. &y

WWU "%% : j@&f

MUNSTER

KATRIN experiment: recent results and future
prospects

Alexey Lokhov on behalf of KATRIN collaboration
(University of Muenster & INR RAS)

KAT Strategy meeting .0~/ . - .
December 3-4, 2020 % P e KAT.Komitee fur
- ‘Astro .Teilchen. Physik

Institut fur Kernphysik
living.knowledge Westfalische Wilhelms-Universitat Munster



~—wwu Three ways to assess the absolute

MUNSTER

neutrino mass scale
1) Cosmology

* very sensitive: era of precision cosmology
e compares power at different scales
e current sensitivity: Zm(v,) ~ 0.12 eV (Planck)

2) Search for Ovpp
* Sensitive to Majorana neutrinos, model-dependent, LNV
e 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 E? = pc? + m%c*
= m*(v)
* Time-of-flight measurements (v from supernova)
 Kinematics of weak decays / beta decays, e.g. tritium, ***Ho
best upper limit: m(v) < 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;
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o Tritium p-decay Wer
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® continuous p-spectrum described by Fermi’s Golden Rule, measurement of . -
effective mass m(v,.) based on kinematic parameters & energy conservation H \AP
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low endpoint energy = Tritium 3H - 18.6 keV - 8
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e FIFSt v=mass result Jii
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)%1 v-mass: best fit result : a) t KATRIN data with 1 ¢ errorbars x 50 |

mi —_ ]_.Oi(isi eVz %:101 : — Fit result _

e ° \9/ - ]
. v-mass: new upper limit 3*33
=

m,<1.1eV(90%CL) 3t -;

Lokhov - Tkachov :

—t——+—+ i

Feldman-Cousins m, <0.8eV (90%CL)

Bayesian M, <0.9eV (90 % CI)

flat prior, m?>0

AN

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

AN

AN

AN

PHYSICAL 55 18575 18595 18615
REVIEW e S RS U oL Il FSE RIS T RSB
LETTERS Stat. B Stat. and syst. -

5 18375 18595 18615
Retarding energy (eV)

KATRIN Collab, Phys. Rev. Lett. 123 (2019) 221802 5



Number of [3-decays

x1018 , E .
1.75 1 " i - 2n peutrino mass campaign
o : * Measurement time: 31 days

BT i * Gas density: 84% (x4 “v mass 1”)
=2k I ! * |sotopic purity: 98.6% tritium
il e i - Source activity: 9.8 - 10%° Bg
2 _/_: * Total statistics: 4 -10°

a v mass i v Mass * Reduced background (+1.3 of “v mass 1")
0.50 - 3 i A » Finalizing analysis — stay tuned
0.25 i Unbiased v-mass analysis:

/ ! * Bias protection by Monte Carlo
000 __ . . . _ b . - Apply whole analysis chain to MC-copy of data

1.Mar  1.May 1.0ct 1.Dec 1.Apr 1Jun 1.Aug 1.Sep 1.Nov - Analysis procedure is fixed on MC data
posc: 2019 2k 2020 « Model-blinding scheme

- Artificial smearing of the T, molecular final states

- All parameters except for m? are not affected
* Two independent methods to treat systematics

- Covariance matrix (y? estimator)

- Monte Carlo propagation (ML estimator)

W  KATRIN data taking & analysis VA
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W¥E  Improving background 1 )

Flux tube in the main spectrometer

¥ Background reduction 400

= spectrometer bake-out successful I 200

= more effective 2°Rn retention SAP

y position (cm)
o

—200 — : —
- Shifted analyzing plane —

¥ Volume dependent background rate a0, — Current setting B /

----- Nominal setting

* Reduce the volume of the flux —1600 —500 5 =30 1000
= upgraded air coil system ¥ “Poston <
= modified EM-fields configuration
= ,shifted analyzing plane” (SAP) M
— factor 2 signallbackground improvement I
— background & calibration & tritium scans ¥

= implemented in neutrino mass scans of 2020

background suppression & B-field shaping
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e 20201 Status & Improvements I/
ity Nows™>®
10 F .
e 3'Y neutrino mass campaign
1.50 * Neutrino mass scans & calibration measurements
vV mass . : : "

o 1257 1 * Optimized configuration of tritium source
g v mass : e .
S 1.00 5 - T =80 K (nominal: 30 K), stabilization with LN,
kS : : : : .
5 0.75 - In situ calibration of the source properties using
5 . vV Mass 83mKr: well-controlled systematics, same mode

' g for v mass measurements and calibration

0.25 -/ ° 5 .

o0 / 7 ﬁ SsmKr%

1.Mar 1.May 10t Theecs 1itpr 1l i 1 2ug 1 56p  [hoy

2019 Date 2020

In 2020 KATRIN is taking data through CoVid-19

times with all the necessary precautions!

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

* Reduced background rate using “shifted analyzing
plane” (SAP) configuration
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e 20201 Status & Improvements T J

4™ neutrino mass campaign

* Completed on Tuesday

vV mass * Long science run of 2020, 90 days

vV Mass * High quality data collected

- T, purity above 98 %
v mass 2 PUIY ’

- Source @ 80 K, 75% nominal column density

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

Signal-to-background ratio x5 (to “v mass 1)

2019 2020 Much better control of systematics

* Analysis ongoing
In 2020 KATRIN is taking data through CoVid-19
times with all the necessary precautions!
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¥ Main component of background:

e [Mproving background 2

Highly excited (neutral) Rydberg atoms ionized in

0.15 -
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 0.05

transverse energqy filter’, aTEF)

Probability density (1/deg)
o
—
o

filter electrons with different cyclotron radi 0.00

R&D ongoing, promising first test and simulation 0

results - expect factor 5

Background e

20 40
Angle (°)

60

A. Fulst et al., Eur.Phys.J.C 80 (2020) 10,956 10
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Sterile neutrino searches with KATRIN

« Same data-set as for the neutrino mass

e 3+]1 sterile neutrino model

« Grid searchinm,,

,_.
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098 |

|U_ I plane

o
Ty

+ KATRIN data w1th 1 o error barq X 5(}
== 3-1 model

Signal to Background = 70

:bl)

ooty

* 3- model
¢ 3+1 simulation m, =10.0eV |U_|* =001 ]

3+1 model

-40 -20 0 20 40

Retarding energy - 18574 (eV)

KATRIN collaboration, “Bound on 3+1 active-sterile neutrino mixing from the first four-week science run of KATRIN”, arXiv:2011.05087 11
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were @V-sCcale sterile neutrino Y.y
oy Neuts ™
Mainz 95% C.L. —— Neutrino-4 2
- - = Troitsk 95% C.L. ~—— KATRIN 95% C.L. . .
Prrgsl;.::ect 95% C.L. - Projected KATRIN final » Data of the first science run of KATRIN
DANSS 95% C.L. sensitivity 95% C.L. ) )
Stéréo 95% C.L. 033 NH 90% C.L. * Complementary probe of sterile v with KATRIN
——RAA + GA 95% CL 0v33 TH 90% C.L.
; - Improve exclusion with respect to DANSS, PROSPECT,
. STEREO
10% . .
— h - Exclude parameter space of Reactor Antineutrino
3 Anomaly (RAA)
a7 10'¢ . Low Am?, values:
<]
- Improve on Mainz and Troitsk limit
0L 4
10 - Approaching Neutrino-4 hint
* Probe a large fraction of RAA with the full 1000 live days of
107! ' ' data
1072 10” 10° | | | | o
sin%(260 ) * KATRIN's light sterile neutrino search is competitive with
‘ ee Ovpp experiments

KATRIN collaboration, “Bound on 3+1 active-sterile neutrino mixing from the first four-week science run of KATRIN”, arXiv:2011.05087 12
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were KKATRIN search for keV sterile neutrinos & 7 /
”’lllsze\N“)0
 Deep scans (1.6 keV below E, ) with low-activity
- Excellent agreement of model and data 103
- Sensitivity to the mixing of 0.001 @ m, = 400 eV 104—é
* Reminder: First Tritium commissioning campaign: _ 103_;
a 7
- Low tritium concentration: 1% DT and ~99% D, f—; 102
I ]
- Excellent stability of the source parameters = 101 4
- Analysis range of 400 eV below E, 1090 4 KATRIN data o
I 31 model Preliminary
C R 1 v T T [ T T T ] T T T [ T T T [ T T T [ T T T
I Particles and Fields E 5__ —— 3 v model
.‘_.; E 3+1 model (m4=400eV, sin?(8) =0.001)
E 0:- . . . A = — "'.ﬁ...
&
%5
~1500 —1250 —1000 —750 -500 —250 0
E — Eo (eV)
KATRIN Collab, EPJ C 80 (2020) 264 13
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* TRISTAN project in KATRIN: 1072 =
TEZRElMIHHHmimmk
= novel multi-pixel Silicon Drift Detector array . \\\\\\
- large count rates 1074 e - e
— excellent energy resolution o
o~ -6 |
- Prototypes installed as monitoring devices @ KATRIN = 10 J
- Target sensitivity:  sin’6<10°¢ | e .
10781 T e
Detector Module o o
== KATRIN === Statistical limit NN\ Holzschuh 99
Detector pixel 28 —— KATRIN with /7, Hidgdemann 95 111111l Troitsk 17

TRISTAN
2 4 6 8 10 12 14 16 18
Mheavy (kEV)

10710
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o

NN
AL

Bondwires Kapton
flex PCB

¥
A
U

€
E¢)

=
166-pixels
sbD &

segmented Si-PIN wafer I'C S. Mertens

TUM & MPP

Silicon Ettore ASIC
Carbide

Cooling bloc

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 14
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 Recent results and improvements

 KATRIN is continuosly taking data
- 200 days/year, also in 2020 with all Corona precautions
- Scheduled neutrino mass campaigns until the end of 2024

New world-best direct neutrino mass measurment

Outlook

* Next release: early 2021

First search for eV- and keV- scale sterile neutrinos
Optimized configuration of EM-fields = background reduction

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 1.1

Optimized source operation mode — reduction of source systematics

- Further improvement of background by a factor 5 expected by "active

* Physics programme beyond v mass

transverse energy filter" (aTEF), reduction of systematics

- eV-scale sterile neutrino, other BSM physics (light bosons, RH currents)
- keV sterile neutrino searches with a novel silicon drift detector (SDD) to

start in ~2024

eV, CL = 90% (tritium decay)

Mainz 95% C.L. —— Neutrino-4 2o

- - - Troitsk 95% C.L. = ——KATRIN 95% C.L.
Prospect 95% C.L. -~ Projected KATRIN final
DANSS 95% C.L. sensitivity 95% C.L.
Steéréo 95% C.L. 033 NH 90% C.L.

——RAA + GA 95% CL 0v33 1H 90% C.L.

15



count rate (a.u.)
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N

0 5 10 15
electron energy (keV)

m,<10"°m_(Pauli)

m,<1.17-10""m (KATRIN)

Stay tuned!

wwy  Today 90 years ago: Wolfgang Pauli‘s @;ﬁﬁ

o 1030 letter ..~

l’hﬂ‘lihalisuhu Institut
der Eidg. Technischen Hochscimls
firich

Iie¢be Radicalctive Damen und Herren;

Wie dar Usberbringer diessr Zeilean, dem ich Mmldvollet
snguhBren bitte, Ihnen des nEharen suseinendersetsen wird, bin ich
angesichts der "falschen" Statistilk der No und Li-6 Kerne, saris
des konmtimuierlichsn beta-Spelttrums suf olnen versdeifelton Aumieg
verfallan wa den "Wechselests® (1) der Statistik und den Energlesats
m retten. Nimlich dis Moglichkelt, es kiinnten claktrisch neutrele
Teilchen, die ich Heutronen nesnen will, in den Eernen eodistieren,
nmmsmuzmmmmm-mmﬂphmm
‘glhgh von lichtquanten mwaserden noch dadurch unterscheiden, dass sile

mit lichtgepcmsindigkeit laufen. Die Hogse dar Hentromem

vem derselben (fossencrdmmng wie die Elektronenmesce sein uad
w.us nicht grogeer als 0,00 Protonenmasse.~ Das keatlmlerliche

Spelrtrem wire dann vergtindlich unter der immalme, dass beim
balpeZorfall mit dem hlekctron jewoile noch ein Heutron emitilerd
mfipd, derart, dass die Susme dor Encrgien vonm Heutron und Elelctron
kongtent lst.

Mun handelt sz sich weiter darum, welcha Kriifts muf die
Meutronen wirken. Dus wahrscheinlichste Modell fifr das Heutron schedmt
mir gus wellenmechanischen OGriinden {pEneres welss der Usberbringar
deger Zeilen) dieses su geln, dass das ruhende Feutrom elm
magmetischer Dipol von einem gewlssen Moment f igt. Die Exporimente
verlinren wohl, dops die ionisierends Wirkung eines solchem Meutroms
nicht grosser sein kann, sla die einss his und dard demm
ﬂvoﬂnich‘bmlﬂ‘ sein alyg @ ¢ (10°% am).

Ich traue mich vorliufip aber nicht, etwas Uber diese Idee
gu publisieren und wende mwich erst vertrauensvoll an Euch, licbe
Radloaktlve, wmit der Froge, wie es wn den experimentellen Hackerads
eines solchen Neutroms stinds, worm disses ein ebgnaolches cder ehwa
Mmal grosseres Durchdringunggvermbgsn besitsen wirde, wie eim
guEmER-Strahl. 1
Ish gebe su, dogs medn Aupweg vielleicht ven vormberein
wgpig wahracheinlich erseheinen wird, well men dle Heutronen, wem
gio existisren, wohl schon Kfugst geschen hatte. Aber mr wer wagh,
und der Engh der Siteation bedm komb: erliche

tureh ednen lvocprueh melnes verechrteon i Amboy .
Herrm Desbtye, beleunchtot, dor mie Wilralieh in gosagh hate
"0, hmommmbmwwm, sowie an die newen
Stenarn.” Dorum gell men jedmm ¥Weg sur Rettung ermetlich dlslmtlar@is-

dlac, licbe Bedissitive, prifets; und riehtot.- Leldsr immwn ioh michb
personlich in Tihingen evecholnen, da sobh infolgo oines in der Hasht
vom 6, mum T Des, in Zirich slottfindenden Belloe Mer unabictmlich
bin.~ Mit vielen Griimen an Euch, scwie en Herrn Enek, Euer
muuniptur Donar

g=m. Wo Pamdd

16



: PR
T WWU e £ P N,
wse | NANK you for your attention! I f
Pliagy et
PHYSICAL
REVIEW We acknowledge the support of Helmholtz Association
LLETTERS . . .
(HGF), Ministry for Education and Research BMBF

(05A17PM3, 05A17PX3, 05A17VK2, 05A17PDA, and
05A17W03), Helmholtz Alliance for Astroparticle Physics
(HAP), the doctoral school KSETA at KIT, and Helmholtz
Young Investigator Group (VH-NG-1055), Max Planck
Research Group (MaxPlanck@TUM), and Deutsche
Forschungsgemeinschaft DFG (Research Training Groups
Grants No. GRK 1694, GRK 1694 and GRK 2149, Graduate
School Grant No. GSC 1085-KSETA, and SFB-1258 in
Germany ; Ministry of Education, Youth and Sport (CANAM-
LM2015056, LTT19005) in the Czech Republic; and the
Department of Energy through grants DE-FG02-97ER41020,
DE-FG02-94ER40818, DE-SC0004036, DE-FG02-97ER41033,
DE-FG02-97ER41041, DE-AC02-05CH11231, and DE-
SC0011091 in the United States. This project has received
funding from the European Research Council (ERC) under
the European Union Horizon 2020 research and innovation
programme (grant agreement No. 852845).

Neutrino Properties I

harticle data group

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 1.1 eV, CL =90% (tritium decay)
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