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Neutrinos in the Standard Model

m  PMNS neutrino mixing matrix, m # 0

m Neutrino oscillations sensitive to mass differences

m Two mass ordering scenarios are possible
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m Mass of the lightest eigenstate is unknown
m Hints for sterile neutrinos?
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Determining the neutrino mass

Absolute neutrino mass scale is one of the “big open questions”

m Neutrinos are massive particles

m ... but we only know mass limits CATRIN
Project 8
. ECHo
m Three different approaches: HOLMES
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2 2 |2 »
Mpgg = |52 U2 mi :{_;_’!‘}
T
9 9 9 Planck
mg = ), |Uei|® m; eBOSS
SDSS

NPA Seminars at Yale University | September 10, 2020

=T )
PROICTE rp

5& ﬂ 2 > )&
2 H
%, &
i <
10w oS

GERDA
. MajoranA
neutrino LEGEND
mass? .. nEXO
V' CUORE/CUPID

Dr. Jan Behrens | KIT-IKP &‘(IT

Karlsruher Institut fiir Technologi



Cosmology provides best current upper limit:

Neutrinos in cosmology

M <0.09...0.54 eV

Current experiments: Planck, SDSS, BOSS
Combine various observables (CMB, BAO, SN, ...)
Rules out inverted ordering at 0.1 eV limit

Interpretation is based on ACDM standard model e
. =

Extended scenarios weaken bounds on M %02
N

0.11

Direct mass measurements are complementary .

Neutrino mass can be tested in laboratory experiments
= informs standard model of particle physics + ACDM
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Neutrino mass from tritium beta-spectrum

3
dN
o= C-F(E,Z=2)-p(E+m.) - (Ey—E)- \/(EO—E)2 —mZ  omi=Y |Uel"m]
1=1
Observable: squared effective mass of the electron neutrino
™~ ‘ a3
3H = 3He* +e +7V .
3H C ae ¢ 2105 1x102 x = |
X —m = 0 meV
n T., =12.32yr : — m,_ = 1000 meV
3 1/2 5x102 F b |
e ‘Q E, = 18574 eV 3
. . %; 13 2 —ll 0
m Neutrino mass determined from g X0 E-E, ineV
spectral shape near endpoint @
m KATRIN: kinematic measurement of .

B-electron spectrum: model-independent 0 10000 E, = 18575

electron energy E in eV
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B decay rate in s'eV’

Integrated spectrum

1x10?%

2x107%+ —_ mvl = rlne | i
510 | —m:.=1002 meXA ‘ 0.1 E
0- 1
3 2 -1 0
1x10 E- E0 ineV 000
diff. spectrum
% 10000 E, = 18575 -0.01
electron energy E in eV
Energy scan in endpoint region -0.02
Vary retarding energy by =90 eV
200+
. . . . 100
Measurement time distribution

optimizes our sensitivity
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https://epjc.epj.org/articles/epjc/abs/2019/03/10052_2019_Article_6686/10052_2019_Article_6686.html

The tritium challenge

Only a fraction of tritium decays in the endpoint region!

m Design goals:

Ultra-strong [3-source:

Low background level: < 0.1 cps

Excellent energy resolution: 1 eV
Precise understanding of spectrum

Final sensitivity goal:
0.2 eV (90% CL) / 5 yr
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The KATRIN beamline

Source and transport section

m Windowless gaseous tritium source
m Differential & cryogenic pumping

Spectrometer and detector section
m Pre- & main spectrometer
u m Pixelated focal-plane detector
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Windowless Gaseous Tritium Source

Closed tritium cycle, 16 m long cryostat at 30 K, over 800 sensors

|
m 100 GBg at nominal column density 107 cm™ = 40 g/day throughput (ITER scale)
m  Mainly T, with some isotopologue fractions (H,, HT, DT, ...)
m Required stability < 0.1% at tritium purity > 95%
) o~ Closed tritium cycle ’ tritium loops oI )
& & = = & towards
L @ @ . : 1 3 @ @ , spectrom.
Wl - I
I @ @ Superclo.nducting magnetsI (;.GT @ Vi I
DPé1-R WC;TS DPIS‘I-F
5 1.7-10" Bq ]
S eta
] e ot 888 (2017)
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https://iopscience.iop.org/article/10.1088/1361-6471/ab8480
https://iopscience.iop.org/article/10.1088/1742-6596/888/1/012071
https://iopscience.iop.org/article/10.1088/1742-6596/888/1/012071

Differential & Cryogenic Pumping Sections

m Reduces tritium flow from WGTS by > 10*2
m Two sections with tilted beamline + ion blocking electrodes

m Differential pumping: 4 TMPs in pump ports :
Cryogenic pumping: Ar frost on 3 K surface ‘ P

LHe 4.5K

solenoids

CPS beamtube
(VAN

) L
Rottele et at-
JPhys Conf 888 (2017)

12 NPA Seminars at Yale University | September 10, 2020 Dr. Jan Behrens | KIT-IKP ﬂ(IT


https://iopscience.iop.org/article/10.1088/1361-6471/ab8480
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Spectrometer & Detector Section

m Energy analysis of signal electrons
m Magnetic guiding field & adiabatic collimation

m  MAC-E filter = sharp high-pass filter source TR : s = A detector

m Retarding potential qU, = E

m Energyresolution 1-3 eV at E,

ST B _ <1mT B =4T
min ax

o =2
m Electron acceptance angle 51 i i kY max_

m Fast precision HV regulation (20 mV) [EEEN —

power supply regulation

Retarding Precision high Precision digital
potential voltage divider ) voltmeter
.
o=
Jali S
i

10 kV post-acceleration @3 (APR)
> s\ﬂ“‘“
ATRIN coltab-; ATRIN coltab-, ced streguiPlon
NMATZ8 (2019 Eojc 78 (2019) .
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https://iopscience.iop.org/article/10.1088/1361-6471/ab8480
https://www.sciencedirect.com/science/article/pii/S0168900215000236
https://www.sciencedirect.com/science/article/pii/S0168900215000236
https://iopscience.iop.org/article/10.1088/1361-6471/ab8480
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-5832-y
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-5832-y

High-resolution electron spectroscopy

10%3 : LI e
1 + KATRIN data with 1o error bars :
1 — Fitresult with 1o uncertaintes (stat. only) /
{ == Background 08 Scattered e~
Tritium signal 5 o »>
Jrar Zoom on m, ROI 4 .g
q U KATRIN data with 1 ¢ error bars x 50 2 0.6
B
10' 0 3 D
g 04 N E» E B,
-2 % 3
Q
~ —-— ldeal case, calculation
1 0.2 -=-=- pd=0, calculation
e :0.5 —— Actual pd, calculation
] 18550 18553 18560 18565 18570 18575 R ——— s : —
s ecd -1.0 0,0 1.0 20 3.0 10 20 30 4050
transmission E—qU (V)
LRSS | T LELE KN I T | T T T T T T
18540 18550 18560 18570 18580 18590 18600 18610 18620 E — qU E — qU + 12 eV
Retarding energy (eV) 0 0
L] 3 “}/
m Integral spectrum: count electrons above energy threshold e

m  MAC-E filter acts as a sharp high-pass filter for isotropic source
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The MAC-E filter

m Magnetic adiabatic collimation
m Electrostatic energy filter

transmission

‘ AE | energy Py B

m  Momentum transferp - Py
m High acceptance angle
m Excellent energy resolution

- L] I N BN B . Il N N BN BN BN JEm ] =

electrode structure
for retarding potential

superconducting
solenoid

/

max

B

analyzing plane:
minimal magnetic field
maximal electric potential

magnetic field lines

=] O N N = E 2 =

electron momentum relative to magnetic field (without retarding potential)

VP2 2Ar e oy o s x AT
AE_Bmin
E _Bmax

L o
jL = —— = const.
B

~ 1/20 000
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Monitoring devices

Laser Raman system % N
2
i i i 0 - Laser-Raman "
m  Monitoring of T, purity (0.1%) gl Lt )
m  Monitoring of gas composition (0.1%) £ )
.g 200 - - D
E 100
o | T2
B-induced X-ray spectroscopy + Forward Beam Monitor oA . .
2500 3000 3500 4000

Raman shift (cm”)

m Monitoring of source activity (0.1%)

Precision high-voltage system

m Monitoring of retarding potential (ppm level)
m Precision high-voltage divider readout chain

. 83 : e
m Separate spectrometer measuring MKr lines Bauer et al, KATRIN co\\abé,o)
JINST8 (2013) gensors 20 (20
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https://iopscience.iop.org/article/10.1088/1361-6471/ab8480
https://www.mdpi.com/1424-8220/20/17/4827
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Calibration electron sources BRSO W

High-intensity electron gun (e-gun)
m Mono-energetic & angular selective source e'l
m Electrons generated via photo-electric effect conting
m Typical line width 0.15 eV, angular range 0° ... 90°
m Pulsed UV laser for time-of-flight mode

entry
Usian+Uacc magnet

aperture

/& / r
E
Measurements: / L,

magnetic field line

.. . photocathode
m Spectrometer transmission properties
. . . i < i I t _-V
m  Monitoring of column density (< 0.9%) Slactro g

m Energy loss function measurement

l.
gehrens et al-
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https://epjc.epj.org/articles/epjc/abs/2019/03/10052_2019_Article_6686/10052_2019_Article_6686.html
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4972-9
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Calibration electron sources BRSO W

bt

Gaseous Krypton source (GKrS) s RO
m  WGTS filled with 8™Kr gas at 100 K K ﬁ“:%“
100 T
. . oy Ti2=1.83h IS Ny N
m Can be combined with tritium mode dmet Tl W Ky Lines %
1=7/2+ ;E 60 - d
Condensed Krypton source (CKrS) l A | )
E=04058(3)keV 2 \,},
=9lz+ i é L >f>» v
m Located behind transport section o i Ii; 5
T o L

m %3™Kr condensed on cold surface (movable) 5 L 15 2 % %

Energy [keV]

Measurements: jjj

200

m Study source plasma effects

m Transmission & response function ckrs KATRIN coltab-

Jphys G 47 (2020)
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https://iopscience.iop.org/article/10.1088/1361-6471/ab8480
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The Kassiopeia simulation software

KASPER software framework developed at KATRIN

19

Eyiny (€V)  —18600

|
N
o

RRRRRRNN

Flexible geometry definition & configuration
Electromagnetic fields: KEMField

Particle tracking: Kassiopeia
https://qithub.com/KATRIN-Experiment/Kassiopeia

start

Precise calculation of electron trajectories
Handles complex simulation geometries

exa;:{ step reconstruction

magnetic
field line
B adiabatic

magnetic
field line

cyclotron path
i s Furse et al.,

NJP 19 053012 (2017)
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https://github.com/KATRIN-Experiment/Kassiopeia
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KATRIN’s measurement timeline

Spring 2020: 3™ neutrino mass run
Fall 2019: 2" heutrino mass run

Spring 2019: 1* neutrino mass run
Fall 2048:  Systematics studies
Spring 2048: “First tritium” campaign
Spring 2047: First transmission of electrons

NPA Seminars at Yale University | September 10, 2020 Dr. Jan Behrens | KIT-IKP
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https://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04020/meta
https://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04020/meta
https://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04020/meta
https://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04020/meta
https://arxiv.org/abs/1909.06069
https://arxiv.org/abs/1909.06069
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-7718-z
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https://link.aps.org/doi/10.1103/PhysRevLett.123.221802
https://link.aps.org/doi/10.1103/PhysRevLett.123.221802
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.221802
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.221802

KATRIN data-taking periods

KNM1: First neutrino mass run

m Measurement time: 22 days
m Source activity: 2.5x10%° Bg

KNM2: Second neutrino mass run

m Measurement time: 31 days
m Source activity: 9.8x10%° Bq

KNM3: Third neutrino mass run

m Measurement time: 27 days
m Analysis is ongoing
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KATRIN beam line configuration

Beamline settings for 1% neutrino mass run (2019)

M reduced
od=1.11x10" cm™ @ Z?tl/f/c/fy
Ry = 2.45x101% 571

Detector

npix =117
Spectrometer et = 95%
et
Rear Wall B =424T AE =1.8 keV

= —150 mV
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Systematics breakdown

24

Background

Magnetic fields

Final states

Drifts & fluctuations

Source scattering

Energy loss

X

dominant

small

small

small

small

negligible
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Effect relative a(m?)
uncertainty in eV?

Source properties

pd- o 0.85% 0.05

energy loss £(0E) O(1%) negligible

Beamline 0.05

Bwars 2.5 %

Bmin 1 %

Bnlax 0-2 %

Final state distribution O(1%) 0.02

Fluctuations in scan k 0.05

HV stacking 2 ppm

pd variation 0.8%

isotopologue fractions 0.2%

Background

background slope 1.7%/keV 0.07

non-Poisson background 6.4% 0.30

Total systematic uncertainty: 0.32 eV?
Total statistical uncertainty: 0.97 eV?

Dr. Jan Behrens | KIT-IKP
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https://epjc.epj.org/articles/epjc/abs/2019/03/10052_2019_Article_6686/10052_2019_Article_6686.html
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.221802
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.221802

Background sources at the spectrometer

Majority of spectrometer background sources are under control!

eero ST can e
Detector radioactivity 2Pb, , . /
B ' 1 I3 * VCS; d
/ o/ etector
P I" Wi &fa VO/'G& backgrounds
% ] qmdc 8 44-1,
Spectrometer ; o e / LTS
- / L
j - ! #lonization of Rydbergz atom by ™,/ Ry 15’-6,4_1/ i
@ thermal radiation 43
/ pressure ~10*mbar ,’ ‘
H /

o y = =i

= : Mmagneticall ’

2 elect iy racdon decays 427 2527

) ! K rons i > w2 ‘

: ' & X ‘

,/ ionization of residual
v ‘ R gas molecule {

& : » 7 °
: ’ 25Rn
¥ .»«'( / ¥ <=
L] ¥ /I ¥ i ¥ ¥, '
/
X v
, ... eéxternal radioactivity
KATRIN co\\akzé,oig) KATRIN co\\aré, TRIN co\\gk;-é .
AstroP Phys 108 gp)C79 (20 arXiv:1911.0

25 NPA Seminars at Yale University | September 10, 2020

Dr. Jan Behrens | KIT-IKP

AT

Karlsruher Institut fiir Technologie


https://iopscience.iop.org/article/10.1088/1361-6471/ab8480
https://www.sciencedirect.com/science/article/pii/S0927650518302597
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Background from Rydberg atoms

implantation

0O nm 30 nm

2 o 1% pattern
pattern
‘_. ..... ‘ 9‘.,
“oPh 210pg
spectrometer
vessel  volume vessel

T

Surprise! —increased background level

Rn background suppressed

Volume effect

— since May 2020
improved radon-retention system

Rydberg background model:

o
|
|
[
. m
'
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Rydberg atoms created by ?'°Pb decay

Neutral particles can enter spectrometer
lonization by thermal radiation (= 300 K)
Electrons gain energy from el. potential

h L
F\'a\"\\(\e etal.,
| phys Conf 888 (2047)
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Remaining background & countermeasures

Two remaining sources: Rydberg ionization & Radon decays

m Very stable rate during first neutrino-mass runs

m Non-Poissonian distribution increases sensitivity impact

m Some countermeasures exist — further improvements!

0.34 1

Background rate (cps)
o (=] (=]
o w w
[e-] (=] (38

o
o
o

e
)
~

27

~ - Slope: (—0.01 £ 0.08) mcps/day

+ time-independent bkg.

14 April 21 April 28Aprii  05May 12 May
Date
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0.005 A
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Rpg = 0.293 £ 0.001 cps

100 120
Counts in 360s

Poisson expectation
V2 =10.21 + 0.01

Gaussian distribution
0=10.86 = 0.20

NP distribution
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Sources of systematics

spectrometer
Complex beamline setup with many sub-components background | detector

= Systematics need to be well-understood

electron
scattering \_
7 YA
source gas Rrian,

energy
losses

JJENNE]
potential

EM fields calibration
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Systematic uncertainty budget

KATRIN design report (2004) identified five major systematics

m Systematic budget 0.017 eV2 matches statistical uncertainty for 3 yrs data
m First science runs dominated by statistical uncertainty

O(m"Z) | | I | ! | I |
o N0'10"""""""""’400%
Statistical ] = ] £
Final-state spectrum a(m2),,,= 0.018 eV2 f:) 0.08- tota.l u.nc. =
T-ions in T, gas = | R AREE b statistical unc. £
Unfolding energy loss o(m?),,,= 0.017 eV? E 0.06 1 - sistematic unc. 5
Column density fluct. i ] 2
Background slope € 0.041 IE
HV fluctuations *g 0 02; é
Source (plasma) potential design report g o
Source B-field variation - T O
Elast. scattering in T, gas 0'000 ' 6 ' 1'2 ' 1I8 o 2'4 o 3'0 ' 36 §
(@)]

Effective measuring time in months
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MAC-E filter transmission + energy losses

30

Transmission & response function

cyclotron path

magnetic
o o N . electron ield line
m Radial inhomogeneity of spectrometer fields t =
m Cyclotron radiation over 70 m flight path radial inhomogeneity
34
m Electron scattering on tritium molecules
2,

1.0 1 A
% i
) |
=0.8 i
Kol .
© | -
‘8 W e S e
£ 0.6 : Scattered e™ |
5 response function i
.20.4' ——- |deal €
E ---- Scattering (pd=10%)
202 —— Scattering (pd=22%)
---- Scattering (pd=40%)
0.0

1.0 0.0 1.0 2.0 3.0 10 20 30 4050

Surplus energy (eV)
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y-position in AP (m)
o

AE o Bmin 1]
E BIIIZ').X
_2,
S 3
P, = —(pda) grPdo 0
S 8' X-position in AP (m)

629.5

630.0

630.5 631.0
magnetic field (uT)

631.5

632.0
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Source column density

m Determines source activity & electron scattering e |
m Regular calibration measurements with e-gun P (pdo)’ pdo)” —pdo
? st
m  Fluctuations due to TH, freezing — solved! — ——
/ 1.54 -4 leasruarg::ent
20.75
g 050 —— Best-fit response _z
%1017 [ Total uncertainty illustration éo.zsi “ fjéﬁ”ff;f;ﬁﬁoz, =
1.14 - O'Ooj Regun = (1101 # 2) cps L5 e-gun measurement
& ". §‘ 14 8. 17 ‘
g 1_12_ 2 ' 3 T g 01 w0
=2 Vi rw""" - ! i . : & -1 ’
7 — 3 = 0 50 100 150 200 00126 00127 00128
'E‘ 1]_0— \ i . Surplus energy (eV) Measured pressure (mbar)
O \ i
Q % 3.6 Tesla
S 1.081 ’ %T' 'Tigi
£ S it a—
2 1.06 o(pd) = 0.009 x 1017 cm™2 . EE—
| = ll ] l =
T I T T T | DT T
11 April 18 April 25 April 02 May 09 May 0 25 tritium tritium tritium
pumping injection pumping

Date Entries
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Source electron scattering

m Elastic + inelastic scattering on tritium gas 201_ ela?t'g ). | | [
m Described by energy loss function f(e) ‘ up to £/2
S >
101 1 0.11
m Convoluted for multiple scatterings
m  Poisson statistics: scattering probabilities P_ 04—

0.0 ¢ T T
0.00 001 O 10 20 30 40 50
Energy loss ¢ in eV

E—qU

R(E,U) = / T(E—e,U)-{Po+P1f(e)(5(e)+P2(f®f)(e)+... de

e=0 T
spectrometer :
. no scattering
transm. function
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Energy loss function

Measurements with calibration sources

Electrons provided by pulsed e-gun

NPA Seminars at Yale University | September 10, 2020

Ast\’OP Phys

m Integral (rate) or differential (TOF) mode
Energy loss due to scattering reduces rate
m Direct measurement of p.d.f. in TOF mode
m Combined fit yields energy loss function
m Semi-empirical parameterization (peaks + tail)
Systematic uncertainties under investigation
Hannen :fga(lgoﬂ)

Integral data (arb. units)

TOF data (arb. units)

Time of flight (ps)

L | Unscattered
084 Single scattering
—-— Double scattering
064 - ;‘Ftlp]e scattering integral scans
— Fi
044 t Data
T | o— ——— o ——— — /”’_____..___ s
0.0 L e W
0.1254, 4y Ist Gaussian
0.100- 2nd Gaussian
’ —-— 3rd Gaussian
_ memire. BED. 12l
Qi energy loss —_— Fit
0.050 . function }  Data
0.0254.
0.000- o e e s s e S AR R A e i
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https://epjc.epj.org/articles/epjc/abs/2019/03/10052_2019_Article_6686/10052_2019_Article_6686.html
https://www.sciencedirect.com/science/article/abs/pii/S0927650517300348
https://www.sciencedirect.com/science/article/abs/pii/S0927650517300348




Data analysis

First 22 days of KATRIN data with sensitivity to neutrino mass

endpoint stability

+ Scanwise fits ('stat. only) '

g 05k ‘% — Weighted mean, p-value = 0.51
m New analysis & unblinding procedure: £
m  Analysis on “MC twin” data sets (m=0)

T

m Run fits on blinded data sets R
m Extract final results from unblinded data

N :
) ormalised rate Covariance matrix

. . . . ‘//
m Inclusion of systematic uncertainties: 3 mret

m Covariance matrix

‘EO.C&O%
o
m MC propagation 2o

Q
2 0.10 3

o
0.05 i
E|

LLL\JAAAALLL;‘ Lo
20 25 g

; 35
__ Retarding energy pip
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Unblinding strategy

KATRIN is not the usual low-background counting experiment!

Before unblinding: Fix all inputs & run fits on Monte Carlo data
Fit to measurement data with free neutrino mass

0.08

|
m After unblinding:

final states distrib.
+data blinding

0.06

Probability
o
£

m Need full spectral data to study systematics
m Requires novel approach to data blinding

) 410 2 0
Excitation energy V;in eV

m Solution for data-blinding at KATRIN:
m  Model spectrum includes final state excitations in molecular T,

Final states distribution partially replaced by unknown Gaussian

m
m Systematic studies with inaccessible m?

Karlsruher Institut fiir Technologie

Dr. Jan Behrens | KIT-IKP

36 NPA Seminars at Yale University | September 10, 2020



New upper limit on the neutrino mass

—_
o

Count rate (cps)
)

Residuals (o)

Time (h)

t KATRIN data W|th 1 o error bars x 50 ]
il — Fit result i
0 o =
L 1 L Ll l
o 1 1 1 | T T 1 T T 1 T 1 T 1 1 I 4
-40 -30 -20 -10 0 10 20 30 40
2f ) Stat. I Stat. + syst. ]
0 _ = ® o o X . ° ._:
2k TR RS TR T EE T ETE PR PEEEE -
0 10 20 30 40
I measur;,ment time dlstnbutlon ]
-40

20 10 1 20 30 40
Retarding energy 18574 (eV)
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Integral beta spectrum over 90 eV range
Data displayed with 50 x 1-0 error bars

Residuals relative to 1-0 band of best-fit

Quick facts:
Single fit with 4 parameters
27 voltage set points x 274 runs
Total scanning time 521.7 h=22d
2.03x10° events after cuts

\ab.,
KATRIN col
bR 123 221802 (2019)
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https://link.aps.org/doi/10.1103/PhysRevLett.123.221802
https://epjc.epj.org/articles/epjc/abs/2019/03/10052_2019_Article_6686/10052_2019_Article_6686.html
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.221802
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.221802

New upper limit on the neutrino mass

Final result obtained from best-fit value using MC propagation

Best-fit results:

38

mZ = (—1.0117) ev?
m compatible with zero
m 16% probability if true m=0

Ey,=18573.7 + 0.1eV
m Q-value: 18575.2 £ 0.5 eV
m Good agreement with literature

(reference: Q = 18575.72 + 0.07 eV) Myers et al-

oRL 444 013003 (2019)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.221802
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New upper limit on the neutrino mass

Final result obtained from best-fit value using MC propagation

m Fully dominated by statistical uncertainty

kachov,

&t
m  Upperlimit: m < 1.1 eV (90% CL) = sensitivity (Lokhov-Tkachov approach) ;i“‘:‘c"_““ 347 (2015)
1.8 L T T T T T 8 g T T T T T T T T T T T 1 8 L T T T T T T g T T & 3 b i T T 5 T i
F— 90% C L (stat + sys) pe== 90% C L (stat + sys) .
1.6F m(v,) < 0.8 eV FC confidence belt 16F  m%v)<13ev? LT confidence belt
L L e’ -
1_4_— 14'_ —>m(z/e)§1.1eV
& & ........................................
2 12f 2 12f
o1 2 15
‘“ “c 0.8
3 o6f
= C
0.4r
F 0.2F
0 [ .l e s L . 0 [ N P 1 .
-3 2 #1 0 1 2 3 -3 =2 #1 0 1 2 3
2 2 2 2
Measured m (z/e) G\ Measured m (z/e) (eVv9) KATRIN collab.,
bR 123 221802 (2019)
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https://epjc.epj.org/articles/epjc/abs/2019/03/10052_2019_Article_6686/10052_2019_Article_6686.html
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.221802
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Sterile neutrinos

Kinematic method opens window to sterile neutrinos

m Characteristic signature: spectral distortion

Search for eV-scale sterile neutrinos

Differential decay rate (a.u.)

m Improve current exclusion limits
m Probe RAA region in future campaigns

m Investigate Neutrino-4 hint

Search for keV-scale sterile neutrinos

m Proof-of-principle (KATRIN deep scan)

m Future upgrade: TRISTAN detector
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Direct neutrino mass measurements

Squared neutrino mass values obtained from tritium (5 -decay in the period 1990-2019

100
+ Los Alamos Phys.Lett. B256 (‘1991) 105-111 ¢ Mainz Phys.Lett. B300 (1993) 210-216 ] ® Troitsk Phys.Lett. B350 (1 395) 263-272 ¢ Mainz EurAP‘hys.J. C40 (2005) 447-468
4 Tokyo Phys.Lett. B256 (1991) 105-111 ' China Chin.J.Nucl.Phys. 15 (1993) 261 4 Mainz Phys.Lett. B460 (1999) 219-226 & Troitsk Phys.Rev. D84 (2011) 112003 §
; 4 Zurich Phys.Lett. B287 (1992) 381-388 ® LLNL Phys.Rev.Lett. 75 (1995) 3237-3240 & Troitsk Phys.Lett. B460 (1999) 227-235 & KATRIN 15 run: 22% Tritium activity - 23 days 7
0 ¢ o@s o]~
B [ ¥ @ ]
N ) 2000 2019.5
T 50 [ of 1
o i | i
AO.) —~ 1 = =1 -
2 -100 >
N & 2 0 ) 0 - g
£ + S 18} KATRIN’s first science run
i (&) B ¢ _ e . | ]
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L NE 2} 4 4
. A t Mainz ¢ KATRIN 1% run: 22% Tritium activity - 23 days 1
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KATRIN’s measurement timeline

2020 & bevond: successive data-taking

Spring 2020: 3™ neutrino mass run

Fall 2019: 2" neutrino mass run

. . KATRIN collab-s
Spring 2019: 1°' neutrino mass run oRL 123 221802 (201°)

Fall 2018:  Systematics studies

\lab.,
KATRIN €O
EP) C 80 264 (2020)

KAT RIN col\ab-,

(2018)

JINST 43 PO4020
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Background with Shifted Analyzing Plane

Spectrometer background is volume-dependent

44

m  Smaller “fiducial” volume reduces background
m Flexible operation: shifted analyzing plane 400

m Strong impact on NP background
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Flux tube in the main spectrometer

T 200
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S:—200

-~ Current setting
----- Nominal setting

Shifted analyzing plane —— - ——

—1000 -500 0
Z position (cm)

Next data-taking run in “SAP” mode

m Improves statistical uncertainty
m Systematics under investigation

Dr. Jan Behrens | KIT-IKP

1000

~KIT

r Institut fir Technologie



Outlook

m KATRIN published first upper limit in 2019
m 1.1eV sensitivity after only 22 days — goal: 3 years

m Already 2x improvement on prior upper limits

m Latest data-taking period started just now
Analysis ongoing, publications in preparation :-)

m Next steps to improve experiment & model: The KATRIN experiment
m Non-Poisson background reduction is now up & running!
Precision final state calculations

Final sensitivity goal:
0.2 eV (90% CL)

|
m Understanding of source plasma effects
m ...and more!

NPA Seminars at Yale University | September 10, 2020 Dr. Jan Behrens | KIT-IKP ﬂ(IT

Karlsruher Institut fiir Technologie



46

Carnegle BERGISCHE ‘ I .
Mellon * UNIVERSITAT UNIVERSITY of I I
Uplvers1ty UNIVERSITAT WASHINGTON
% IVERSIDAD THE UNIVERSITY
COMPLUTENSE ﬁn of NORTH CAROLINA UC S B

———— WWU Hochschule Fulda
MUNSTER University of Applied Sciences e S CHAPELINITE
i

“(I I U \\\\ S = A
i
> 5 f\l Wl
\ sonannes GUTENBERG \\\ L}y:‘ . > 3 :
T o ) RN

Karlsruher Institut fiir Technologie UNIVERSITAT MAINZ m Max-Pla k 1 BERKELEY LAB ESEM

% \

Funding and support from: Helmholtz Association (HGF), Ministry for Education and Research BMBF (05A17PM3, 05A17PX3, 05A17VK2,

and 05A17W03), Helmholtz Alliance for Astroparticle Physics (HAP), and Helmholtz Young Investigator Group (VH-NG-1055) in Germany;
Ministry of Education, Youth and Sport (CANAM-LM2011019), cooperation with the JINR Dubna (3+3 grants) 2017-2019 in the Czech Republic;
and the Department of Energy through grants DE-FG02-97ER41020, DE-FG02-94ER40818, DE-SCO0004036, DE-FGO2-97ER41033,
DE-FGO2-97ER41041, DE-AC02-05CH11231, DE-SC0O011091, and DE-SC0019304 in the United States.

NPA Seminars at Yale University | September 10, 2020 Dr. Jan Behrens | KIT-IKP IT

Karlsruher Institut fiir Technologie


http://katrin.kit.edu

