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Absolute neutrino mass

I neutrino oscillations only determine ∆m2
ij

I absolute mass scale is not constrained
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Absolute neutrino mass

Absolute neutrino mass
Three ways to measure absolute neutrino mass:

sensitive to different quantities

I Cosmology
(with caveats: cosmological model/data selection)

∑
i mi

I Endpoint of beta spectrum: 3H →3He +e− + ν̄e

(experimentally challenging → KATRIN)

m2
β =

∑
i |U2

ei |m2
i

I Neutrinoless double beta-decay: (A,Z )→ (A,Z + 2) + 2e−

(with caveats: lepton number violation)

mee = |
∑

i U2
eimi |
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Absolute neutrino mass Beta decay – the KATRIN experiment

Beta decay

N(A,Z )→ N(A,Z + 1) + e− + ν̄e

dΓ
dEe

= G2
F m5

e
2π2 cos θc |M|2F (Z ,Ee) Eepe Eνpν︸ ︷︷ ︸

phase space

Tritium decay: 3H→3 He + e− + ν̄e

M3H = 2.808 920 8205× 106 keV
M3He = 2.808 391 2193× 106 keV

me = 510.9989 keV
Q ≡ M3H −M3He −me = 18.6023 keV� M3H,M3He
κ ≡ M3He/M3H = 1− 1.89× 10−4
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Absolute neutrino mass Beta decay – the KATRIN experiment

Tritium beta decay

use E-momentum conservation, calculate electron kin. energy:

T ≡ Ee −me = 1
2M3H

[
(M3H −me)2 −M2

3He − 2M3HeEν
]

T has a maximum when Eν has a minimum:

mν = 0 : Tmax ,0 = 1
2M3H

[
(M3H −me)2 −M2

3He
]

= Q − (M3H−M3He)
2

2M3H
≈ Q − 3.4 eV

mν > 0 : Tmax = Tmax ,0 − κmν

⇒ finite neutrino mass leads to a shift in electron spectrum endpoint
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Absolute neutrino mass Beta decay – the KATRIN experiment

Tritium decay spectrum close to the endpoint
phase space factor: Eνpν = Eν

√
E 2
ν −m2

ν , use Eν ≈
M3H
M3He

(Tmax ,0 − T ):

dΓ
dT ∝ (Tmax ,0 − T )

√
(Tmax ,0 − T )2 − κ2m2

ν
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Absolute neutrino mass Beta decay – the KATRIN experiment

Take into account neutrino mixing

-

I:Uei
÷

te

incoherent sum of individual mass states:

dΓ
dT =

∑
i
|Uei |2

dΓi
dT

∝ (Tmax ,0 − T )
∑

i
|Uei |2

√
(Tmax ,0 − T )2 − κ2m2

i

for Tmax ,0 − T � ∆m:

dΓ
dT ≈ (Tmax ,0 − T )

√
(Tmax ,0 − T )2 − κ2m2

β

m2
β ≡

∑
i
|Uei |2m2

i
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Absolute neutrino mass Beta decay – the KATRIN experiment

The effective mass

m2
β ≡

∑
i
|Uei |2m2

i ≈

{ m2
0 + |Ue2|2∆m2

21 + |Ue3|2∆m2
31 (NO)

m2
0 + (1− |Ue3|2)|∆m2

31| (IO)

minimum values for m0 = 0:

mmin
β ≈

{
9meV (NO)

50meV (IO)

for m0 � |∆m2
31|: mβ ≈ m0
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Absolute neutrino mass Beta decay – the KATRIN experiment

KIT-KCETA22 Sept. 13, 2019

KATRIN overview: 70 m long beamline

Windowless Gaseous
Tritium Source cryostat

Main Spectrometer 

cryogenic
differential

pumping

RS

G. Drexlin – direct neutrino mass measurement

T. Schwetz (KIT) Neutrino physics III 12 / 45



Absolute neutrino mass Beta decay – the KATRIN experiment

KATRIN 2019 Aker et al., 1909.06048

5

10�3 precision [44]. The average isotopic tritium purity
"T (0.976) of our analyzed data sample is derived from
the composition of the tritiated species T2 (0.953), HT
(0.035) and DT (0.011), with inactive species (D2, HD
and H2) being present only in trace amounts.

Due to the large number of �-decays and ionization
processes, a cold magnetized plasma of electrons (meV
to keV scale) and ions (meV scale) is formed which in-
teracts with the neutral gas. The strong solenoidal field
BWGTS and the resulting large longitudinal conductance
of the plasma allow the coupling of its potential to the
surface of the Rear Wall (RW) located at the RS and thus
to control the starting energies of �-decay electrons over
the volume [45]. Biasing the gold-plated RW disk with
small areal variation of the work function to �0.15 V rel-
ative to the grounded beam tube gives a very good radial
homogeneity of the source potential. This is verified dur-
ing initial tritium scans with fits of E0 over detector pixel
rings, which do not show a significant radial variation.

Additional information on plasma e↵ects is provided
by comparing the line shape and position of quasi-
monoenergetic conversion electrons (L3-32) from 83mKr-
runs in T2 to 83mKr-runs without the carrier gas at 100 K
[46]. We do not identify sizeable shifts (< 0.04 eV) or
broadening (< 0.08 eV) of lines so that the contribution
of plasma e↵ects at ⇢dexp to the systematic error budget
in Table I can be neglected.

The integral tritium �-decay spectrum is scanned re-
peatedly in a range from [E0 � 90 eV, E0 + 50 eV] by
applying a set of non-equidistant HV settings to the in-
ner electrode system. Each scan over this range takes
a net time of about 2 h and is performed in alternating
upward and downward directions to compensate for any
time-dependent drift of the system to first order. At each
HV set point, the transmitted electrons are counted over
time intervals varying from 17 to 576 s with typical val-
ues of ⇠ 300 s for points close to E0. When setting a new
HV value, we make use of a custom-made post-regulation
system for voltage stabilization and elimination of high-
frequency noise. At the same time, a custom-made HV
divider [47] continuously monitors the retarding voltage
with ppm precision.

For this work we analyze a scan range covering the re-
gion of 40 eV below E0 (22 HV set points) and 50 eV
above (5 HV set points). The non-uniform measuring
time distribution in this interval is shown in Fig. 3 c). It
maximizes the sensitivity for m2

⌫ by focusing on the nar-
row region below E0, where the imprint of the neutrino
mass on the spectrum is most pronounced [20]. Shorter
time intervals with a set point 200 V below E0 are in-
terspersed to monitor the source activity, in addition to
other measures [48].

Data Analysis.- For each tritium scan with its 27 HV
set points, we apply quality cuts to relevant slow-control
parameters to select a data set with stable run condi-
tions. This results in 274 scans with an overall scanning
time of 521.7 h. We also define a list of 117 detector
pixels (out of 148), which excludes those pixels that are
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FIG. 3. a) Spectrum of electrons R(hqUi) over a 90 eV-
wide interval from all 274 tritium scans and best-fit model
Rcalc(hqUi) (line). The integral �-decay spectrum extends up
to E0 on top of a flat background Rbg. Experimental data are
stacked at the average value hqUil of each HV set point and
are displayed with 1-� statistical uncertainties enlarged by a
factor 50. b) Residuals of R(hqUi) relative to the 1-� uncer-
tainty band of the best fit model. c) Integral measurement
time distribution of all 27 HV set points.

noisy or shadowed by beamline instrumentation in the �-
electron path along the magnetic flux-tube. For the digi-
tized, calibrated and pile-up-corrected detector spectra a
broad region of interest (ROI) between 14 and 32 keV is
defined. The ROI takes into account the detector energy
resolution and its elevated potential (+10 kV) and allows
us to include a large fraction of electrons backscattered
at the detector in the narrow scan region close to E0 [32].

The long-term stability of the scanning process is ver-
ified by fits to single scans to extract their e↵ective
�-decay endpoints. The 274 fit values show no time-
dependent behavior and follow a Gaussian distribution
(� = 0.25 eV) around a mean value. In view of this and
the very good overall stability of the slow-control param-
eters for our data set, we merge the data of all 274 scans
over all 117 pixels into one single 90-eV-wide spectrum,
which is displayed in Fig. 3 a) in units of cps.

The underlying process corresponds to the “stacking”
of events at the mean HV set points hqUil (l = 1 � 27).
The small Gaussian spread (RMS = 34 mV) of the actual
HV value qUl,k during a scan k relative to hqUil, the
average of all scans, is a minor systematic e↵ect which
is accounted for in the analysis. The resulting stacked
integral spectrum, R(hqUi), comprises 2.03 · 106 events,
with 1.48 · 106 �-decay electrons below E0 and a flat
background ensemble of 0.55 · 106 events in the 90 eV

7

employ a two-fold “blinding” scheme. The first blind-
ing step leaves the data untouched, but a modification
is applied during the building of the model Rcalc(hqUi).
The FSD part describing rovibrational excitations of the
electronic ground state is replaced with a Gaussian dis-
tribution with parameters not accessible to the analysis
at first. As a result, fits with the blinded FSD do not
reveal the unbiased value of m2

⌫ . The “true” FSD is re-
vealed only at the last step (“unblinding”) after having
fixed all model inputs and systematic uncertainties.

The second measure to mitigate biasing is to perform
the full analysis, including parameter fitting, using Monte
Carlo-based (MC) data sets first, before turning to the
experimental data. For each experimental scan k we gen-
erate a “MC twin”, Rcalc(hqUi)k, from its averaged slow-
control parameters to procure R�(E)k, fcalc(E � hqUi)k

and Rbg,k. Analysis of “MC twins” allows us to verify
the accuracy of our parameter inference by recovering the
correct input MC-values for m2

⌫ . This approach is also
used to assess statistical (�stat) and systematic (�syst)
uncertainties and to compute our expected sensitivity.

In the following we report on the results of two inde-
pendent analyses with di↵erent strategies to propagate
systematic uncertainties: the “Covariance Matrix” and
the “MC propagation” approaches.

In the covariance method we fit the experimental spec-
trum R(hqUi) with the model Rcalc(hqUi) by minimizing
the standard �2-estimator. To propagate the systematic
uncertainties, a covariance matrix is computed after per-
forming O(104) simulations of Rcalc(hqUi), while varying
the relevant parameters for each calculation according to

FIG. 4. Scatter plot of fit values for the mass square m2
⌫ and

the e↵ective �-decay endpoint E0 together with 1-� (black)
and 2-� (blue) error contours around the best fit point (cross).
It follows from a large set of pseudo-experiments emulating
our experimental data set and its statistical and systematical
uncertainties.

the likelihood given by their uncertainties [35, 53, 54].
The resulting systematic uncertainties agree with the val-
ues shown in Table I, which is based on the second ap-
proach. The sum of all matrices encodes the total uncer-
tainties of Rcalc(hqUi) and their HV set point dependent
correlations. The �2-estimator is then minimized to de-
termine the 4 best-fit parameters, and the shape of �2-
function is used to infer the uncertainties. The results of
this fit are displayed in Fig. 3. We obtain a goodness-of-
fit of �2 = 21.4 for 23 d.o.f., corresponding to a p-value
of 0.56.

The MC-propagation approach is a hybrid Bayesian-
frequentist method, adapted from Refs. [55–57]. We
fit the experimental spectrum R(hqUi) with the
model Rcalc(hqUi) by minimizing the negative Poisson-
likelihood function. The goodness-of-fit of �2 ln L = 23.3
for 23 d.o.f. corresponds to a p-value of 0.44. To prop-
agate the systematic uncertainties, we repeat the fit 105

times, while varying the relevant parameters in each fit
according to their uncertainties given in column 2 of Ta-
ble I.

We report the 1-� width of the fit-parameters as their
systematic uncertainty in the third column of Table I.
In order to simultaneously treat statistical and all sys-
tematic uncertainties, each of the 105 fits is performed
on a statistically fluctuated MC-copy of the true data
set, leading to the distributions of m2

⌫ and E0 shown in
Figure 4. The strong correlation (0.97) between the two
parameters is an expected feature in kinematic studies of
�-decay [11, 12]. The final-best fit is given by the mode
of the fit-parameter distributions and the 1-� total error
is determined by integrating the distributions up to 16%
from either side.

Results.- The two independent methods agree to within
a few percent of the total uncertainty. As best fit value for
the neutrino mass we find m2

⌫ = (�1.0 + 0.9
� 1.1) eV2. This

best fit result corresponds to a 1-� statistical fluctuation
to negative values of m2

⌫ possessing a p-value of 0.16.

The total uncertainty budget of m2
⌫ is largely dom-

inated by �stat (0.97 eV2) as compared to �syst (0.32
eV2). As displayed in Table I, the dominant contribu-
tions to �syst are found to be the non-Poissonian back-
ground from radon and the uncertainty on the back-
ground slope, which is constrained from the wide-energy
integral scans of the earlier “first tritium” data [35]. Un-
certainties of the column density, energy-loss function,
final-state distribution, and magnetic fields play a minor
role in the budget of �syst. Likewise, the uncertainties
induced via fluctuations of "T and HV parameters dur-
ing a scan are negligibly small compared to �stat. The
statistical (systematic) uncertainty of our first result on
m2

⌫ is smaller by a factor of 2 (6) compared to the final
results of Troitsk and Mainz [24, 25].

The methods of Lokhov and Tkachov (LT) [58] and of
Feldman and Cousins (FC) [59] are then used to calcu-
late the upper limit on m⌫ . Both procedures avoid empty
confidence intervals for non-physical negative best-fit es-
timates of m2

⌫ . For this first result we follow the LT

m2
β = −1.0+0.9

−1.1 eV2 mβ < 1.1 eV (90% CL)
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Absolute neutrino mass Beta decay – the KATRIN experiment

Cosmology and β decay observables
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Absolute neutrino mass Beta decay – the KATRIN experiment

Absolute neutrino mass
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NuFIT 4.0 (2018)

relies on standard three-flavour scenario and standard cosmology
Any inconsistency would indicate new physics beyond 3 flavour neutrino mass!
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Absolute neutrino mass Beta decay – the KATRIN experiment

Relaxing the neutrino mass bound with neutrino decay

assume neutrino decay:

νi → ν4φ

with i = 1, 2, 3 and
m4,mφ = 0

decay rate: Γν

Chacko, Dev, Du, Poulin, Tsai,
1909.05275, 2002.08401

CMBneutrino free streaming

KLZ-800 (NH)

Log Scale

Linear Scale

Γ > H(anr)

Γ < H(anr)

CMB+LSS (this work)

CMB+LSS (stable neutrino)

KATRIN

KLZ
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Figure 1. The plot shows the current constraints in the
P

m⌫ � �⌫ parameter space. The colored regions are
excluded by current data while the white region is allowed. The orange dashed line separates the region of
parameter space in which neutrinos decay while still relativistic from that in which they decay after becoming
non-relativistic. Our study focuses on the region below this line, corresponding to the latter scenario. The light
grey regions show current constraints on neutrino mass and lifetime coming from CMB free streaming and
the bound on stable neutrinos (labelled “CMB+LSS (stable neutrino)”). Our analysis excludes the blue region
labelled “CMB+LSS (this work)” based on CMB and LSS data (Planck+BAO+Pantheon+LSS). The dash-
dotted line represents the approximate constraint obtained by simply requiring that the matter power spectrum
be consistent with observations in the neighborhood of k = 0.1 h/Mpc with fixed H0. This is seen to provide
a reasonable estimate to the constraints from all data. The vertical brown band shows the projected KATRIN
sensitivity and also the current KLZ sensitivity. The vertical red line shows the projected KLZ-800 sensitivity
in the case of a normal hierarchy.

2 Parameter Space of the Unstable Neutrino

In this section we outline the constraints on the decay of neutrinos to dark radiation. As explained in
the introduction, these bounds only place limits on a combination of the neutrino mass and the life-
time. Therefore, in this study we will map out the constraints and the signals in the two-dimensional
parameter space spanned by the sum of neutrino masses (

P
m⌫) and the neutrino decay width (�⌫),

as displayed in Fig. 1. In our analysis we make the simplifying assumption that all three neutrinos are
degenerate in mass. As we shall see, the bounds on

P
m⌫ are always much larger than the observed

2http://www.class-code.net
3While this analysis was being finalized, the Planck 2018 data became public [59]. We leave the analysis using Planck

2018 data to future work.

– 5 –

see also Escudero,Fairbairn,1907.05425; Escudero,Lopez-Pavon,Rius,Sandner,2007.04994
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Absolute neutrino mass Neutrinoless double-beta decay

Neutrinoless double-beta decay
2-neutrino double-beta decay: (A,Z )→ (A,Z + 2) + 2e− + 2ν̄e

I 2nd order in GF

I only observable if single beta decay forbidden
I 35 natural isotopes are known (all even-even nuclei)
I T 2ν

1/2 ∼ 1018 − 1020 yr (� tUniverse)

neutrinoless double-beta decay: (A,Z )→ (A,Z + 2) + 2e−

I no neutrinos emitted
I violation of lepton number by two units
I sum of electron kinetic energies T = T1 + T2 = Q2β = Mi −Mf − 2me

I
Examples: 76Ge → 76Se Q2β = 2.039 MeV

136Xe → 136Ba Q2β = 2.468 MeV
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Absolute neutrino mass Neutrinoless double-beta decay

Example 76Ge (GERDA experiment):

2β2ν : T1/2 = (1.8± 0.1)× 1021 yr
2β0ν : T1/2 > 2.1× 1025 yr

(importance of energy resolution and background suppression)
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Absolute neutrino mass Neutrinoless double-beta decay

Neutrinoless double-beta decay

(A,Z )→ (A,Z + 2) + 2e−

I an observation of this process would prove that
lepton number is violated

I proves Majorana nature of neutrinos
I BUT no direct prove of neutrino mass

(a different mechanism could be responsible)
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Absolute neutrino mass Neutrinoless double-beta decay

The neutrino-mass mechanism

Michal Malinský, IPNP Neutrino colloquium 2019 / many10

Actually, we like LNV and Majorana neutrinos...

Neutrinoless double beta decay

See talks by Fedor Simkovic, David Waters,...

BUT: what we observe is just ∆L = 2
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The neutrino-mass mechanism

BUT: what we observe is just ∆L = 2
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Absolute neutrino mass Neutrinoless double-beta decay

The neutrino-mass mechanism
assuming that light neutrino exchange is responsible for the decay:

mββ = |Mee | (in basis where ch. lepton mass matrix is diag.)

=

∣∣∣∣∣∑
i

U2
eimi

∣∣∣∣∣ =
∣∣c213c212m1 + c213s212e iα1m2 + s213e iα2m3

∣∣

Michal Malinský, IPNP Neutrino colloquium 2019 / many10

Actually, we like LNV and Majorana neutrinos...

Neutrinoless double beta decay

See talks by Fedor Simkovic, David Waters,...

coherent sum of individual neutrino masses
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Absolute neutrino mass Neutrinoless double-beta decay

The neutrino-mass mechanism
assuming that light neutrino exchange is responsible for the decay:

mββ = |Mee | (in basis where ch. lepton mass matrix is diag.)

=

∣∣∣∣∣∑
i

U2
eimi

∣∣∣∣∣ =
∣∣c213c212m1 + c213s212e iα1m2 + s213e iα2m3

∣∣
normal ordering

18
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Absolute neutrino mass Neutrinoless double-beta decay

analysis is based on the profile likelihood method and systematic uncertainties are included as
nuisance parameters with Gaussian pull terms. The derived limit of T1/2 > 0.9 · 1026 yr (90%
C.L.) is compatible with the sensitivity assuming no signal of 1.1 · 1026 yr. GERDA is thus the
first 0⌫�� experiment to surmount 1026 yr sensitivity. The weaker limit is due to an event in the
signal region at 2042.1 keV, 2.4 standard deviations (�) away from Q�� . The statistical analysis
attributes it to background. Statistical analysis including Bayesian inference is detailed in the
supplementary materials.

Discussion Table 1 compares our results with those of other 0⌫�� decay searches. The T1/2

sensitivities of other experiments are at most half of ours despite sometimes higher exposures.
This is due to GERDA’s lower background and superior energy resolution (see supplementary

Table 1: Lower half-life limits L(T1/2) and sensitivities S(T1/2), both at 90% C.L., reported
by recent 0⌫�� decay searches with indicated deployed isotope masses Mi and FWHM energy
resolutions. Sensitivities S(T1/2) have been converted into upper limits of effective Majorana
masses m�� using the nuclear matrix elements quoted in ref. [18].

Experiment Isotope Mi FWHM L(T1/2) S(T1/2) m��

(kmol) (keV) (1025 yr) (1025 yr) (meV)

GERDA (this work) 76Ge 0.41 3.3 9 11 104 - 228
Majorana [22] 76Ge 0.34 2.5 2.7 4.8 157 - 346
CUPID-0 [23] 82Se 0.063 23 0.24 0.23 394 - 810
CUORE [24] 130Te 1.59 7.4 1.5 0.7 162 - 757
EXO-200 [25] 136Xe 1.04 71 1.8 3.7 93 - 287
KamLAND-Zen [26] 136Xe 2.52 270 10.7 5.6 76 - 234

Combined 66 - 155

materials). Several physical processes beyond the SM can produce 0⌫�� decay. Here we focus
on the paradigm of the mixing of 3 light Majorana neutrinos. In this context, the half-life can
be converted into a 0⌫�� decay strength that has the dimension of mass, denoted effective
Majorana mass4 m�� = |P3

i=1 U2
eimi|. Nuclear structure details enter the decay rate, and

uncertainties in the nuclear structure calculations result in a spread of m�� values for a given

4The unitary 3⇥3 matrix U↵i relates neutrino flavor states ⌫↵ (↵ = e, µ, ⌧ ) and mass eigenstates ⌫i (i = 1, 2, 3).
The absolute neutrino masses are still unknown, but two squared neutrino mass differences �m2

21 and |�m2
31|,

(�m2
ij = m2

i � m2
j ), are known with increasing precision from neutrino oscillation experiments [17].

7

T1/2 by typically a factor of 2-3 [18]. Some reported half-life limits L deviate by almost a
factor of 2 from the associated sensitivity S , indicating significant under-fluctuation (CUORE,
KamLAND-Zen), or upward fluctuation (EXO-200). To overcome this possible behaviour of
frequentist limits, we use the sensitivity to extract the constraints on m�� shown in Table 1. For
GERDA the median limit is m�� < 0.1 � 0.23 eV. Combining it with the sensitivities of the
other searches (see supplementary materials) the bound tightens to m�� < 0.07�0.16 eV (90%
C.L.), very similar to the bound deduced by KamLAND-Zen from their T1/2 limit [26].

Fig. 3 shows the dependence of the effective Majorana mass m�� as a function of the lightest
neutrino mass mlight = min(mi), the cosmological observable of the sum of neutrino masses
⌃ =

P
i mi, and the effective neutrino mass m� =

qP
i |U2

ei|m2
i , i.e. the mass observable

in single beta decays. The allowed parameter space is classified according to the ordering
of the neutrino mass eigenstates as normal (�m2

31 > 0) or inverted (�m2
31 < 0). The

overlap region is called ‘quasi-degenerate’; here the mass splittings are small compared to the
absolute mass scale. Latest oscillation data prefer normal ordering at the 3� level [17]. Fig. 3
shows that our extracted limits of m�� disfavor a large fraction of the parameter space of quasi-
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Figure 3: Constraints of the parameter space for m�� in the scenario of 3 light Majorana
neutrinos as function of the lightest neutrino mass mlight, the sum of neutrino masses ⌃, and
the effective neutrino mass m� . Contours follow from a scan of the Majorana phases with
the central oscillation parameters from NuFIT 4.0 [17]. The blue horizontal band shows the
upper limits on m�� obtained by GERDA, the grey band those from combining sensitivities
of all leading experiments in the field (see Table 1). Vertical lines denote ⌃ = 0.12 eV and
⌃ = 0.66 eV, a stringent limit from cosmology [20] and an extended model bound [7], as well
as m� = 0.23 eV, the 5 yr sensitivity of the KATRIN experiment [19]. Hatched areas indicate
the regions of the excluded parameter space.
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Fermion masses
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Fermion masses Dirac mass

Dirac fermion

LD = iψ̄γµ∂µψ −mψ̄ψ

Dirac equation:
(iγµ∂µ −m)ψ = 0

ψ is a 4-component object: 2 helicity states for particle and anti-particle

4 mass-degenerate states:

T. Schwetz (KIT) Neutrino physics III 24 / 45



Fermion masses Dirac mass

Chirality

parity is violated in weak interactions
left and right chiral fields transform differently under SM gauge group

left- and right-chirality projection operators:

PL = 1
2(1− γ5) , PR = 1

2(1 + γ5)

left and right chiral flields (irreducible representations of Lorentz group):

PLψL = ψL , PRψR = ψR , ψ = ψL + ψR

T. Schwetz (KIT) Neutrino physics III 25 / 45



Fermion masses Dirac mass

Dirac Lagrangian:

LD = iψ̄γµ∂µψ −mψ̄ψ
= iψ̄Lγ

µ∂µψL + iψ̄Rγ
µ∂µψR −mψ̄LψR −mψ̄RψL

Dirac equation:

iγµ∂µψL −mψR = 0
iγµ∂µψR −mψL = 0

mass term mixes chiralities

for mass-less fermion the equations of motions for left- and right-chiral
fields decouple → Weyl equation:

iγµ∂µψL = 0
iγµ∂µψR = 0
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Fermion masses Dirac mass

Dirac Lagrangian:

LD = iψ̄γµ∂µψ −mψ̄ψ
= iψ̄Lγ

µ∂µψL + iψ̄Rγ
µ∂µψR −mψ̄LψR −mψ̄RψL

invariant under a U(1) symmetry

ψL → eiαψL , ψR → eiαψR

conserved quantum number (charge, lepton number,. . . )

particle is different from anti-particle

⇒ any charged Fermion has to be a Dirac particle

T. Schwetz (KIT) Neutrino physics III 27 / 45



Fermion masses Majorana mass

define particle- antiparticle conjugation Ĉ:

Ĉ : ψ → ψc ≡ C ψ̄T ≡ CγT
0 ψ
∗

with
C−1γµC = −γµT , C † = C−1 = −C∗

note that Ĉ changes chirality:

ψL → (ψL)c ≡ ψc
L with PRψ

c
L = ψc

L , PLψ
c
L = 0

Majorana field: replace ψR by ψc
L:

ψ = ψL + ψc
L

T. Schwetz (KIT) Neutrino physics III 28 / 45
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Fermion masses Majorana mass
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Fermion masses Majorana mass

Majorana fermion

the Majorana field ψ = ψL + ψc
L fulfills the Majorana condition

ψ = ψc

“is its own anti-partice”

only 2 independent
(mass-degenerate) states:

T. Schwetz (KIT) Neutrino physics III 29 / 45



Fermion masses Majorana mass

Majorana fermion

Lagrangian for a Majorana fermion

LM = iψLγ
µ∂µψL + Lmass

Lmass = −m
2
[
ψc

LψL + ψLψ
c
L

]
= +m

2
[
ψT

L C−1ψL − ψLCψL
T ] = m

2
[
ψT

L C−1ψL + h.c.
]

explicitly built out of only ψL (2 dof)
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Fermion masses Majorana mass

Majorana fermion

Lagrangian for a Majorana fermion

LM = iψLγ
µ∂µψL + Lmass

Lmass = −m
2
[
ψc

LψL + ψLψ
c
L

]
= +m

2
[
ψT

L C−1ψL − ψLCψL
T ] = m

2
[
ψT

L C−1ψL + h.c.
]

using ψ = ψL + ψc
L and dropping a term with a total derivative:

LM = i
2 ψ̄γ

µ∂µψ −
m
2 ψ̄ψ
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Fermion masses Majorana mass

Majorana fermion

Lagrangian for a Majorana fermion

LM = iψLγ
µ∂µψL + Lmass

Lmass = −m
2
[
ψc

LψL + ψLψ
c
L

]
= +m

2
[
ψT

L C−1ψL − ψLCψL
T ] = m

2
[
ψT

L C−1ψL + h.c.
]

Majorana equation:
iγµ∂µψL −mψc

L = 0

this form holds for representations of the γ-matrices where C is real,
i.e., where C−1 = −C , e.g., C = iγ2γ0
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Fermion masses Majorana mass

Majorana fermion

LM = iψLγ
µ∂µψL + m

2
[
ψT

L C−1ψL + h.c.
]

this Lagrangian is not invariant under ψL → eiαψL

Majorana mass term breaks all U(1) charges by 2 units

cannot define “particle” and “anti-particle”

any (electrically) charged particle cannot be a Majorana particle

T. Schwetz (KIT) Neutrino physics III 31 / 45



Fermion masses Dirac versus Majorana neutrinos in the SM

In weak interactions we speak about
“neutrinos” and “antineutrinos”

How can the neutrino be a Majorana particle,
being its own antiparticle?

T. Schwetz (KIT) Neutrino physics III 32 / 45



Fermion masses Dirac versus Majorana neutrinos in the SM

In the SM neutrinos are massless and only left-chiral fields participate in
weak interactions:

LCC = − g√
2

W ρ `Lγρ νL + h.c.

= − g√
2

W ρ `Lγρ νL −
g√
2

W ρ† νLγρ `L

I the field νL contains two helicity states

I for massless fermions helicity states correspond to chiral states

I the left-handed field νL acts as “neutrino”
the right-handed field νL acts as “antineutrino”

T. Schwetz (KIT) Neutrino physics III 33 / 45



Fermion masses Dirac versus Majorana neutrinos in the SM

LCC = − g√
2

W ρ `Lγρ νL −
g√
2

W ρ† νLγρ `L

outgoing
“antineutrino”
(right-handed field νL)
produced together with
negative charged lepton

outgoing “neutrino”
(left-handed field νL)
produced together with
positive charged lepton

ingoing “neutrino”
(left-handed field νL)
produces negative
charged lepton

ingoing “antineutrino”
(right-handed field νL)
produces positive
charged lepton
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Fermion masses Dirac versus Majorana neutrinos in the SM

A typical neutrino experiment

W

e−

W

e+

νL
νL

detectorneutrino source

"short" distance
n n

p p
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Fermion masses Dirac versus Majorana neutrinos in the SM

I we need a L and a R neutrino state for weak interactions
(to describe “neutrino” and “antineutrino”)

I we need a L and a R neutrino state to form a mass term

Marjorana:
I those states are identical (there are only two independent states)

Dirac:
I the R state to from the mass term is different than the one acting as

“antineutrino” in weak interactions (4 independent states) →
“right-handed neutrino”: does not participate in weak interactions
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Fermion masses Dirac versus Majorana neutrinos in the SM

Chirality versus helicity
physical states are helicity eigenstates:

~σ~p
|~p|ψ± = ±ψ±

for massless fermions helicity and chirality coincides:

ψ− = ψL , ψ+ = ψR (massless)

for relativistic massive fermions (m� E ) we have:

ψ− ≈ ψL + m
2E ψR , ψ+ ≈ ψR + m

2E ψL

OBS: here “ψR” denotes the right-chiral field in the mass term,
which corresponds to ψc in the Majorana case
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Fermion masses Dirac versus Majorana neutrinos in the SM

Mass induced chirality flip - Dirac

with a probability suppressed wrt leading diagram by (m/2E )2 . 10−12

W

e−

νR
νL

detectorneutrino source

x

n

p

m/2E
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Fermion masses Dirac versus Majorana neutrinos in the SM

Mass induced chirality flip - Majorana
with a probability suppressed wrt leading diagram by (m/2E )2 . 10−12

W

e−

W

e−

νL
νL

detectorneutrino source

x

n

n
p

p

m/2E

Schechter, Valle, PRD 1981
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Fermion masses Dirac versus Majorana neutrinos in the SM

Mass induced chirality flip - Majorana

Neutrinoless double-beta decay (A,Z )→ (A,Z + 2) + 2e−

W

e−

W

e−

νL
νL

nucleus

x

n

n
p

p

m/2E
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The Standard Model and neutrino mass
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The Standard Model and neutrino mass

Masses in the Standard Model
I The Standard Model has only one dimension full parameter:

the vacuum expectation value of the Higgs:

〈φ〉 ≈ 174 GeV

I All masses in the Standard Model are set by this single scale:

mi = yi〈φ〉

top quark: yt ≈ 1
electron: ye ≈ 10−6
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The Standard Model and neutrino mass

Fermion masses in the Standard Model

fermions of one generation:

quarks: QL =
(

uL
dL

)
, uR , dR leptons: LL =

(
νL
eL

)
, eR

mass terms from Yukawa coupling to Higgs φ

LY = −λd Q̄LφdR − λuQ̄Lφ̃uR + h.c. −λe L̄LφeR + h.c.

EWSB→ −md d̄LdR −muūLuR + h.c. −me ēLeR + h.c.

φ̃ ≡ iσ2φ∗, md = λd
v√
2 ,mu = λu

v√
2 ,me = λe

v√
2 , 〈φ〉 = 1√

2

(
0
v

)

Dirac mass terms for charged fermions
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The Standard Model and neutrino mass

I “right-handed” neutrinos would be complete gauge singlets in the SM

I no gauge interactions

I left out in the original formulation of the SM
⇒ no Dirac mass term for neutrinos

I Why is there no Majorana mass term?

I Lepton-number is an accidental symmetry in the SM → given the
gauge symmetry and the field content of the SM we cannot construct
a Majorana mass term for neutrinos (true at any loop order)
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The Standard Model and neutrino mass

In the SM neutrinos are massless because. . .

1. there are no right-handed neutrinos to form a Dirac mass term

2. because of the field content (scalar sector) and gauge symmetry
lepton number1 is an accidental global symmetry of the SM and
therefore no Majorana mass term can be induced.

3. restriction to renormalizable terms in the Lagrangian

Neutrino mass implies physics beyond the Standard Model

At least one of the above items needs to be violated

1B-L at the quantum level
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