of primordial
abundances, assuming standard BBN.
For comparison we also show the 68% and 95% con-
tours inferred from CMB analysis with Neff left as a free
parameter (and YP fixed as a function of wb and Neff
according to BBN).
There is no significant tension between CMB and BBN
predictions, and combining the two measurements we
can diminish the error on Neff. For example the combi-

nation between Planck data and the Pettini & Cooke yDP
measurement gives Neff = 3.02±0.27 [7].
It is also possible to search for a joint constraint on both
Neff and YP. Unfortunately this latter has an impact on
the dumping tail of the CMB power spectrum that is
partially degenerate with Neff. If we let both Neff and
YP free we have thus larger errors but the results are
still compatible with standard BBN and three species of
neutrinos.

Source: Planck Collaboration XVI

FIGURE 7. BBN measurements and Planck preferred region
in the wb-Neff plane

Limits on Âmn

Source: Planck Results XVI

FIGURE 8. Posterior distribution for Âmn . Solid line is
CMB alone, dashed line is adding lensing and red line is
marginalising over lensing information.

Constraints on Âmn considering three species of de-
generate massive neutrinos are reported here.
The black solid line posteriors in Fig.8 correspond to

140001-5

the limit Âmn < 0.66eV at 95%CL for the CMB alone
combination (Planck +WP+High`). Adding the lens-
ing measurement we obtain Âmn < 0.85eV, a somewhat
unexpected broadening of the posterior (dashed line in
Fig.8).
We can thus try to completely marginalize over the
lensing information4 (in red in Fig.8) going back to a
limit compatible with WMAP, leaving the more precise
Planck measurement of the tail of the angular power
spectrum completely useless. This means that there is in-
formation to be gained with lensing.

A brief frequentist digression

Naively we don’t expect a limit to get worse when in-
formation is added, especially since lensing is the ob-
servable that should help the most for the constraint.
We thus did in [12] a Profile likelihoods analysis of
this issue. Results show that the problem is delicate.
Planck alone result (in red in Fig.9) seems to be ar-
tificially pulled to small values5. Adding lensing (blue
curve) regularizes the situation and, using the Feldman-
Cousins prescription [13], we end up with Âmn <
0.85eV (95%CL) in agreement with Bayesian limits.
With BAO we obtain the best constraint of Âmn <
0.26eV and there is again excellent agreement with the
Bayesian approach.

Source: Planck Intermediate Results XVI

FIGURE 9. Frequentist Profile Likelihood analysis on Âmn
constraints. In red CMB only data, in blue CMB+lensing and
in green CMB+Lensing+BAO

4 This can be performed by marginalizing over a parameter called Alens
that rescales the lensed power spectrum in the model.
5 See [7] and [12] for a deeper discussion.

Simultaneous constraints on Âmn and Neff

We investigate here simultaneous constraints on the
number of effective neutrinos Neff and Âmn . This is
interesting since massive neutrinos could coexist with
massless extra relics.
As discussed before, the two parameters have different
impacts on the C` and are thus almost uncorrelated in
CMB analysis. A little correlation is introduced adding
BAO information (Fig.10). In this case we obtain:

Neff = 3.32±0.27 (68%CL)
Âmn < 0.28 eV (95%CL)

that are constraints very similar to the case where only
one of the parameters is left free to vary. This means
that the physical effect of neutrino masses and extra
relativistic relics are sufficiently different to be resolved
separately at the level of accuracy of Planck [7].

Source: Planck Collaboration XVI

FIGURE 10. Joint 2D 68% and 95% limits for the posterior
of Âmn and Neff.

Any evidence for sterile neutrinos?

Joint constraints are model dependent. In the previous
section we investigated the possibility of three massive
active neutrinos coexisting with massless extra relics.
We can go further and assume the existence of a massive
sterile neutrino6. In this case we fix the mass of the active
neutrinos to the base model value (Âmn = 0.06 eV).
If these sterile neutrinos were to thermalized with the
same temperature as active neutrinos we would have

6 For this analysis we do not consider three active massive neutrinos
sharing 1/3 of the total mass but two massless and one massive neutrino
taking the whole mass. This is not a relevant difference for Planck
analysis.
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What would a 
positive signal 

mean?

(N,Z) ! (N � 2, Z + 2) + e� + e�

�L = 2

A lot, actually, since the 
Standard Model conserves 
B-L. 

• Demonstrate that 
neutrinos are Majorana 
fermions. 

• Shed light on the 
neutrino mechanism 

• Probe into the causes for 
the matter anti-matter 
asymmetry in the 
universe

27



Simple in 
principle…

• Clean Signature                
Sum of electrons is at a 
single energy 

• Know where to look        
Occurs at endpoint of the 
allowed decay, well-

separated from bulk ββνν. 

• Particle detection            
(we know how to detect 
electrons well)

Single Electron Expected Signal

A. Nucciotti, WE Heraeus-Seminar 561: A. Nucciotti, WE Heraeus-Seminar 561: Massive NeutrinosMassive Neutrinos, April 22-25 2014, Bad Honnef, Germany, April 22-25 2014, Bad Honnef, Germany 77
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…but not in 
practice

• Background Suppression                
The key to success in all 
these experiments is 
background suppression 

• Isotope Abundance        
Often trading high Q value 
for poor abundance 

• Rarity of Process            
Rarest process (yet) to be 
measured.

Single Electron Expected Signal
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76Ge example, but similar sensitivities for other 0νββ isotopes.
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Assembly of all 19 towers is complete

!17

Cuore

GERDA

SNO+

KamLAND ZEN
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EXO

NEXT

Outline 

•  Searching for 0νββ
•  MAJORANA DEMONSTRATOR Overview
•  Status of the DEMONSTRATOR

8/3/15& J.&Gruszko&0&DPF&2015& 2&

MAJORANA

Many,  
many  

experiments…
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z

Direct Probes

3H ➟ 3He+ + e-  + νe 

Beta Decay

A kinematic determination of the neutrino mass  

No model dependence on cosmology or nature of mass32
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!-decay electron spectrum…

… shape determines the absolute

neutrino mass squared:

i

K ~  [ gv
2|MF|2 + gA

2|MGT|2 ] F(E,Z) = Fermi function
m" = “mass” of electron (anti-)neutrino = #i|Uei|

2 mi = m" in

quasi-degenerate region.

Present Limit:

2.3 eV (95% CL)

Kraus et al.

hep-ex/0412056

Ṅ ⇠ pe(Ke +me)
X

i

|Uei|2
q
E2

0 �m2
⌫i

Beta Decay

A kinematic determination of the neutrino mass  

No model dependence on cosmology or nature of mass32
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Neutrinos from 
Radioactivity

• The phase space of the decay 
(i.e. how many different states 
can occupy a particular 
momentum).
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Neutrinos from 
Radioactivity

Transition ΔI Parity change?

Superallowed 0,  + 1 No

Allowed 0,  + 1 No

1st Forbidden 0,  + 1 Yes

Unique 1st Forbidden + 2 Yes

2nd Forbidden + 2 No

3rd Forbidden + 3 Yes

Spin of states govern type of exchange
E.g.:  0+ → 0+ is superallowed

• The phase space of the decay 
(i.e. how many different states 
can occupy a particular 
momentum).
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Matrix Element

Fermi Function

Phase space
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can occupy a particular 
momentum).
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Matrix Element

Fermi Function

Phase space

• The phase space of the decay 
(i.e. how many different states 
can occupy a particular 
momentum).

• Corrections due to the 
Coulomb field, or Fermi 
function.

• The matrix element related to 
the initial and final states of 
the decay.



Fermi’s Golden 
Rule

483 Nuclear Beta Decay
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etFig. 17.1
Kurie plot showing the measured beta spectrum from 187Re decay (from the MARE
collaboration) [Sis04]. The spectrum is normalized to the Fermi distribution of
Eq. (17.50).

Writing

|Hfi|2 ' F (Z, Ee)
G2

F

2
|Vud|2|Mfi|2, (17.48)

where |Mfi|2 is dimensionless and O(1), we find

d�� = F (Z, Ee)
G2

F |Vud|2
2⇡3

|Mfi|2peEe(E0 � Ee)
2dEe , (17.49)

The classic method by which to study �-decay spectra is via the Kurie plot

K(Ee) =

" d�
�

dE
e

F (Z, Ee)Eepe

#

1
2

. (17.50)

where d��/dEe is the number of beta decays as a function of the electron energy,
i.e., the di↵erential decay rate. Fig. 17.1 shows the measured beta spectrum from
187Re decay. If the weak matrix element Mfi is energy-independent, then K(Ee) /
E0�Ee, i.e., one should find a linear plot versus Ee intersecting the electron energy
axis at the end point energy E0. Deviations from this simple straight line shape
would indicate energy dependence of the weak matrix element, or nonzero neutrino
mass, etc.. The total decay rate is given by

�� =
G2

F |Vud|2
2⇡3

|Mfi|2f(Z, R, E0) , (17.51)

Kurie Plot

482 Beta Decay

ii) positron emission: (Z, N) ! (Z � 1, N + 1) + e+ + ⌫e

iii) electron capture: (Z, N) + e� ! (Z � 1, N + 1) + ⌫e .

Electron capture is the process by which an atomic electron is captured by the
nucleus. If the capture occurs from the K-shell then it is referred to as K-capture,
etc. If M(Z, N) designates the atomic mass, then we see that the energy released
in electron emission or capture is

E��

0 = Eec
0 = M(Z, N) � M(Z + 1, N � 1) ,

while that for positron decay is

E�+

0 = M(Z, N) � M(Z � 1, N + 1) + 2me .

Comparing Eec
0 and E�+

0 , we note that there exists a range of atomic mass di↵er-
ences for which electron capture can occur, but positron emission cannot.

The energy releases in a nuclear �-decay process range from tens of keV, as in the
case of tritium decay, to as much as 18 MeV, as in the decay of 8B. In either case
the wavelength of the beta particle is much larger than the size of the nucleus and
the e↵ects of finite nuclear size are minimal, i.e., the variation of the wavefunction
over the nuclear volume is tiny. Also small and usually negligible is the recoil energy

ER =
(pe + p⌫)2

2mNA
 E2

0

2MNA

of the daughter nucleus. Indeed for a typical energy release of ⇠ 1 MeV the recoil
energy for a nucleus with A = 100 would be less than 15 eV. However, it is im-
portant to retain such e↵ects in some high-precision tests of �-decay, such as when
studying electron-neutrino correlations, as described later. Coulomb e↵ects are also
important and must be included. This is done by replacing the electron wavefunc-
tion at the origin, which is unity for a plane wave, by its value in the presence of the
Coulomb field due to the nucleus. In the nonrelativistic limit, this has the familiar
Sommerfeld form

F (Z, Ee) =

�

�

�

�

2⇡⌘

1 � exp(�2⇡⌘)

�

�

�

�

with ⌘ = ±Z↵Ee

pe
, (17.45)

where F (Z, Ee) is the Fermi function. The form actually used by Fermi is somewhat
di↵erent. Since the relativistic density for a point nucleus diverges at r = 0, he used
the value of the density at the nuclear surface

F (Z, Ee) = 2(2peR)2(s�1) 1 + s

s2 + ⌘2

�

�

�

�

�

�

exp(⇡⌘

2)�(s+1+i⌘)
�(2s+1)

�

�

�

�

�

�

with s2 = 1 � Z2↵2. (17.46)

The decay probability is obtained using Fermi’s Golden Rule

d�� '
Z

dpe

(2⇡)3
dp⌫

(2⇡)3
|Hfi|22⇡�(E0 � Ee � E⌫) . (17.47)
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where d��/dEe is the number of beta decays as a function of the electron energy,
i.e., the di↵erential decay rate. Fig. 17.1 shows the measured beta spectrum from
187Re decay. If the weak matrix element Mfi is energy-independent, then K(Ee) /
E0�Ee, i.e., one should find a linear plot versus Ee intersecting the electron energy
axis at the end point energy E0. Deviations from this simple straight line shape
would indicate energy dependence of the weak matrix element, or nonzero neutrino
mass, etc.. The total decay rate is given by
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Fermi’s Golden 
Rule

The effect of neutrino 
mass is almost entirely 
an effect due to phase 

space.
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i.e., the di↵erential decay rate. Fig. 17.1 shows the measured beta spectrum from
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Electron capture is the process by which an atomic electron is captured by the
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0 , we note that there exists a range of atomic mass di↵er-
ences for which electron capture can occur, but positron emission cannot.

The energy releases in a nuclear �-decay process range from tens of keV, as in the
case of tritium decay, to as much as 18 MeV, as in the decay of 8B. In either case
the wavelength of the beta particle is much larger than the size of the nucleus and
the e↵ects of finite nuclear size are minimal, i.e., the variation of the wavefunction
over the nuclear volume is tiny. Also small and usually negligible is the recoil energy
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of the daughter nucleus. Indeed for a typical energy release of ⇠ 1 MeV the recoil
energy for a nucleus with A = 100 would be less than 15 eV. However, it is im-
portant to retain such e↵ects in some high-precision tests of �-decay, such as when
studying electron-neutrino correlations, as described later. Coulomb e↵ects are also
important and must be included. This is done by replacing the electron wavefunc-
tion at the origin, which is unity for a plane wave, by its value in the presence of the
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with s2 = 1 � Z2↵2. (17.46)

The decay probability is obtained using Fermi’s Golden Rule

d�� '
Z

dpe

(2⇡)3
dp⌫

(2⇡)3
|Hfi|22⇡�(E0 � Ee � E⌫) . (17.47)
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etFig. 17.1
Kurie plot showing the measured beta spectrum from 187Re decay (from the MARE
collaboration) [Sis04]. The spectrum is normalized to the Fermi distribution of
Eq. (17.50).

Writing

|Hfi|2 ' F (Z, Ee)
G2

F

2
|Vud|2|Mfi|2, (17.48)

where |Mfi|2 is dimensionless and O(1), we find

d�� = F (Z, Ee)
G2

F |Vud|2
2⇡3

|Mfi|2peEe(E0 � Ee)
2dEe , (17.49)

The classic method by which to study �-decay spectra is via the Kurie plot

K(Ee) =

" d�
�

dE
e

F (Z, Ee)Eepe

#

1
2

. (17.50)

where d��/dEe is the number of beta decays as a function of the electron energy,
i.e., the di↵erential decay rate. Fig. 17.1 shows the measured beta spectrum from
187Re decay. If the weak matrix element Mfi is energy-independent, then K(Ee) /
E0�Ee, i.e., one should find a linear plot versus Ee intersecting the electron energy
axis at the end point energy E0. Deviations from this simple straight line shape
would indicate energy dependence of the weak matrix element, or nonzero neutrino
mass, etc.. The total decay rate is given by

�� =
G2

F |Vud|2
2⇡3

|Mfi|2f(Z, R, E0) , (17.51)

d�� = F (Z,Ee)
G2

F |Vud|2

2⇡3
|Mfi|2peEe(E0 � Ee)

p
(E0 � Ee)2 �m2

⌫



The π√2 
Magnetic 
Spectrometer

Single Electron Expected Signal

• Bergkvist constructs first 
tritium source experiment 
in Stockholm. 

• Double focusing 
spectrometer; first to fully 
tackle energy resolution, 
energy loss and final 
states coherently. 

• Achieved best limit of the 
time (mν < 55 eV).

9 

Karl Eric Bergkvist 
opens the era of 
professional n-mass seeking 

Bergkvist perfectionates the optics 
of the p√2 magnetic spectrometer 
to its very limits, improving luminosity 
by 103 at still high resolution of 0.1%. 
 
Any parameter is checked by control 
experiments and analysis. 
 
Final electronic states of the daughter 
are considered for the first time  
(by a simple average excitation 
energy) 

curved B-lines 
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Bergkvist perfectionates the optics 
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(by a simple average excitation 
energy) 

curved B-lines 
10 

E0 

   Recorded spectrum and resulting Kurie plot  
  

The data clearly separate from the dotted line calculated for mn = 67 eV 
Aanalysis yields an upper limit: mn < 55 eV  (V(mn

2) ≈ 3000 eV2) 
 

Finally Bergkvist emphazises that substantial improvements of this limit would become very hard 
Nevertheless the show went on: 

Present limit on V(mn2) ≈ 3 eV2;                                      expected at KATRIN: ≈ 0,0 3eV2 
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Los Alamos

• Robertson, Bowles, 
Wilkerson and others at 
Los Alamos devise the first 
gaseous tritium source 
experiment to circumvent 
earlier issues seen with 
solid state sources. 

• Their limit of 27 eV rules 
out a previous signal for 
neutrino mass.  Sets stage 
for gaseous sources in 
future designs.

• Building on rich history and 
experience of direct neutrino mass 
measurements.

• Game slightly easier (you know one, 
you know them all).

• Future experiments will push limits to 
the sub-eV level.

Los Alamos T2 Experiment

History of Tritium 
Experiments

• Building on rich history and 
experience of direct neutrino mass 
measurements.

• Game slightly easier (you know one, 
you know them all).

• Future experiments will push limits to 
the sub-eV level.

Los Alamos T2 Experiment

History of Tritium 
Experiments
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  Mainz & Troitsk 

The Mainz Neutrino Mass Experiment 

Phase 2: 1997-2001

After all critical systematics measured by own experiment
(inelastic scattering, self-charging, neighbor excitation):

m2() = -0.6 ± 2.2 ± 2.1 eV2   m()< 2.3 eV  (95% C.L.)

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447

⇓

37



Current Techniques

Frequency 
(Project 8)

Radio-frequency 
spectroscopy for beta decay 

R&D phase (new results)

3H ! 3He+ + e� + ⌫̄e

Spectroscopy 
(KATRIN)

Magnetic Adiabatic 
Collimation with 

Electrostatic Filtering 

State-of-the-Art technique 

T2 ! (T · 3He+) + e� + ⌫̄e

Calorimetry 
(HOLMES, ECHO  

&  
NUMECS)

Technique highly 
advanced. 

  New experiment(s) 
planned to reach      

~eV scale.

163Ho + e� ! 163Dy⇤ + ⌫e
38



MAC-E Filter  
Technique

Spectroscopic:  MAC-E Filter

Inhomogeneous magnetic guiding field. 

Retarding potential acts as high-pass filter 

High energy resolution  

(ΔE/E = Bmin/Bmax = 0.93 eV)

KATRIN

T2 ! (T · 3He+) + e� + ⌫̄e

adiabatic transformation of e- momentum
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The KATRIN Setup

1011 e- / second 1 e- / second

Adiabatic transport ensures high retention of phase space for decay 

Energy resolution scales as the ratio of minimum / maximum fields

�E

E
=

B
min

B
max

! 0.93 eV

μe μe μe μe μe
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The KATRIN Setup

1011 e- / second 1 e- / second

Tritium retention 
system 

(107 tritium flow reduction)

1011 Bq “Windowless” 
gaseous T2 Source 

(High field) High resolution 
electrostatic filter 

(3G low field)

Detector 
System 

 (High Field)

Adiabatic transport ensures high retention of phase space for decay 

Energy resolution scales as the ratio of minimum / maximum fields

�E

E
=

B
min

B
max

! 0.93 eV

μe μe μe μe μe
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A long way round ...

The 
Journey…

41



…and the 
arrival.

42



  All components of the experiment, 
including the source, now on site 

and being commissioned. 

  Main spectrometer commissioned 
and provides more precise 
spectrometer of its kind.



Projected 
Sensitivity

Neutrino Mass Goals 

Discovery:     350 meV (at 5σ ) 

Sensitivity:    200 meV (at 90% C.L.)

Data taking to 
commence in 2016.

Statistical 
Final-state spectrum 

T- ions in T2 gas 
Unfolding energy loss 

Column density 
Background slope 

HV variation 
Potential variation in source 

B-field variation in source 
Elastic scattering in T2 gas 

σ(mv
2) 0 0.01 eV2 

Lightest Neutrino Mass (eV)

Be
ta

 D
ec

ay
 M

as
s 

(e
V
)

Ruled out by β-decay experiments

KATRIN Sensitivity
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Can we push 
further?

• Can direct measurements push 
to the inverted ordering scale?   

• To do so, they must have better 
scaling law.

10 meters across

10-11 mbar vacuum

Lightest Neutrino Mass (eV)

Be
ta

 D
ec

ay
 M

as
s 

(e
V
)

Ruled out by β-decay experiments

KATRIN Sensitivity

Source column 
density at max

Rovibrational states 
of THe+

σ(mv)2 ~ 
0.38 eV2 



163Ho + e-➟ 163Dy* + νe

163Dy* ➟ 163Dy + E.C.

163Ho

163Dy*

νe

New kid on the block: 
Electron Capture

46



163Ho + e-➟ 163Dy* + νe

163Dy* ➟ 163Dy + E.C.

163Ho

163Dy*

νe

New kid on the block: 
Electron Capture

isotope
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163Ho + e-➟ 163Dy* + νe

163Dy* ➟ 163Dy + E.C.

163Ho

163Dy*

νe

Ṅ ⇠ (QEC � EC)
2
X

i

|Uei|2
s

1� m2
⌫i

(QEC � EC)2

X

H

BH 
2
H(0)

�H

2⇡

(EEC � EH)2 +
�2
H

4

mν = 1 eV

mν = 0 eV

New kid on the block: 
Electron Capture

isotope
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• Advantages: 

Source = detector

No backscattering

No molecular final state effects.

Self-calibrating

• Experimental Challenges: 

Fast rise times to avoid pile-up 
effects.

Good energy resolution & 
linearity

Sufficient isotope production

Source Activity 

Nev > 1014 to reach 
sub-eV level

Detector Response 

ΔEFWHM < 10 eV 
τrisetime < 1 µs

Challenges:Advantages 
& 
Challenges

163Ho + e� ! 183Dy⇤ + ⌫e

Calorimetry
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Their 
Predecessor 

MARE
MARE provides the first β decay 

measurement of 187Re using calorimetry

Calorimetry

MIBETA (Milano/Como)

AgReO
4
 (10 * 250 -350 mg)

MIBETA (Milano/Como)

AgReO
4
 (10 * 250 -350 mg)

MIBETA: final result

Parameters

detectors: 10

rate each: 0.13 1/s

energy res.: E = 28 eV

pile-up frac.: 1.7 10-4

M  15.6 eV (90% c.l.)

M
2 = -141  211 stat  90 sys eV2 

(M. Sisti et al., NIMA520 (2004) 125)

MANU (Genova)
- Re metalic crystal (1.5 mg)
- BEFS observed (F.Gatti et al., Nature 397 (1999) 137) 

- sensitivity:  m() < 26 eV (.F.Gatti, Nucl. Phys. B91 (2001) 293)

AgReO4
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C
ou

nt
s 

pe
r 

2 
eV

The ECHo 
Experiment

• The ECHo experiment 
uses metallic magnetic 
calorimeters to achieve 
goals. 

• Fast rise times and 
good energy 
resolutions and 
linearity demonstrated. 

• Endpoint measured at 
2.80 + 0.08 keV.

Technology:

Metallic Magnetic 
Calorimeters
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The HOLMES 
Experiment HOLMES 

(Italy) 

transition edge 
sensors / MKIDs

Technologies:

Transition Edge Sensors

Superconducting Resonators

TES 
thermometer 

NuMECS 
(USA) 

transition edge sensors
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“Never 
measure 

anything but 
frequency.”

I. I. Rabi A. L. Schawlow

B. Monreal and J. Formaggio, Phys. Rev D80:051301

Frequency (GHz)
25.6 25.8 26 26.2 26.4 26.6 26.8 27 27.2

Po
w

er
 (a

rb
. u

ni
ts

)

0

1

2

3

4

5

6

E = 17572 eV
Theta = 1.565

Simulation run 
(105 events)

rare high-energy
electrons

many overlapping
low-energy electrons 

signal

Project 8

Source ≠ Detector

“Never 
measure 

anything but 
frequency.”

I. I. Rabi A. L. Schawlow

B field

T2 gas

!(�) =
!0

�
=

eB

K + me

•Use cyclotron 
frequency to extract 
electron energy. 

•Non-destructive 
measurement of 
electron energy.

B. Monreal and JAF, Phys. Rev D80:051301

Frequency Approach
3H � 3He+ + e� + �̄e

Coherent radiation emitted 
can be collected and used 
to measure the energy of 
the electron in non-
destructively.
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Unique 
Advantages

• Source = Detector                
(no need to extract the 
electrons from the tritium) 

• Frequency Measurement    
(can pin electron energies to 
well-known frequency 
standards) 

• Full Spectrum Sampling    
(full spectrum measured at 
once, large leverage for 
stability and statistics)

Single Electron Expected Signal

Simulation of beta (frequency) spectrum52



The Apparatus

Cyclotron frequency coupled directly to standard waveguide at 26 GHz, located inside 
bore of NMR 1 Tesla magnet.  

Magnetic bottle allows for trapping of electron within cell for measurement.

Copper waveguide

Kr gas lines

Magnetic bottle coil

Gas cell

Test signal 
injection port

Waveguide 
Cut-away

B
-Field trap profile

Photo of apparatus



Project 8’s “Event Zero”

Phys. Rev. Lett. 114 (2015) 16, 162501

Cyclotron Radiation Emission Spectroscopy (CRES) for single relativistic 
electrons now experimentally demonstrated.



Project 8’s “Event Zero”

Electron scatters of gas, losing 
energy and changing pitch angle

Energy loss increases frequency

Onset frequency yields initial 
kinetic energy

Phys. Rev. Lett. 114 (2015) 16, 162501

Exhibits all predicted characteristics: 

— Onset frequency 

— Energy loss due to cyclotron radiation        — Quantum jumps due to inelastic scattering



• The quest for neutrino 
mass has a long and 
very rich history, filled 
with remarkable people 
possessing remarkable 
ingenuity. 

•  We are by no means 
done.  Oscillations 
provide a prediction that 
can and should be 
tested. 

• Frontiers in beta decay, 
neutrinoless double beta 
decay and cosmology 
can now all feed into 
this remarkable 
measurement.
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Thank you for 
your attention


