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The role of massive neutrinos ﬂ(".

Karlsruhe Institute of Technology

Mass generation:
new concepts

particle

hysics
Massive neutrinos as Py Understanding

“cosmic architects” astrophysical processes
336 v/ cm3 in the Universe today v as probes of fusion in the sun
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Neutrino masses & flavour oscillations

AT

Karlsruhe Institute of Technology

m2 A my, my, m@my
2
< N - AL # ‘ atm
Kaji N ]:7:}\/[, /i 1 2 2
. - e ! m, Am,, ~103eV?
for the discovery of neutrino i:
oscillations, which show that , A AR’ 2
; m I sol m v
neutrinos have mass” e .
0%, O
0 Y Y
=» 3 flavour states and 3 mass states .
normal inverted

linked by unitary mixing matrix
(analogous to CKM)

=» 3 mixing angles 6,
1 CP phase 9,
2 independent Am2 scales

* Large neutrino mixing and tiny neutrino
masses m(v,) # 0 established

v » Which mass ordering? CP violation?

« What is the absolute v mass scale?
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Complementary paths to the v mass scale AT

Karlsruhe Institute of Technology

-
- ® *e

Kinematics of weak

Cosmology Search for Ov3f3 decays
CMBR, GRS, BB-decay of 76Ge, B-decay of 3H,
IDINECE lensing, ... 130Te, 136Xe, ... EC of 163Ho
2
Observable M, =) .m; mas = |3, UZmi|” | m3 =37, |Ueil® m?

- Majorana nature of v,
lepton number violation Direct, only kinematics;
- BSM contributions no cancellations in

other than m(v)? incoherent sum
- Nuclear matrix elements

Multi-parameter

Model dependence :
P cosmological model
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Neutrino mass from -decay kinematics ﬂ(".

Karlsruhe Institute of Technology

Theory: Starting from Fermi’s seminal Experiment: Tritium identified early on
“attempt at a theory of B-rays” as most suitable B-emitter R
e NATURE August 21, 1948 vol. 162
[

Beta Spectrum of Tritium

THE B-spectrum of tritium (3H?) is of particular
interest because : (1) the relatively simple structure
of the ;H?® nucleus makes it well suited to a test of
the Fermi theory of f-decay ; (2) the unusually low
energy of the f-particles means that the shape of
the spectrum near the upper limit is_an extremely
sensitive function of the rest mass of the neutrino if
the Fermi theory is confirmed ; (3) a theoretical dis-
crepancy’ exists between the half-life? and the upper
energy limit, as recently measured®; (4) the mass
difference (;H?® — ,He?) can be accur&tely determined.

electron kinetic energy Lo

Fermi, Z. Phys., 1934 Curran et al.
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Neutrino mass from -decay kinematics

AT

titute of Technology

dI’
S =K-F(ZE)- p By (Eo—E)- Y. [Ueil* \/(Eo — B)2 —m?
dE ( ) ) p tot \( OV ), y ; ’ ez’ ( 0 ) 7;
e Ee v
p E, by
2103 1x10%| —— | Spectral distortion measures
—m, = 0 meV .
v 1] “effective” mass square:
- 5102 | — m,_ = 1000 meV | 0 50 o
HE m*(ve) 1= ) _; |Uei|* m;
.FE_); 0_ 1 1 . 1
o i -2 -1 0 .
> 1x10 E_E ineV Key requirements:
b » Low endpoint energy:
E,= 18.6 keV for 3H
' * High-activity source:
0

0 10000
electron energy E in eV

'E, = 18575

T4 =12.3 yr for 3H

* Energy resolution ~ 1 eV

Kinematic measurement can probe for heavier v states =» eV- and keV-scale sterile v
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Neutrino mass from 3-decay kinematics

Mass Limit (eV)
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Currar\ -

et al., 1948

tritium (3H)
B spectroscopy

Mainz (2005, final result)
m(ve) < 2.3 eV (95% CL)
| Kraus et al., EPJ C40:447

A

~Y,

Troitsk (2011, re-analysis)
m(ve) < 2.05 eV (95% CL)
Aseev et al., PRD 84:112003

courtesy JF Wilkerson

1960 1970 1980 1990

Year

2000

2010

2020

previous limits (2 eV)

v hot dominant DM

i . (KATRIN: 0.2 eV
ongoing exp. ( eV)

degeneracy scale

future approaches

hierarchy scale
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High-resolution spectrometer: MAC-E filter AT

Karlsruhe Institute of Technology

Magnetic Adiabatic Collimation & Electrostatic Filter

: - AE Bmin
=» Integrating electrostatic filter (E,;, > eUy) = B
=» High resolution AE ~1 eV combined with large angular acceptance 0° ...51° e
analysing plane
electrode —
(> <)
< E ‘ﬂb
solenoid "" /q _\ Bq \ solenoid
T 5 \\ B,
source =3 detector
- ——— /=
\\§ "7// ‘
Bs Bmin Bmax
U U

S
// //T (momentum transformation

8 [Beamson et al. 1980; Kruit & Read 1983; Lobashev 1985; Picard ef al. 1992] K. Valerius | Probing the v-mass scale with KATRIN



The Karlsruhe Tritium Neutrino Experiment

« Experimental site:
Karlsruhe Institute of Technology (KIT)

* |[nternational collaboration:
~150 members from 20 institutions
in 6 countries (D, US, CZ, RU, F, ES)

« Goal: Improve sensitivity on m(ve)
from 2 eV (previous experiments) to 0.2 eV (90% C.L.) within 2019-2024

katrin.kit.edu
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Working principle of KATRIN ﬂ(".

Karlsruhe Institute of Technology

windowless tritium pumping
gaseous T, source & e- transport
10" e-/s T, flow reduction >1014

high-pass energy filters counting detector
MAC-E filter <le/s

main filter
U=-18.6 kV

pre-filter
~103 e /s

- '4"'{
Q..;’
b‘
148 pixels
“dartboard" layout
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AT

KATRIN’s high-luminosity tritium source
Gaseous molecular tritium source of o ‘g Clsediiumoyce | o 2
. high activity (~100 GBq) e e e e
« high gas column density (5-1017 cm-2) O &b Superconducting magnets 3.6 T 50
and stability (0.1%) wers psir
- high isotopic purity (e1 > 95%) 2
Length of beam tube g

* closed tritium loops: ~100 m of piping
* instrumentation: > 800 sensors and valves
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Measurement of the response function

~ 18 keV e-

@ Energy loss of electrons by
inelastic scattering
are key systematics in
v-mass measurement

Measurement of “integrating”
response function by
precision electron source
with sharp energy & defined
angular range

Time-of-flight mode adds
access to differential energy
loss spectrum

source gas

transmission probability

AT

Karlsruhe Institute of Technology

S towards
= spectrometer &
detector

1.0

0.8

0.6

0.4

0.2

0.0

S A/”______—_—_-_=——- -
0% 6%

~50%

multiple ~100%

scattering

spectrometer transmission

q _

0 % column density
~ 6 % column density
==~ 50 % column density
= ~ 100 % column density

o

0 10 20 30 40 50

surplus energy above qU (eV)
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Energy loss function from time-of-flight ﬂ("'

Karlsruhe Institute of Technology

@ ToF signal from pulsed e-gun (70 ns at 20 kHz):
High-pass filter turned into narrow band-pass =» recover “differential” spectrum

50

/(;)\ :. - - : _:. - . E v ] /U? E— v
- B SO TOFCUt 4 & I= — Gauss <) el. excitation
= BRI P Q S5 Gauss
O 40 = © 8 102 — BED tail =» ionisation
= - d « s, KATRIN D, data, tof method
5 Sf 13 N
Q 3o 1 °
g = K . 102
ooF 1024 publication in prep.
15
C 10
10F
5F .
- Ramp up beam energy at fixed Uret
0_' I | I Y T T T Y 74 GO PO ICR S oy S S S ISl O AN T I I I ) I IS N T IS M O | 1 101 T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 10 12 14 16 18 20
event time (s) energy loss (eV)

® Empirical parameterisation replaced by physics-motivated composite model
=» triple Gauss for electronic excitation + ionisation tail

@ Greatly improved data-driven understanding of one of the key systematics

13 [‘MAC-E-ToF” idea by J. Bonn et al., NIM A421 (1999) 256; see also Steinbrink et al. NJP 15 (2013) 113020]



KATRIN data taking AT

Karlsruhe Institute of Technology

@ May/June 2018: Tritium commissioning (low activity ~500 MBq)
=» First high-quality B spectra, validation of spectrum model & analysis tools
[EPJ C 80 (2020) 264]
=» Search for keV sterile neutrinos

[forthcoming publication]

2102 A
o Qv
o =
9 o
© £
€ 3
(@] i cC
&) KATRIN data with
109 F 1 o error bars x 50 3
Fit result iiiiii f

Residuals (o)

-400 -300 -200 -100 0
Retarding energy - 18574 (eV)
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KATRIN data taking AT

Karlsruhe Institute of Technology

@ May/June 2018: Tritium commissioning (low activity ~500 MBq)
=» First high-quality B spectra, validation of spectrum model & analysis tools
[EPJ C 80 (2020) 264]
=» Search for keV sterile neutrinos

[forthcoming publication] — ——— # #—

8 % g
@ April/May 2019: Start of s 3
. ©
neutrino-mass measurements. 6 § &
Since then: g S S
3 = S

@ Ramp-up of source strength < | 3 § .

5 = = @

@ Improved background g £ 2 5

. = o =

suppression g e

, o =

B In-depth systematics studies, £ £

. - ©

e.g. plasma properties > L

. . 0 1 “ = L

@ Improved calibration . — A —

01 Mar 01 May 01 Oct 01 Dec 01 Apr 01 Jun 01 Aug 01 Oct

methods 2019 2019 2019 2019 2020 2020 2020 2020

Date

K. Valerius | Probing the v-mass scale with KATRIN



KATRIN’s first neutrino mass campaign

@ March 4, 2019:
Start large-scale throughput of high-purity tritium in closed loop (4.9 g/day)

@ April 10 - May 13, 2019: four weeks (780 hrs) of 3-scans at 24.5 GBq
=» equivalent to few days out of 1000 planned days at nominal activity (100 GBQ)

tritium signal background region
-40 eV below Eo +50 eV above endpoint
" >< >
. m2(v) . tritium - After quality selection:
) region . endpoint E, 274 B-scans x 2.5 hrs

35 - Alternating up/down scans

30 - 27 HV set-points per scan

Measurement time (hours)

25
20 - Event sample:
15

o 2 Million electrons

5 |H|
:..|1|.|||,|.|.|.|.|. 1 | | | | |

18530 18540 18550 18560 18570 18580 18590 18600 18610 18620 18630
Retarding energy (eV)

II|IIII|IIIIIIIII‘IIII‘IIII|IIII|IIII|IIII|IIII A

274 B-scans
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Stability of spectral scans ﬂ(".

@ Fit of 274 individual scans
(fixed m2(v) = 0)

@ All pixels combined into
uniform pixel

v B-spectrum endpoint Eo
shows excellent stability
over entire 4-week period

Karlsruhe Institute of Technology

é e )
' i KATRIN data with 5 o errorbars |
10 |
2107 |
o,
)
N
O
—
=
—
- 0
(e o
g 10 :
&) I - I

-46 | -36 - 20 -10 0 10 20 30 401 -
retarding energy -18574 (eV)

g \ / J
£ ¢ Scanwisefits (stat. only) o S
C — Weighted mean, p-value = 0.51

2 %
T G T,
w® L f ,,J;.'.l..,,," [ il | | ||| n..-. || I dl '.. R, '" ot L Iu IpJ' i il e B [ 8 ' std. deviation
,t E‘% g J'.. '!.I.-L ||"| .I- WOIp |||| % |'.|. .,(I_!J.J-,.l.. IOk S .'|- % |..'.|I. ' o= 0.255 eV
WS -05F % %{ % J( % { ﬁ%# ﬂ’ } l( %) # % :

B (l) - l1(I)Ol - 12(I)OI - I3(I)0l - l4(l)0I | I/155'1)71 - l6517l l l/11751)71

17

Time (hours)
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Statistical and systematic uncertainties A\‘(".

Karlsruhe Institute of Technology

@ First dataset is strongly statistics-dominated (5 days nominal KATRIN only ...).

Total statistics budget: Ostat = 0.97 eV?2 factor 2
improves on
@ Systematic uncertainties are well understood. Mainz &Troitsk by
Total systematics budget: Osyst = 0.32 eV?2 factor 6

B Systematics breakdown for first Science Run:

Non-Poissonian background part

Background slope 0.066 eV?

Column density fluctuations 0.052 eV? =» since May 2020:

Magnetic fields 0.049 eV improved radon retention system
HV stacking 0.044 eV?

Molecular final states spectrum 0.020 eV?

Energy loss distribution 0.002 eV?

KATRIN Collab., PRL 123 (2019) 221802
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First neutrino mass result

Count rate (cps)

Residuals (o)

Time (h)

—
O_L
I

—_
o
o
T

t KATRIN data W|th 1 o error bars x 50 |
— Fit result

30 20 -10 30 40
Retarding energy 18574 (eV)

KATRIN Collab., PRL 123 (2019) 221802

AT

Karlsruhe Institute of Technology

2 million events in total

Shape-only fit, 4 free parameters:
m2(v), Eo, normalisation, background

Excellent goodness-of-fit:

x? =214 for 23 d.of. (p=0.56)

Best-fit value: m_ = (—1.0777)eV?

New upper limit:
m, < 1.1 eV (90% C.L.) = sensitivity

Bayesian Credible Interval

(flat prior, m2 > Q) Pisica,
m, < 0.9 eV (90% C.l.) Lerrers
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Physics reach of KATRIN:
search for extra neutrino states

dI’
dE

ar ,

: dI’
d—E(mB) -+ Slﬂ2(95) 2

= cos”(0s) 75 (Ms)

Neutrinos mix: generate “kink™ in 8 spectrumat E =E, —m

light sterile v, m_ ~ few eV
motivated by oscillation anomalies

S

A mass

i 1 Vy

Ist there a fourth
(sterile) neutrino?

Y
I — N

heavy sterile v, m_ ~ few keV
motivated as DM candidate

amE R Ry,
Le "aa,
-
",
"
.
-
]
.
.,
.

20 dr (102
== COS Oﬁ(mﬁ)

—— with sterile neutrino
\ - = no sterile neutrino

0.8~ 0.104 ,Z2=3~
; : ...... coszeg_lz_(mﬁ) ;
T o6l mmo sin®og(ma) = 0.08-
$ 0.6 sin269L (m,) + cos269L (mj) S .
© B dge\'''a ge\'"'B © /
& b Active " 3 0.06 1
O 0.4+ b h c e g . [}
3 | branc Characteristic distortion ©
© - of the spectrum 2 0.04 1
= - c
§ 0.2} Sterile branch example: ms =10 eV %
Q i & 1
= i I .............. = 0.02
a - | sin2@ TTv=~o. 0 T

0.0 A S I 0.00

18560 18565 18570 18575 0.0 2.5

Energy (eV)

7.5 10.0 12.5 150 17.5

Energy (keV)
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Search for sterile neutrinos at the eV scale ;\‘(lT

Count rate (cps)

Ratio

21

0.98 |

I ¢ KATRIN data with 1 o error bars x 50
[ ' == 3_p model T
1o T 3

Signal to Background = 70

P 3-v model
3+1 model ¢ 3+1simulationm, =10.0eV [U | =0.01 -

HHHH“HHHHHH*'* ....... + ....... * ................. *

Retarding energy - 18574 (eV)

@ Same data set and basic analysis
procedure as for “mg” neutrino mass

search

B At Eo-40 eV, signal to background
ratio is ~70 (favourable compared to
typical oscillation experiments)

@ Apply 3+1 sterile neutrino model
B Grid search in (my, |U.4/?) plane

@ mg fixed to minimum allowed value
(0.009 eV) according to oscillations
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Search for sterile neutrinos at the eV scale ;\‘(lT

Karlsruhe Institute of Technology

Mainz 95% C.L. — Neutrino-4 20
- - - Troitsk 95% C.L. = ——KATRIN 95% C.L.
Prospect 95% C.L. = Projected KATRIN final
DANSS 95% C.L. sensitivity 95% C.L.
Stéréo 95% C.L. OvB3 NH 90% C.L.
——RAA + GA 95% CL OvBG IH 90% C.L. Region Of hlgh AmZ:

- Improve exclusion with respect to
DANSS, PROSPECT, STEREO

- Exclude large Am? solution preferred
by reactor and gallium anomalies

Region of low Am?:
- Improve limits by Mainz and Troitsk

- Neutrino-4 hint at the edge of 95%
exclusion

1072 107! 10°
KATRIN Collab., arXiv:2011.05087
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Search for sterile neutrinos at the eV scale

Mainz 95% C.L. —— Neutrino-4 20

- - - Troitsk 95% C.L. = ——KATRIN 95% C.L.
Prospect 95% C.L. = Projected KATRIN final
DANSS 95% C.L. sensitivity 95% C.L.
Stéréo 95% C.L. OvB3 NH 90% C.L.

——RAA + GA 95% CL OvBBIH 90% C.L.

1072 107! 10°

KATRIN Collab., arXiv:2011.05087
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Karlsruhe Institute of Technology

®@ Demonstrate potential of KATRIN
to probe sterile neutrino hypothesis

@ Complementarity with short-
baseline oscillation experiments

@ Future prospects:
large fraction of reactor & gallium
anomaly and Neutrino-4 region of
interest will be probed with full
KATRN data set
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Prospects for keV sterile neutrino search

Rate (cps)

104 ¢ KATRIN data
1 —— 3 v model

54 —— 3 v model
3+1 model (my=400eV, sin?(0) =0.001)

. ° ° (T o, :.

Residuals (o)
(@)

—5

N L L T D L
—1500 —1250 -1000 —-750 -500 -250 0
E — Eg (eV)

publication in preparation

24

Karlsruhe Institute of Technology

@ Proof of principle:
@ Deep scan (1.6 keV below Ep)
@ low-activity commissioning data

@ Excellent agreement of model and
data (p-value = 0.6)

B Sensitivity to sin’0 = 1073
at ms = 0.4 keV

@ Future perspectives:
Novel multi-pixel Silicon Drift
Detector array (TRISTAN)

@ High-statistics search

B Target sensitivity of sin“0 < 10®
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Prospects for keV sterile neutrino search

- High count rates at ~few keV below endpoint

- Tiny sterile admixture sin?(6,) expected

- Best sensitivity for differential measurement,
need energy resolution ~300 eV or better

TRISTAN detector for KATRIN:

sin2®

Silicon Drift Detector (SDD) arrays developed

at MPP / HLL Munich

[Mertens et al., J. Phys. G 46 (2019) 065203 & 2007.07136]

SDD pixel

=

3 mm

7-pix prototype in use
as KATRIN beam monitor

AT

Karlsruhe Institute of Technology

1072 1l N
\'”H% present lab limits \
. AN \\\\\\\\\\\\\\\
\\\ -~
10744 = TT~—__ current detector _ _--~
107+, TRISTAN detector,
) stat. & syst.
Y stat. only, 1016 electrons .
10-84 e e
— = KATRIN e Statistical limit \\\" Holzschuh 99
—— TRISTAN /// Hiddemann 95 HI Troitsk 17
10—10

0O 2 4 6 8 10 12 14 16 18
Mheavy (keV)

full array

replacing KATRIN
focal-plane detector
in 2025

installation at monitor
spectrometer in Nov.
2020
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Summary and Outlook A\‘(IT

Karlsruhe Institute of Technology

Spring 2019: Inaugurational neutrino-mass New PDG reference value:

campaign (4 weeks, at reduced source strength)

U MASS (electron based)

S 2(eff) _ 2
Those limits given below are for the square root of my, ™"/ = i |Vl

mlz,_. Limits that come from the kinematics of 3Hﬂ v decay are the
'

New upper limit m(v) < 1.1 eV (90% CL) e o 42T
improves on previous experiments by factor ~2 e Z  mosewe  Fn e ?é“‘)
e o ¢ We do not use the following data for averages, fits, limits, etc. @ o o /‘/
Ongoing analyses: more data sets F I EeiEEE
- at increased source luminosity (2019) b % SlomDo . o ATe s
. . . <25 95 TLOBASHEV 99 SPEC 3H 3 decay
- with improved background reduction (2020)
HTTP://PDG.LBL.GOV Page 4 Created: 6/1/2020 08:33

g ’l:"'lr [ :w‘! f l'l |,v"i'|n.hl-__r v:\lmmlvlv 'I"”II".’!J",'f,';.'\q';if'nﬁilllﬂlll!ll:,‘l'
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Ongoing data-taking:
Collecting ~200 measurement days in 2020
towards target sensitivity of 200 meV (~5 cal. years)

Beginning to explore KATRIN'’s physics potential
beyond the neutrino mass:

- search for sterile neutrinos at eV to keV scales
- search for exotic weak interactions, Lorentz

invariance violation, ... m
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