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Three ways to assess the absolute 
neutrino mass scale

1)  Cosmology
● very sensitive: era of precision cosmology
● compares power at different scales
● current sensitivity: m(

i
)  0.12 eV (Planck)

2) Search for 0
● Sensitive to Majorana neutrinos, model-dependent, LNV 
● Upper limits by CUORE, EXO-200, GERDA, KamLAND-Zen:

m
 

< 0.1-0.4 eV

3) Direct neutrino mass determination
● No further assumptions needed, use E2 = p2c2 + m2c4   

 m2()
● Time-of-flight measurements ( from supernova)
● Kinematics of weak decays / beta decays, e.g. tritium, 163Ho

best upper limit: m() < 1.1 eV (90% CL) (KATRIN)

N. Aghanim et al. (Planck), (2018), arXiv:1807.06209; CUORE Collab, PRL 124 (2020) 122501;
GERDA Collab, Science 365 (2019) 1445, PRL 120 (2018) 132503; Nature 544 (2017) 47; 
EXO-200 Collab, PRL 123 (2019) 161802; KamLAND-Zen Collab, PRL 117 (2016) 082503; KATRIN Collab, PRL 123 (2019) 221802
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Tritium -decay

●  continuous -spectrum described by Fermi´s Golden Rule, measurement of 

efective mass m$e) based on kinematic parameters & energy conservation
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The KATRIN experiment
at Karlsruhe Institute of Technology
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First -mass result
    -mass: best fit result

    

    -mass: new upper limit

✔ Excellent data quality
✔ Improvement of statistics (x2)
✔ Reduction of systematics (÷6)
✔ Only 5 days out of 1000 live days!

KATRIN Collab, Phys. Rev. Lett. 123 (2019) 221802

m e

2 =−1.0−1.1
+0.9 eV2

m e
<1.1eV( 90%CL )

m e
<0.8eV (90%CL)

m e
<0.9eV (90%CI)Bayesian

flat prior, m2>0

Feldman-Cousins

Lokhov - Tkachov
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KATRIN data taking & analysis

2nd neutrino mass campaign
● Measurement time: 31 days
● Gas density: 84% (x4 “ mass 1”)
● Isotopic purity: 98.6% tritium
● Source activity: 9.8 · 1010 Bq
● Total statistics: 4 · 106

● Reduced background (÷1.3 of “ mass 1”)
» Finalizing analysis → stay tuned

Unbiased ν-mass analysis:
● Bias protection by Monte Carlo

− Apply whole analysis chain to MC-copy of data
− Analysis procedure is fixed on MC data

● Model-blinding scheme
− Artificial smearing of the T

2 
molecular final states

− All parameters except for m2 are not affected
● Two independent methods to treat systematics

− Covariance matrix (c2 estimator)
− Monte Carlo propagation (ML estimator)

 mass
1

 mass
2

 mass
3

 mass
4

2019 2020
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Improving background 1

AP SAP

 Background reduction

 spectrometer bake-out successful 

 more effective 219Rn retention 

 Volume dependent background rate

● Reduce the volume of the flux

 upgraded air coil system 

 modified EM-fields configuration 

 „shifted analyzing plane“ (SAP)  

– factor 2 signal/background improvement  

– background & calibration & tritium scans 

 implemented in neutrino mass scans of 2020 
Two large air coil systems:
background suppression & B-field shaping
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2020: Status & Improvements

3rd neutrino mass campaign

● Neutrino mass scans & calibration measurements

● Optimized configuration of tritium source

− T = 80 K (nominal: 30 K), stabilization with LN
2

− In situ calibration of the source properties using 
83mKr: well-controlled systematics, same mode 
for  mass measurements and calibration

● Extensive study of plasma properties at different 
gas densities, temperature and boundary 
conditions

● Reduced background rate using “shifted analyzing 
plane” (SAP) configuration

 mass
1

 mass
2

 mass
3

 mass
4

2019 2020

In 2020 KATRIN is taking data through CoVid-19 
times with all the necessary precautions!
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2020: Status & Improvements

4th neutrino mass campaign 

● Completed on Tuesday

● Long science run of 2020, 90 days

● High quality data collected

− T
2
 purity above 98 %

− Source @ 80 K, 75% nominal column density

− Background reduction x2 with “shifted 
analyzing plane” (SAP) EM-field configuration

− Signal-to-background ratio x5 (to “ mass 1”)

− Much better control of systematics

● Analysis ongoing

 mass
1

 mass
2

 mass
3

 mass
4

2019 2020

In 2020 KATRIN is taking data through CoVid-19 
times with all the necessary precautions!
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Improving background 2

 Main component of background:

● Highly excited (neutral) Rydberg atoms ionized in 

the volume of main spectrometer

● Very low kinetic energy of background e-

  Further reduction of background planned:

● Use angular distribution of background electrons

● a very new idea: angular threshold filter (“active 

transverse energy filter”, aTEF)

● filter electrons with different cyclotron radii

● R&D ongoing, promising first test and simulation 

results → expect factor 5

A. Fulst et al., Eur.Phys.J.C 80 (2020) 10, 956

Background e-Background e-

Signal e-Signal e-
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Sterile neutrino searches with KATRIN

● Same data-set as for the neutrino mass 

● 3+1 sterile neutrino model

● Grid search in m
4
, |U

e4
|2 plane

KATRIN collaboration, “Bound on 3+1 active-sterile neutrino mixing from the first four-week science run of KATRIN”, arXiv:2011.05087
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eV-scale sterile neutrino

● Data of the first science run of KATRIN

● Complementary probe of sterile  with KATRIN

● High Dm2
41

 values:

─ Improve exclusion with respect to DANSS, PROSPECT, 
STEREO

─ Exclude parameter space of Reactor Antineutrino 
Anomaly (RAA)

● Low Dm2
41

 values:

─ Improve on Mainz and Troitsk limit

─ Approaching Neutrino-4 hint

● Probe a large fraction of RAA with the full 1000 live days of 
data

● KATRIN’s light sterile neutrino search is competitive with  
0 experiments

KATRIN collaboration, “Bound on 3+1 active-sterile neutrino mixing from the first four-week science run of KATRIN”, arXiv:2011.05087
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KATRIN search for keV sterile neutrinos 
● Deep scans (1.6 keV below E0 ) with low-activity

– Excellent agreement of model and data

– Sensitivity to the mixing of 0.001 @ m4 = 400 eV

● Reminder: First Tritium commissioning campaign:

– Low tritium concentration: 1% DT and ~99% D2

– Excellent stability of the source parameters

– Analysis range of 400 eV below E0
PreliminaryPreliminary

KATRIN Collab, EPJ C 80 (2020) 264
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KATRIN search for keV sterile neutrinos 
● TRISTAN project in KATRIN:

– novel multi-pixel Silicon Drift Detector array 

– large count rates

– excellent energy resolution

– Prototypes installed as monitoring devices @ KATRIN

– Target sensitivity: 

segmented Si-PIN wafer

S. Mertens et al., J.Phys.G 46 (2019) 6, 065203; T. Brunst et al.,JINST 14 (2019) 11, P11013, T. Houdy et al.,J. Phys.:C.Ser. 1468 (2020) 012177 

sin2θ<10−6

KATRIN with 
TRISTAN
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Outlook
● Recent results and improvements

– New world-best direct neutrino mass measurment
● Next release: early 2021

– First search for eV- and keV- scale sterile neutrinos

– Optimized confiuration of EM-felds → backiround reduction

– Optimized source operation mode → reduction of source systematics

● KATRIN is continuosly taking data

– 200 days/year, also in 2020 with all Corona precautions

– Scheduled neutrino mass campaiins until the end of 2024

– Further improvement of backiround by a factor 5 expected by "active 
transverse eneriy flter" $aTEF), reduction of systematics

● Physics programme beyond  mass

– eV-scale sterile neutrino, other BSM physics $liiht bosons, RH currents)

– keV sterile neutrino searches with a novel silicon drift detector $SDD) to 
start in ~2024
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Today 90 years ago: Wolfgang Pauli‘s 
letter

m<10
−2m p (Pauli)

m<1.17⋅10
−9m p(KATRIN)

Stay tuned!
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