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Absolute neutrino mass

3-flavour neutrino parameters

I 3 masses: ∆m2
21, ∆m2

31, m0

I 3 mixing angles: θ12, θ13, θ23

I 3 phases: 1 Dirac (δ), 2 Majorana (α1, α2)

neutrino oscillations
absolute mass observables
lepton-number violation
(neutrinoless double-beta decay)
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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 Neutrino mass from cosmology

Effect of neutrino mass on CMB and LSS

data points: WMAP 3yr and 2dF ’05 Y.Y.Y. Wong, 1111.1436
I CMB: mainly height of 1st peak
I LSS: suppression of structure at scales smaller than 1–10 Mpc
I effects correlated with other parameters of the ΛCDM model

see Lesgourgues, Pastor, astro-ph/06034494 for a review
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Absolute neutrino mass Neutrino mass from cosmology

Neutrino mass from cosmology

∑
i

mi ≈

 m0 +
√

m0 + ∆m2
21 +

√
m0 + ∆m2

31 (NO)
m0 + 2

√
m0 + |∆m2

31| (IO)

I minimal value predicted for m0 = 0:

∑
mi
∣∣∣
min
≈
{

98.6± 0.85meV (IO)
58.5± 0.48meV (NO)

I detection of non-zero neutrino mass
expected soon!

I current limit close to IO minimum
excluding IO with cosmology: ongoing
discussion [Gariazzo et al., 2205.02195]
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Absolute neutrino mass Neutrino mass from cosmology

Neutrino mass from cosmology vs terrestrial
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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

T. Schwetz (KIT) Neutrino physics II 12 / 43



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
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Absolute neutrino mass Beta decay – the KATRIN experiment

KATRIN results

Aker et al., 1909.06048 (PRL19), 2105.08533 (Nature Phys. 22)
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

m2
β = 0.26± 0.34 eV2 mβ < 0.8 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!
discussion of non-standard neutrino cosmology: Alvey et al., 2111.14870
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Absolute neutrino mass Beta decay – the KATRIN experiment

One example how to relax the cosmological bound
Farzan, Hannestad, 1510.02201; Escudero, TS, Terol-Calvo, 2211.01729

4

FIG. 2. Illustration of the mechanism of Farzan and Hannestad [30] to reduce the neutrino number density between BBN
and recombination. We show the relative number densities of active neutrinos (red), N� = 10 generations of massless sterile
fermions (blue), and the mediator boson X with mass mX = 1 keV (purple). For reference we show relevant events taking
place in the early Universe, see e.g. [46], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [47].

lution of neutrino and dark-sector particle densities as a
function of photon temperature. For the parameters cho-
sen in the plot, the bound on the sum of neutrino masses
can be relaxed to 0.9 eV.

3. A SEESAW MODEL FOR LARGE
NEUTRINO MASSES AND DARK RADIATION

In this section we discuss a specific model realisation of
the mechanism described in the previous section, which
in addition provides a framework to generate neutrino
masses, following closely the discussion of Ref. [19], sec-
tion 4. The beyond-SM ingredients of the model are:

• three fermion singlets NR (“right-handed neutri-
nos”) which play the usual role to generate active
neutrino masses as in the type-I seesaw,

• a new abelian symmetry U(1)X which can be either
global or local,

• a scalar � with U(1)X charge +1, and

• a set of N� fermions � with U(1)X charge �1.

With these assignments we can write the following BSM
terms in the Lagrangian:

�L = NR Y⌫ `L
eH† +

1

2
NR MR N c

R +NRY� �L �+ h.c. .

(3.1)

Here H and `L are the SM Higgs and lepton doublets,

respectively, and eH = i ⌧2 H⇤, MR is the 3⇥ 3 Majorana
mass matrix for NR, and Y⌫ and Y� are 3⇥3 and 3⇥N�

Yukawa matrices, respectively. As we are interested in
“large” neutrino masses, possibly in the quasi-degenerate
regime, we need 3 right-handed neutrinos NR

3. Here
and in the following we keep SU(2)L and flavour indices
contractions implicit. The scalar potential is

V = µ2
HH†H + �H

�
H†H

�2

+ µ2
�|�|2 + ��|�|4 + �H�|�|2H†H , (3.2)

with µ2 and µ2
� parameters with dimensions of [mass]2

and �H ,��,�H� dimensionless. We assume �H� = 0,
i.e., no mixing between the two scalar fields. With this
assumption we avoid that � gets thermalised in the early
Universe due to its interactions with the SM Higgs. Elec-
troweak symmetry breaking takes place in the usual way,
with

hHi =
1p
2

✓
0

vEW

◆
, (3.3)

with vEW ' 246 GeV denoting the SM Higgs vacuum ex-
pectation value (VEV). The breaking of the U(1)X takes

3 We note that the mixing pattern of very degenerate neutrinos is
particularly sensitive to radiative corrections [48–50]. In specific
flavor models this poses constraints on the scale of the origin of
neutrino masses, see e.g. for some constructions [51, 52].

I introduce Nχ & 10 generations of massless sterile neutrinos with θνχ
∼ 10−3

I a vector mediator X , mX ∼ 10 keV, U(1)dark breaking around ∼ 1 GeV
I convert active neutrinos into sterile neutrinos between BBN and

recombination
I mass bound gets relaxed:

∑
mν < 0.12 eV(1 + 2Nχ/3)
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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

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

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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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
Bachelor Thesis: Fine-Tuning of the neutrino mixing parameters with respect to the

neutrinoless double —-decay

Abbildung 4.1.: Die e�ektive Masse aufgetragen über der kleinsten Neutrinomasse
im Falle der Normalen Hierarchie. Darüber hinaus wird das Fine-Tuning-Maß farblich
indiziert. Niedrige Werte sind durch dunkelblau angezeigt, während niedrige Werte durch
dunkelrot angezeigt sind. Diese Bild wurde mit Hilfe von python erstellt.

Abbildung 4.2.: Die e�ektive Masse aufgetragen über der kleinsten Neutrinomasse im
Falle der Invertierten Hierarchie. Darüber hinaus wird das Fine-Tuning-Maß farblich
indiziert. Niedrige Werte sind durch dunkelblau angezeigt, während niedrige Werte durch
dunkelrot angezeigt sind. Diese Bild wurde mit Hilfe von python erstellt.
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dunkelrot angezeigt sind. Diese Bild wurde mit Hilfe von python erstellt.

M. Eichhorn, BSc thesis, KIT 2018
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Absolute neutrino mass Neutrinoless double-beta decay

Absolute neutrino mass

10
-1

10
0

Σm
i
 [eV]

10
-2

10
-1

m
ν

e

 [
e
V

]

NO

IO

10
-1

10
0

Σm
i
 [eV]

10
-3

10
-2

10
-1

m
e
e
 [
e
V

]

NO

IO

NuFIT 4.0 (2018)

uncertainties on mββ due to Majorana phases and
relating T1/2 to mββ due to nuclear matrix elements
recent review: Agostini et al., 2202.01787
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Fermion masses

Outline

Absolute neutrino mass
Neutrino mass from cosmology
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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:
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Fermion masses Dirac mass

Representations of SM are chiral fields
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

Dirac Lagrangian:

LD = iψ̄γµ∂µψ −mψ̄ψ
= iψ̄Lγ

µ∂µψL + iψ̄Rγ
µ∂µψR −mψ̄LψR −mψ̄RψL

Dirac equation (mass term mixes chiralities):

iγµ∂µψL −mψR = 0
iγµ∂µψR −mψL = 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
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Fermion masses Majorana mass

Majorana field: replace ψR by ψc
L:

ψ = ψL + ψc
L

with particle- antiparticle conjugation Ĉ:

Ĉ : ψ → ψc ≡ C ψ̄T ≡ CγT
0 ψ
∗

C−1γµC = −γµT , C † = C−1 = −C∗

Ĉ changes chirality:

ψL → (ψL)c ≡ ψc
L with PRψ

c
L = ψc

L , PLψ
c
L = 0
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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:
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Fermion masses Majorana mass

Majorana fermion

LM = iψLγ
µ∂µψL + m

2
[
ψT

L C−1ψL + h.c.
]

I explicitly built out of only ψL (2 dof)

I this Lagrangian is not invariant under ψL → eiαψL

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

I cannot define “particle” and “anti-particle”

I any (electrically) charged particle cannot be a Majorana particle
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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?
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Fermion masses Dirac versus Majorana neutrinos in the SM

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

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

Majorana:
I those states are identical (there are only two independent states, νL, νc

L)

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

A typical neutrino experiment (massless neutrinos)

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

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

Outline

Absolute neutrino mass
Neutrino mass from cosmology
Beta decay – the KATRIN experiment
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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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