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Yoshikawa, Tanaka, Yoshida

Proc. SC 2021

ấThe signature of neutrino mass should be imprinted on the structure of the universe
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Something Doesnôt Fité.
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Image from Symmetry Magazine
Letôs make a laboratory test of 
particle theory and cosmology 
at once
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Todayôs Plan

ấñDirectò probes of neutrino mass

ấHow the KATRIN experiment works

ấThe background on KATRINôs backgrounds

ấClosing in on the neutrino mass

ấKATRINôs future
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The Challenge

ấStart with a huge number of decays

ấPrecisely measure energy, rate near endpoint

ấSomehow ignore all the low-energy decays with no useful information

mn = 0 eV
mn = 1 eV

~10-13  
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Cyclotron Radiation Emission Spectroscopy
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First CRES Neutrino-Mass Limit!
ấT2 gas in waveguide, ~1mm3 volume

ấCalibrate with gaseous 83mKr
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FIG. 3. Data and ýtsof the 17.8 keV 83m Kr conversion

elect ron K-line, as measured in the shallow (high-resolut ion)
and the deep (high-stat ist ics) elect ron t rapping conýgura-

t ions. The shallow t rap exhibits an inst rumental resolut ion of
1.66± 0.16eV (FWHM), while the deep t rap provides direct

calibrat ion of the t rit ium data-taking condit ions.

expense of a broader peak width of 54.3eV (FWHM).

This deep-t rapconýgurationis also used for data acquisi-

t ion with t rit ium, making these 83m Kr extracted param-

eters inputs for the trit ium analysis: B = 0.9578104(13) T

is used direct ly, while A j requires correct ions for small

di erencesin scat tering environment between data sets.

The 83m Kr data are also used to measure the frequency

variat ion of e ciencyE and detector response elements

I and A j . By varying the background magnet ic ýeldin

steps of 0.07mT over a range of ± 3.2mT using theýeld-

shift ing solenoid, deep trap 83m Kr 17.8-keV data (Fig. 4)

are produced at a range of frequencies in the region of in-

terest . Theñnotchòin detect ion e ciencyat 25.93GHz

arises from elect ron interact ions with the TM01 cavity

mode due to reþectionsfrom waveguide elements. Elec-

t rons in resonance with this mode lose energy to cy-

clot ron radiat ion faster than in free space [42, 43], which

increases frequency chirp (t rack slope) of the CRES sig-

nal and reduces the e ciencyof the event reconstruc-

t ion procedure, which has been opt imized for the non-

enhanced slopes. In addit ion to the frequency-dependent

e ectsdescribed above, the e ciencyE for t rit ium data

also includes an analyt ic term that direct ly depends on

elect ron energy, in order to account for the radiated

power [37]. Detect ion e cienciesare determined with

uncertaint ies of 2ï6%.The e ciencyE and the depen-

dence of A j on frequency, which are derived from these

ýeld-shifted83m Kr data, are passed as inputs to the tri-

t ium data analysis, while variat ions in I were found to

have negligible impact .

Theelect ron spectrum from trit ium beta decay extends

out to its endpoint of E0 = 18574.01± 0.07eV [22, 24, 44].

All three DAQ frequency windows were used simulta-

neously to record around the endpoint , with the com-

bined analysis window spanning 16.2ï19.8keV (25.81ï

FIG. 4. The 17.8 keV 83m Kr conversion elect ron line recorded

in the deep t rap with varying magnet ic background ýelds(red
to blue). The gray curve shows the e ciency response to

frequency variat ion, ext rapolated from single t rap data. The
green curve is corrected for energy dependence and shows the

relat ivee ciencypredicted for t rit ium data.

25.99GHz). Over the 82-live-day data-taking period, us-

ing the high-stat ist ics deep trap conýguration,3770 dis-

t inct t rit ium events were recorded.

The trit ium analysis follows Eq. 3, where the under-

lying spectrum Yt r i t ium [45] here is an approximated ɓ

spectrum [46] convolved with theýnalstate dist ribut ion

of the 3HeT + decay product [23]. A þatbackground

component is included as a freeýtparameter. Approx-

imat ions are made to the inst rumental resolut ion I and

energy-loss L to reduce comput ing t ime, to account for

di erencesin scat tering environment , and to include an

explicit parameter ůdescribing inst rumental resolut ion

width. The approximate model produces correct cover-

ages and no biases for ensembles of Monte Carlo data

generated with an un-approximated model.

The endpoint and neutrino mass limit are determined

using both Bayesian and frequent ist analyses validated

with Monte Carlo studies. Separateýtswere performed

to measure E0 (with mɓconstrained near 0eV) and con-

st rain mɓ (with E0 þoating).The frequent ist analysis

best-ýtinterval for m2
ɓwas constructed using the proce-

dure in [47], and was converted to the mɓ limit using the

Lokhov-Tkachov method [48].

Fig. 5 shows the measured trit ium spectrum and ýts,

with results summarized in Tab. I. The endpoint and

mass values are consistent with each other and with lit -

erature values. No counts were detected above the end-

point , set t ing a stringent upper limit on backgrounds of

Ò3 × 10ī10 counts/ eV/ s. The endpoint uncertainty con-

t ribut ions are listed in Tab. I I. Stat ist ical uncertainty

dominates the uncertainty budget , with determinat ion

of systemat ic e ectsalso stat ist ics-limited.

These results highlight the capabilit ies of the

frequency-based CRES technique. Krypton calibrat ion

data demonstrate its inherent ly high resolut ion, enabling

Shallow, 

high-res 

trap

Deep, high-

statistics trap

Calibration spectrum
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FIG. 5. Measured t rit ium endpoint spect rum with Bayesian

and frequent ist ýts.(Inset ) Frequent ist neut rino mass and
endpoint contours.

TABLE I. Ext racted t rit ium endpoint values with 1-ůuncer-
tainty and neut rino mass 90% credible/conýdenceintervals.

The literature value is E0 = 18574.01± 0.07eV [22, 24, 44].

Endpoint [eV] mɓ limit [eV/ c2 ]

Bayesian 18552 ± 20 < 170

Frequent ist 18548 ± 19 < 180

the full decomposit ion of the detector response. Energy-

and frequency-dependent e ectsare measured and con-

t rolled to allow analysis across a mult i-keV cont inuous

spectrum. The dominant background is RF noiseþuctu-

at ions, consistent with expectat ion, which is character-

ized and rejected to achieve a zero-background measure-

ment . These characterist ics combine to enable theýrst

t rit ium endpoint measurement and direct neutrino mass

limit with the novel CRES technique.

These measurements demonstrate signiýcant advances

for CRES and suggest avenues for improving its sensi-

t ivity to mɓ. The analysis is stat ist ics-limited, mot i-

vat ing pursuit of a large-volume CRES apparatus [33].

The planned cavity-based detect ion geometry will beneýt

from increased signal power due to enhanced spontaneous

emission on resonance [42, 43] while also reducing the

Doppler shift , thus simplifying event morphology. Paired

with reduced noise, potent ially from the use of quantum

ampliýers,the SNR and thus detect ion e ciencycan be

signiýcant ly enhanced. More sophist icated reconstruc-

t ion techniques, including matched ýlteringand/ or ma-

chine learning [50], have the potent ial to further increase

reconstruct ion e ciencyand enable the identiýcationof

sidebands, providing input for kinemat ic correct ions to

improve resolut ion [37]. Novel calibrat ion with a tunable

monoenerget ic elect ron source will be required to further

TABLE I I. Cont ribut ions to endpoint uncertainty ů(E0) in
the frequent ist analysis. Individual systemat ic uncertainty

cont ribut ions were computed via the method of Asimov
sets [49]; they therefore do not sum in quadrature to the total
systemat ic uncertainty, which takes into account correlat ions.

Uncertainty Parameters ů(E0 ) [eV]

Magnet ic ýeld B 4

Magnet ic ýeldbroadening ů 4

Scat tering ɔH 2 , A j 6

E ciencyvariat ion E 4

Other freq. dependence A j (f c) 6

Systemat ics total 9

Stat ist ical 17

improve detector response characterizat ion, as the CRES

resolut ion has already surpassed the natural linewidth of
83m Kr and atomic shakeup/ shakeo satellites contribute

signiýcant ly to the 83m Kr lineshape [39]. Project 8 aims

to combine these advances with an atomic t rit ium source

to bypass the molecular ýnalstate broadening and un-

certaint ies. This sets the stage for a next-generat ion neu-

t rino mass experiment probing the full range of mɓ al-

lowed by the inverted neutrino mass ordering.
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163Ho Measurements

ấHigh-statistics measurements are coming in!
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KATRIN by the Numbers

ấTarget mn sensitivity in 5 calendar years: 

  Better than 0.3 eV at 90% confidence
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KATRIN by the Numbers

ấTarget mn sensitivity in 5 calendar years: 

  Better than 0.3 eV at 90% confidence

ấMagnetic field range 3 G ï 60,000 G

ấSource activity: ~1011 decays every second

ấ95% tritium purity 

ấMain spectrometer volume: 1240 m3
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Leopoldshafen, Germany
November 2006

Photo: KIT

1240 m3 in Real Life
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The Plan

ấñDirectò probes of neutrino mass

ấHow the KATRIN experiment works

ấThe background on KATRINôs backgrounds

ấClosing in on the neutrino mass

ấKATRINôs future
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The Basic Problem

ấSignal bs have very little kinetic energy in 
spectrometer center

Diana Parno -- Neutrino-Mass Determination

T2 source Detector

Electrodes

Analyzing plane

pe (without E field)

ấLow-energy secondary electrons can be 
indistinguishable from signal!
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Rube Goldberg Backgrounds
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Rube Goldberg, Collierôs Magazine, 1931
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The Rydberg Background
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Slide credit: Luke Kippenbrock

210Po
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The Rydberg Background
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Slide credit: Luke Kippenbrock

210Po

ấDominant background

ấTested with 220Rn source 

ấAll daughters are short-
lived

ấSome component from 
heavier, autoionizing states
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How Do You Solve a Background Like a Rydberg?

ấOne simple idea: itôs a volume-dependent background

ấSo, squeeze the imaged volume!

ấ Increase magnetic fields and shift analyzing plane downstream

Diana Parno -- Neutrino-Mass Determination

A. Lokhov et al., Eur. Phys. J. C 82, 258 (2022)
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ấEnergy resolution is worsened

ấAnalysis is a little more complex

ấBut é2x background reduction!

A. Lokhov et al., Eur. Phys. J. C 82, 258 (2022)
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Fitting the Data (in Principle)

ấFit modeled to measured spectrum with 4 free parameters

Energy threshold qU (eV)
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PhD thesis, Marco 

Kleesiek (KIT), 2014
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More analysis details in 

Phys. Rev. D 104, 012005 (2021)

PhD thesis, Marco 

Kleesiek (KIT), 2014
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ấGroup detector pixels to reduce fit 
complexity

ấñStackò similar high-voltage 
settings and combine runs

ấCross-checks with multiple 
modeler/fitter packages

21 



KNM1+2: KATRIN Takes Flight
ấSpring 2019: 22 days at 2.5 x 1010 Bq
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ấAutumn 2019: 31 days at 9.5 x 1010 Bq

ά πȢςφπȢστ Å6
 ά πȢω Å6 ωπϷ #Ȣ,Ȣ

Nature Physics 18 160 (2022)
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KNM1-5: Putting It Together

Diana Parno -- Neutrino-Mass Determination

ấHow can we combine data taken under very different configurations?
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Joint Fit Across Campaigns and Patches

ấAllow operating parameters to vary separately

ấNeutrino-mass value is a common fit parameter across all spectra

ấModel spectrum predicted for each campaign and patch
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Uncertainty Budget

ấStill dominated by 
statistics

ấBackground 
uncertainties 
substantially reduced

ấSeveral systematics 
improvements 
(especially source 
scattering) on the way
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Full Disclosure

ấAfter unblinding, we discovered problems!
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