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S ey Neutrinos in the Standard Model of particle physics

MUNSTER

Standard Model of Elementary Particles Neutral, spin 4,
hiee generations of maties interactions | farce carriers . .
R — — Only weak interaction (W,Z very heavy):
10 e 0@ | ® @ A, ~ light years at MeV scale
el il | (T | el | Wl I interaction rate increases linearly with E, usually
w7 Mavich 6 v -:.u Gevict [ 8_
d - S - b i ” :g
down | strange | bottom | | photon E
(]
10 eV aﬁ T Mo ou.‘ Mot :1:0 Gevie! E
IO IO |2 g
, neustno | _neusna | 200800 | &2 ks
2 -’nsoomw' ::.7.‘”6-0"0 -:'))060?0 | %
3 W W || @ |58 £ The most abundant particle in the universe:
- muon v‘/| tau ) &WDosonJ (5 &

Cosmic neutrino background: 336 / cm3 (similar to CMB photons)

({) In original SM v only left-handed: v, (}) ’w@ :: ”Cf. .
| — difficult to account for mass term: ih
/\ Yukawa coupling to the Higgs 3 @ = = o .
Y. YR did not exist in the SM up to 1998 Y. N, < = http:/7hitoshi.b;‘keley.ed?
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Super Kamiokande experiment (1998)

atmospheric neutrinos: v, — v,

Discovery of neutrino oscillations —- m(v)=0

-~

Nobel Prize
in physics 2015

4

Arthur B. McDonald.
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— ,tripple slit“ exp.: solarv, - v

Neutrino oscillation:

3 flavor v,, Vs Vs & 3 mass eigenstates v,, v,, v,

mixed by a unitary 3x3 matrix Upyys

Ve V1
Vu | = Upypns * | V2
Vr V3

~

v, atmospheric v, — v;
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— — wwu Motivations to search for the neutrino mass scale

Why are so neutrinos so light compared to the other fermions in the Standard Model of particle physics?
The very small neutrino masses are probably due to more than just the Yukawa coupling to the Higgs

% % & o ,P® “Seesaw”-mechanism
' ' ' TA Physics beyond the
/\ | e | /'l‘\ Standard Model
v V. (Z) vL° v© at very large energy scales

How do the neutrinos influence the evolution of the universe?
Even small neutrino masses count, since a billion times more neutrinos than atoms in the universe

4 Cosmic Structure formation

neutrino in the early universe:
background: depending on their mass
N 336 / cm3 neutrinos had smeared out

different scales
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s Three complementary ways to the
E— absolute neutrino mass scale

1) Cosmology: >,;m(v;) = 3 - m(v;)
very sensitive, but model dependent, compares power at different scales

1000 |

o
o

Current power spectrum P(k) [{(h~! Mpc)®]
)

L— Tegmanx & Zaldarriaga, astro-ph/0207047 + updates
aaaaal aa s s asaal P aaaal "

0.001 0.01 0.1
WWWWWWW ber k [h/Mpc]
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L Neutrino mass from cosmology

MUNSTER

g S Measurement of CMB
% (Cosmic Microwave Background radiation)

0N

Measurement of matter
o S density distribution LSS }
el e s e (Large Scale Structure) |

B by 2dF, SDSS, ...
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Compare to numerical models
including relic neutrino densitiy
of 336 cm-3
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— within the ACDM model:
e Ym(v,) < 0.12 eV
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Planck Collaboration: MiIIeniu siulation
P. A. R. Ade et al., arXiv:1502.01589 http.//www.mpa-qarching.mpq.de/qalform/presse/
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. Three complementary ways to the
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2) Search for 0vBp: mgg = |Zi Uz -m(vl-)|
sensitive to Majorana neutrinos only, challenge of uncertainties of nuclear matrix elements

disclaimer: mgg are valid only, if OvBp works dominantly via v exchange

Discovery of Ovp3 would proof lepton number violation !
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s Three complementary ways to the
E— absolute neutrino mass scale

3) Direct neutrino mass determination: m?(v,) = mﬁ = Y |Ug; | - m?(v;)
no further assumptions needed, use E? = p?c? + m?c* = m?(v)
Time-of-flight measurements (v from supernova)

Kinematics of weak decays / beta decays, e.g. tritium, 153Ho
measure charged decay prod., E-, p-conservation

N [a.u.]
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—-—uwu Direct determination of “m(v,)“ from pg-decay (EC)

MUNSTER

dN
B-spectrum: —== K- F(E,Z) - p - Esor - (Eo — E€) - X; |Ueil? J(Eg — E.)2 —m?%(v)
LYJ || y J [ Y J

essentially phase space: p. E; E, Py

», 9

with “electron neutrino mass”: ”m?(v,)” = Y; |U,;|? - m?(v;), complementary to Ovp & cosmology
(modified by electronic final states, recoil corrections, radiative corrections)

10
Z 6 58|
S 4 S |
g 2 96:
© © |
2 *54;
© S nt
= 82-
§ | | 'm O
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electron energy (keV) E-E, (eV)
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: The KArlsruhe TRItium Neutrino experiment KATRIN

—— — wWWwu
- at Karlsruhe Institute of Technology (KIT)
windowless tritium pumping . .
) high-pass energy filters counting detector
gaseous T, source & e transport MAC-E filter <1le/
10" e /s T, flow reduction >10'4 €

could act as
pre-filter

main filter
U =-18.6 kV

148 pixels
“dartboard" layout

\ine (Main challenges: \
10 m beam - Stability of tritium source (0.1% level)
- Stability of energy scale (ppm level)
- Low background level (< 0.1 cps)#
_- Ultra-high precision everywhere )
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—— "™ The KArlsruhe TRItium Neutrino experiment KATRIN

. Y ca > - ~ r el
The international KATRIN Collaboration: ﬂ m m a7 m 2-1&

150 people
from 24 (8) institutions (countries)

Collaboration Meeting
Spring 2023
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—-—ww Windowless Gaseous Molecular Tritium Source

MUNSTER

beam tube d=9cm,L=10m

= T : it quiding field 36T (2.527T)
>l < v 3 temperature T=30Kx 30 mK (80 K),
T, T, flow rate 5-10" molecules/s (40 g of T, / day)
column density  5-10""T,/cm?  luminosity 1.7-10""Bq T, purity 95% + 0.1 %
2 0 T, inlet pressure 10 mbar + 0.1 %
2 o5 FEmOto T, =00 P
[ max. starting angle
03 _ 45° 60° 80°
0.2 .
: Oy = 51° .
= S 7 1 = WGTS at Tritium Laboratory Karlsruhe

column density pd [ 1077 molecules / cm?] IR Colloquium, April 25, 2023
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—— wwu Photos: source
== & transport section
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__ Main spectrometer:
—— WWUu

MUNSTER

an integrating high resolution MAC-E Filter

Ultra-high vacuum, pressure < 10" mbar

Precision retardation voltage of -18.6 kV (ppm)
at vessel (, 0 < 60 mV/years)

and double layer wire electrode system

for background reduction
and field shaping . A"

Air coils for earth magnetic ‘/{"’:’5 N
field compensation / /g///}/' Py NN
y‘ ; i/ A‘ s » # \ \
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Main spectrometer of MAC-E-filter type

i i : o E
Magnetic gradient force: transforms transversal energy E, into longitudinal energy E, (?l = const., non-rel.)

Electrostatic filter: retarding voltage U let electrons through above a certain energy E~E =

(a) transmitted electron

source
(upstream)

B.
U=0V

(b) reflected electron

/--./.--,l--’al il el cguarl o g atm—s o g gmlts sl = ,ﬂ--/--,l—--/—-- _:

qU

Omex (degree)

02030 40 50

mr 1T 11

rigie] 1

electron momentum vector (no electric held)

"0 05 1 1.5

E-U (eV)

™ air coils”™ 0.4¢
Selectrodes— G:25k
0.3t
5 ;
= 0:2BF
0
) L) " 0-2 :-
TN AN solenoids 5
S s O0.15F
/ detector 0.1¢
(downstream) 0.05F
analyzinglplane Brax Bp -QO: '5'
U=0V U, '
- (c) trapped electron  Very high energy resolution
'lum.\xl Brnn AE
" " a = = L4 a o " & a = - an

= 0(1eV)

Very high angular acceptance:

A~
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—"— wwu Main spectrometer of MAC-E-filter type

MUNSTER

i i : o E
Magnetic gradient force: transforms transversal energy E, into longitudinal energy E, (?l = const., non-rel.)

Electrostatic filter: retarding voltage U let electrons through above a certain energy E~E|= qU

“air coils”™

(a) transmitted electron

electrodes—+

solenoid // e e s byt solenoids

detector

source 4
(downstream)

(upstream)
B, analyzinglplane Bhax Bp
U=0V U=0V U,

(b) reflected electron (c) trapped electron

»
'lumnxl min
« IR BN BN FE BT foY N A R N Phy an

/--./_--/..-’A el il . il . —— . w— . Al . il o, . . ,‘ /-_;.-./---/..
electron momentum vector (no electric held)

Sensitive to backgrounds:
* Low energy electrons “born”
in the spectrometer volume
will be accelerated to detector
(same energy as signal electrons)
e Electrons can be trapped in the
magnetic bottle of MAC-E-Filter
or in local Penning traps
— secondary electrons

Very high energy resolution
AE = 0(1eV)

Very high angular acceptance:
AQ~m
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S oy The KATRIN electron detector FPD

MUNSTER

PULCINELLA Vacuum gauges
. electronics Cooling tower
Focal plane detection system y and e" sources Ambient-air

electronics
Pinch magnet

segmented Si PIN diode: 60T \§¥ BT Veto
90 mm @, 148 pixels, 50 nm dead layer b or Shield

energy resolution = 1 keV e from main
spectrometer

pinch and detector magnets upto6 T

post acceleration (10kV)

active veto shield

and pinch mag

Preamplifiers

Detector wafer

Post-acceleration
electrode

Detector magnet
36T

Vacuum system

segmented Si-PIN wafer
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W The measurement principle

MUNSTER

retarding energy qU - E, in eV

-30 -25 -20 -15 -10 -5 0 5 :
T b ' ' - ' ' . ' Direct shape measurement of
» 10y 1 -
@ 1} ] integral B-spectrum
C . = = =
e a1b . |Pse rate for various minimal energies qU
E 0l Regd
8 0.01F, rom e e — essentially 4 fit parameters:
1 A0

0.00 v srerrvarrr i ey ! BEER spectrum spectrum
S H f u ’ J 4 Lo norm. Agjg endpoint Eo
GCJ T \; N l,
E-OOI - Te1 [ ’ i
T [ e om
pud " \T1?

002 T m, =350 meV M| _ background squared

| |*| iy aan SRR RN NN RCaRa NnnnE rate Rg, mass m?
E [y r——— Y VT T Y
o 200F
£ 100}
i : ik and ~10-8 of all B-decays in scan region
L e i A . i : ~ i
: 230 55 20 15 10 5 9 4 40 eV below endpoint
retarding energy qU - E_ in eV Eur. Phys. J. C 79 (2019) 204
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———wwu Model of the experimental spectrum

MUNSTER

B Beta spectrum: Rg(E,m?(ve))

10 ¢ I KATRIN data with 5 o errorbars
58] ~10'| :
s f : . :
26! @ single tritium scan
S4 P and fit

[ - 0]
3 : :
0f : g 10
-3 -2 -1 0
E-E, (eV) “ | |
B Experimental response: f(E-qU) ® ' | ‘ I l _______________ ‘
- 1.00 -40 20 30 40
2 retarding energy - 18574 (eV)
2 0.75
=] . . .
g 0-50 e(l:ea(l!ct:(;?]tgl:] nV\thd ‘ rEo T
§.o.25 SN eorvEalan R(qU) == A, - Ny J R,(E,m Ve)) - f(E — qU) dE + Rbg
£ electrons qu

0.00 . . PRL 123 (2019) 221802, EPJ C 79 (2019) 204

0 20 40 + detailed analysis PRD 104 (2021) 012005
surplus energy [eV] + energy loss measurement EPJ C 81 (2021) 579
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1st science run of KATRIN in spring 2019

M v-mass: best fit result
m?(v,) = —1.0%%7 ev?
B v-mass: new upper limit

m(v,) < 1.1 eV (90% C.L. Lokhov — Tkachov)
m(v,) < 0.8 eV (90% C.L. Feldman-Cousins)

m(v,) < 0.9 eV (90% C.L. Bayesian, flat prior m?>0

Excellent data quality
Only 9 days out of 1000 live days!

PRL 123 (2019) 221802
+ detailed analysis:
PRD 104 (2021) 012005

Count rate (cps)

Residuals (o)

First neutrino mass result

_—

-

-
L]

t KATRIN data with 1 o errorbars % 50 |
- Fit result

4

- 4

A A A A A A A A A A A A L

18535 I8555 18575 18595 18615
Y v o ¥ v v 2 v v v Y v v v T LaP
2rb) Stat. Il Stat. and syst. -
: Y ) .——-0——.-.—. :
of =2 - D .o
{ - S —
2 :-A 1 N £ 3 4 2 2 < 4 4 3
IR535 | 8555 I8575 18595 18615

Retarding energy (eV)
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— " — wwu Recent KATRIN result of 2"d neutrino mass campaign

MUNSTER

—~ Spectrum 1% campaign IIII“II

a with 1 o errorbars x 50 m? (v) = (O. 26t8§2) eV/2 N _-..-IIII Illl..___
o - 5

~ Spectrum 2"9 campaign . i F

= with 10 errorbars x 50 — compatible with zero BT,

- > 18573.70}

= Eo =18573.69 + 0.03 eV < :

3 W 18573.65F

© ¥ f — Q-value : 18575.2 + 0.5 eV '

18573.60

good agreement with Penning trap exp.:
Q=18575.72£0.07 eV, PRL 114 (2015) 013003

Residuals (o)

Stat. Stat. and syst. Frequentist limit: m,, < 0.9 eV (90% CL)

T T T T T T T T T T T

T T T T

0 50 100
X Retarding energy — 18574 (eV)

Same for Feldman & Cousins and Lokhov & Tkachov
15 campaign less than sensitivity, due to positive fit result
w27 campaign Bayesian: m, < 0.85 eV (90% Cl)

Lokhov & Tkachov, Phys. Part. Nucl. 46 (2015) 347
Feldman & Cousins, Phys. Rev. D57 (1998) 3873

[0

ime (h)

—— Knm1l: —0.96:93%eV2
[ —— Knm2: +0.26934 eV2
—— Combined: +0.11*§33 eV?

=t -
o N
I

[T

Combine 1%t & 2"d campaign:

Phygie,,
EVIEw
_ Lerrggg

] PRL 123 (2019) 221802
!//57 Nature Phys. 18 (2022) 160
7.

Frequentist: m,, < 0.8 eV (90% cL)

Bayes: m, < 0.7 eV (90% cL)

Normalized entries (1/eV?)

© o o o o
o N F=N ()] [o¢]
I
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——ww  Systematic effects and uncertainties

Molecular final states i Source electric potential Magnetic fields

- quantum-chemical g . - plasma properties - source
- computations ‘O"‘O’l : - surface conditions - spectrometer
OO - detector

Detection
efficiency

Nucl. Inst. Meth. A 778 (2015) 40-60

Background
- dependence on retarding potential
- time structure due to trapped electrons

Energy loss by scattering Activity fluctuations

T — - column density
e

=0

o o o
2 8 2 oo0aa=
8 8 3 o=
r e P 8 L

_ tritium (T2, DT, HT)

Normalized Raman signal

- concentration - o {\ j JINST 13 (2018) T10004
EPJ C 79 (2019) 204 Gl it Eur. Phys. J. A 44 (2010) 499
EPJ C 81 (2021) 579 Sensors 20 (2020) 4827 o — . Astropart. Phys. 138 (2022) 102686

Three complementary strategies to include systematics in the fit:
(a) covariance matrix, (b) Monte-Carlo propagation, (c) pull-term method
see PRL 123 (2019) 221802 + detailed analysis PRD 104 (2021) 012005
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—"— wwu Determination of response function

MUNSTER

e-gun windowless gaseous molecular tritium source towards the spectrometers

3543 | L
\ \ N
\ \
\= \‘-
A 3 - »
% ,’ | |

monoenergetic & single angle e B from tritium decays

B Shooting electrons from monoenergetic
pulsed UV-laser photoelectron source B e sl = ey
through tritium column density

Eur. Phys. J. C77 (2017) 410, Astropart. Phys. 89 (2017) 30

&
3
=
=
o 0.5f
g —=+=- Nominal pd, data with fit
_ _ e —— Actual pd, calculation
Normal integral MAC-E-Filter mode > : ~-=- pd=0, calculation
0.0 , - ; ; ;
: I . . o . ~
: : . . s 10" : —=+— Nominal pd, diff. data with fit 4
Differential Time-of-flight mode = ; Riideg Toss Tictionfor §=1
Nucl. Inst. Meth. A 421 (1999) 256 —— . : ,
<= 10% ~>'m/1-fold, 2-f(1|d, 3-fold inelastic scattering-
2 I
s = mTe Deconvoluted g I ':f\\/\—-\\‘k
- S e | differential energy g 107F ] o
3 loss function 5 k : i
N _2 Al 1 L 1*\.\‘» L 1
£ 09 Eur. Phys. J. C 81 (2021) 579 10775 T 30 30 20 30
R B ————
5.%_?2 v E—-qU (eV)

0 125 15 175 20 225 25
e BEEV) .. .. .. ... Colloquium, April 25, 2023
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Uncertainty breakdown: published run (KNM2)

B Budget for KNM2 (autumn 2019)
Statistics
. o o . Systematic ~ o
Budget is statistics dominated, - . - o I
bHoo 005 010 015 020 025~ uo\_ 0.35
but various contributions by background / .
i . . Bg overdispersion
and source systematics are still too high ,
Bg time dependence
Bg voltage dependence
Nature Phys. 18 (2022) 160 Analyzing plane fields \
Source el. potential background
Gas density dependent
u ta rgeted by 83mKr
ot calibration July 2021
Energy loss KNM2 sim.
Bonax B background-related
B source-related
Rear wall B el.-mag. fields
000 002 004 006 008 010 012
1o m? uncertainty (eV?)
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— —wwy  Improving source-related systematics

MUNSTER

83Rb
e Tij2=86.24d (EQ); 77.6%

83mKr
=112 -WT e!'}\{};_ng_[z. ) = 17.8243(5) ke\ﬂ X 10_7

A€ =32.1517(5) keV L‘;j:;‘;ﬁ s .
. we =2035 ¢ ~.___,E:4‘=“-9ev() ] 80_ N_; E * Data

s Ty = 150ns : i E 1‘2 <oy

B = sa050(@ kv +====== [0 2T TSNV ] s |=— Fitresult S
I Differential [ q ¢ %
. . . wehdd 492 W09 wem. 00 SEE= spectrum '

N Co-circulation of tritium and 83MKr at 80 K S g S
= % S
» ®a =
o £ 40 0.6 5
T = 3
S 3 0.4 §
® L 50) - @

0.2 £
0+ . -0.0
32132 32134 32136 32138 32140
Pumping Injection Pumping Retarding energy (eV)

Data of 2020 krypton run at 40% tritium column density used to constrain systematics in 2"4 campaign Nature Phys. 18 (2022) 160
Since then: New operation mode with stable co-circulation at high column density at 80 K

From summer 2021 on: 10 GBq Krypton generator (activity x6) = further reduction of plasma systematics

Christian Weinheimer — KATRIN — GSI-FAIR Colloquium, April 25, 2023 25
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B continuous improvement of signal-to-background ratio

count rate (cps)

KATRIN signal & background impovements #ﬂ/

ol 1
< | |
10° 1 "
2
z ...1‘111 L1 1 |
Z
.,m‘lll | ] ] |
10%4 i 'w'lllJJLu 1 . ] 1 v ; v . .
=== KNM1 18550 18575 18600 18625 18650 18675 18700
KNM2 retarding energy (eV)
=== KNM3a L e e e B
KNM3b 000-0---@-------c---ou- G
-== KNM4
o] == Kms (R XhEd TXLLLL IALLLLT ol R -
18550 18575 18600 18625 18650 18675 18700
retarding energy (eV)

* L
S

Shifting the analysis plane towards the detector
reduced background by factor of 2

Eur. Phys. J. C 82 (2022) 258
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——wwu  KATRIN data taking continues

x108 dL " | 1h Fan Ji J5%
1,0 pu v 1";&_‘5‘1_: "L"\ ‘r- e ar
= = m M= = =
2 = = = == = =
= '
= 08
2 d th th : :
a 39, 4", 5™ neutrino mass campaigns -
] .
< Results will be reported /,/
= in summer 2023 >
v |
§ 1st yv-mass 2"% v-mass
- - . 3
0| campaign campaign _ .
% e e s 6t", 7t and 8t neutrino mass
PRL 126 (2021) .
@ | s 18 (2022) 160 campaigns completed
- d Currently we are running "KNM9”
E a5
E i
) \ a /,«— - ’
Ld"—"n' ) - g : e = i . s
0.0=pr "ot i Octll o T S Ot May Feb
2019 2019 2020 202+ . : 2021 2022 2023
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— W% Uncertainty breakdown: later runs (here KNM5)

B Budget for KNMS5 (spring 2021) i

Statistics

Systematics, ~—

budget is statistics dominated, but

.

-~ —y
D00 005 010 015 020 O0F~ 30_ 035
—y

Bg overdispersion | LIS IS

Bg time dependence | 7 A S 7
background-mitigation techniques: Bg voltage dependence
avoid Penning trap, Analyzing plane fields
shifted analyzing plane (SAP) Source el. potential
Lokhov et al.,, Eur.Phys.J. C 82 (2022) 258 Gas nenstty

BWU!CC

Energy loss

high-statistics 83™Kr campaign, B

KNMS5 (KNM2) sim.
B background-related
B source-related

Rear wall Bl el.-mag. fields

tritium scans at identical temperature / gas density

0.00 002 004 006 008 010 012
1o m? uncertainty (eV?)

Altenmidiller et al., J.Phys.G 47 (2020) 6, 065002
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— = WWU Sensitivity estimate of runs to be presented in summer 2023

MUNSTER

Statistics 0.107 ' 90% CL
Systematics G 0.307
1 1 A ~ 1 1
bo0o 002 004 006 00F ~ 010 012
" ~ o 24 I ) 05
Bg time dependence 0.026 0. X9
G \
Source el. potential N> \\\\((\ S
' (i) N v
Gas density — 0.18 ’bc' ~
: o g o\ E
Bg overdispersion 2 -’ 0.4 =
NS 0\‘ >
Bg voltage dependence \{,\\ E
0.12 \O
Analyzing plane fields
Bimax 10.3
B.ource 0.004 KNM1-5 sim. 0.06
Energy loss 0.004 BEm background-related 10.2
B source-related 10.1
Rear wall 0.003 B el.-mag. fields 0.00“ . : L ’
-0.2 0.0 0.2 0.4

0.000 _ 0.005 0010 0015 0020 0025 0030
1o m? uncertainty (eV?)

— expect sensitivity to neutrino mass scale = 0.45 eV
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— — Wwu KATRIN’s sensitivity improvements on neutrino mass @ﬁ
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— expect sensitivity to neutrino mass scale = 0.45 eV
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e KATRIN ,,beyond the neutrino mass“

MUNSTER

~ “ . Spectrum 1% campaign
a " N with 1 o errorbars x 50 .
< 1004 N , Spectrum 2" campaign Search for exotic
IS there ; fourth § .::. with 1 o errorbars x 50 Weak interactions
€ 10°- N _
(sterile) neutrino? 3 ' \ ‘ EPeeiin Sn2E)
. F———F 4
a)
107!
2 A
g [ ] n 1 V, f
f:_' Sﬁeitrtl_mt'_ 0 Search for Lorentz
eV ... keV Ir?d sra IS _'c: invariance violation
separation? d precisio (sidereal
: modulation)
3
V2
vy
_ L Constrain local overdensity
NS g ke 1 of cosmic relic neutrinos
normal 3-spectrum (eV scale) K h “Spaceship KATRIN”
or deep B-spectrum (keV scale) (peak search)
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— Constraints on light sterile neutrinos
Ve V1
Sterile neutrinos at eV-scale: a 4th state? 1;5 = I s © :Z
Vg Vy

The 4t neutrino mass state v,
would manifest in a kink in the beta spectrum

...... Coszeg_g(mp)

~== sin?03(ma)

o
o

T L) 1 ] 1 1 L) l L) L) L ] | R B | l

—— sin20$z(my) + cos26 Sz (mp)
dr dr dl recd
dE = (1-1Ueal?) G (mp) +Ueal® g5 (m3)
\ ] | )

|| 1
light neutrino heavy neutrino

Active .
branch

Characteristic distortion
of the spectrum

Differential decay rate (a.u.)
o
H

0.2 Sterile branch
sinz‘t‘)‘ ~~~~~~
0.0 & { 1 1 1 1 r——l---l—-T—-;---l---l—-:-——l- § l
18560 18565 18570 18575

Energy (eV)
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—— Constraints on light sterile neutrinos

Ve V1
: - T Vu ' V2
Sterile neutrinos at eV-scale: a 4t" state? v, | = Upuns * Vs
Vg V4
The motivation comes from o'
anomalies in short baseline oscillation E
accelerator, solar and reactor ’
: : 10°f
neutrino experiments :
KATRIN starts to probe : S
very interesting parameter space, "5‘ o'
complementary to oscillation searches E
'
g
Phys. Rev Lett. 126, 091803 (2021) N

Phys. Rev. D 105 (2022) 7, 072004

* 7
3

’k”'UM NF.\I““p

DANSS 95% CL.
e Dayn Bay 90¢% C.1L.
— Doable Choaz 95% C.IL.
Prospect 95% CL
STEREO9S% C L.
w— Neulrino-4 2o
s RAA 95% CL
o BEST » GA 95.45% CL
B 05133 NH 90% C.L.
Ot IH 9O'% CL.
w v v s Mainz 95% C1.
o o Troatsk 95% C L

----- KATRIN (KNMI, o’ = 0eV¥) 93% C.L
=== KATRIN (KNM2. m” = 0 V) 95% C.L.
m— KATRIN (KNM 142, 0’ = 0 6V7) 95 C L,
----- KATRIN projected final sensitivily

(m". wDeV7) 958 CL.,
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— Expected sensitivities on light sterile neutrinos &>
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B | 13 ]
The motivation comes from 108 |ector e =2 FR B
anomalies in short baseline oscillation ]
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q . o e —_ sensitivity
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Phys. Rev Lett. 126, 091803 (2021) Lo 10-2 10-1 100
Shl2(2014]

Phys. Rev. D 105 (2022) 7, 072004
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MUNSTER

M Strong physics impact

- sterile neutrinos on keV-scale
are a viable candidate for dark

matter in the universe (WDM)

KATRIN: search for sterile neutrinos at keV-scale

FEATURE NEUTRINOS

see recent
CERN
Courier
issue
3-4/2022

_ Y/ .
TN 7/
N
-
’ NN
R

TURNING THE SCREW ON
RIGHT-HANDED NEUTRINOS

Extending the elementary-particle inventory with heavy neutral leptons could
solve the key observational shortcomings of the Standard Model, explain
Alexey Boyarsky and Mikhail Shaposhnikov, with some models placing the new
particles in reach of current and proposed experiments.

CERNCo

Shn.g : UR 1 E
OF po i8S
UNI Y ARy TS
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x 0‘!

25,

"\« signature of
\_ sterile neutrino

o“‘é‘“&“'é ERTEPEVSTELPN

t KATRIN Data

—— Fit result

~1500 —1250 —1000 —750 —500 —250 O
E — Ey (eV)

KATRIN: search for sterile neutrinos at keV-scale

i

1071 5 |
= ; '
1 |
1072+ |
: 3
> \
o™
-E
7]
10-3-
——  Exclusion BF * Best Fit Mainz 2013
104 = Exclusion NH Troitsk 2017 Holzschuh 1999
1 === Sensitivity Troitsk 2013 Hiddemann 1995
T0 ' A . L L} | LA AL ' L) \J 1 L 1 LA ' 1 L]
1072 101 10°
my (keV)
arXiv:2207.06337
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— — WWwu Future: search for sterile keV neutrinos with KATRIN

4th mass eigenstate, dark matter candidate

Look for the kink in the B-spectrum

Successfully tested
Target sensitivity of sin2 6 < 10%

first prototype module
at KATRIN’s

monitor spectrometer

requires developing a new detector & DAQ system with
- large count rates
- good energy resolution

= highly pixelized silicon drift detector (SDD): TRISTAN detector’
- data taking deep into the B-spectrum from 2026 on

Detector Module

Detector pixel

- "‘,Co’ .

S. Mertens et al., J.Phys. G46 (2019) 065203
T. Brunst et al., JINST 14 (2019) P11013
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Physics reach for sterile neutrinos at keV-scale

B KATRIN will advance experimental sensitivity by many orders
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— —wwu Search for overdensity of cosmic relic n

MUNSTER

1018 - T T T T T T T T T T T T T T T T T T T T 3
1012 :

- o°§ Solar (thermal)  Solar (nuclear) 3
£ 100 . _/Reactors E
0y 10_6§ Geoneutrinos/”_ ]
— " -~ p-

L, 3 DSNB -+~ E
.3 10—125 ) ~ 3 E
3 3 JAtmospheric 3
2 101 3 E
= C ~ 3
3 j02¢E ~_IceCube data 3
CI N @017 3
- - B

1r%E N -
0465 lRev. Mlod. Ph)is. 92, 0.45006 l(2020)1 Colsmogenici—ti;\;kg

1 C 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L =
10°® 1072 10° 10° 10° 10° 10" 10'® 10'®

Energy E [eV]

Detection via inverse -decay on tritium:
v+ T - °He+ e~

— monoenergetic electron

Signature
at KATRIN

Results
by KATRIN

Phys. Rev. Lett.
129 (2022) 011806
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— — Wwu Further reduction of background rate
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2
——— wwu Main spectrometer of MAC-E-filter type @

MUNSTER

™ air coils”” Sensitive to backgrounds:
* Low energy electrons “born”
in the spectrometer volume
will be accelerated to detector
(same energy as signal electrons)
e Electrons can be trapped in the
magnetic bottle of MAC-E-Filter

electrodes—+

SOII:‘”O{d ’ ¥ \".f-"...'\".‘;'.‘."..? .0..." A bt AR Y Y " 0‘”.":., P Solen()l(ig

detector
(downstream)

source

(;ps‘mm’ : 8, or in local Penning traps
5 analyzinglplane max )
U=0V U=0V Uo — secondary electrons

(c) trapped electron

(b) reflected electron

-
-lumnxl min
« IR BN BN FE BT foY N A R N Phy an

/--./.--/--’A el il . il . —— . w— . Al . il o, . . ,A /--f.-./---/_’
electron momentum vector (no electric held)
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—~— wwu An unexpected background 21°Pb in wall — 21%Po a decays
from installing the spectrometer under ambient air (222Rn)

Also a few ions, atoms )
and excited atoms . .
get sputtered off
/

t:::
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— " — wwu 210pg o decays create “Rydberg” atoms — background electrons Uﬁjﬁ

MUNSTER

Rydberg o
atom

Bath of infrared (room temperature)
black body radiation

n, =6-10% y/cm?

Rydberg background hypothesis:
Neutral Rydberg atom overcomes electromagnetic barriers,

is ionized in the flux tube by infrared photons,

electron follows the electric potential gradient following the magnetic field lines to the detector.

Energetically practically indistinguishable from 3 electrons.
Astropart. Phys. 138 (2022) 102686

Christian Weinheimer — KATRIN — GSI-FAIR Colloquium, April 25, 2023 43



MUNSTER

—"— wwu Different angular distributions — transverse energy filter

“Rydberg electrons” are released in spectrometer volume
with very little starting energy O(kgT),
and accumulate practically only longitudinal energy E), but E;, = kgT
— sharp angular distribution at detector,
in contrast to 3 electrons, which have E| up to AE ~ 2.7 eV

Eur. Phys. J. C 82 (2022) 922

Counts

Signal electrons
. "Rydberg" background electrons

150001 |
125001
100001

75001

0 10 20 30 40 50
Angle of incidence (°)

To suppress background need a detector which can distinguish large and small angles
at very low energies (18.6 keV) and at strong magnetic fields (2.5 T at KATRIN detector)

— make use of the different cyclotron radii (R.G.H. Robertson)

TP T e e e e e e e e [ el T
, s - - ' |
D AN -
) : =% al

y at aTEF (um)

== 5, — Signal electrons ;
\ — "Rydberg" background electrons | 25 2023
4

—A IS oy N B2l 2N
-100 0 100 200 300

— develop an "active transverse energy filter” (aTEF) by hexagonal shaped active detector surfaces (CW)

a4



—— WWU MCP-aTEF and Si-aTEF

MUNSTER

Background electrons _ ,
hit passivataed 38sssssssegy
8

bottom '993ssssssgggy

UMCP Uacc

Principle demonstrated:
Eur. Phys. J. C 82 (2022) 922 KATRIN detector
(PIN-diode array)

Etching of holes into
Si-semiconductor detectors
has been already successfully

demonstrated for other purposes
Rep. Prog. Phys. 81 (2018) 066101
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MUNSTER

Hamamatsu PIN diodes S3590 (partly with special housing) (different thickness of walls)

Test whether electrons can be detected in the side walls by changing angle of incidence by turning detector:

1 200,
103 —— Detector angle 33.74
| —— Detector angle 0.44 175 ¢
—— Detector angle -40.30
= 150
3 —— Detector angle 22.64 | — ° AngUIar dependence o
g 10? --- Background E 1251 as expected for
n { ]
€ © 100
3 5 aTEF !
®
T 10! 3 75
& (W]
= 50 .
L
25 »
10° ol
50 0 150 300 -40 -30 -20 -10 0 10 20 30
Channel Detector angle (°)

: — " amo :
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MUNSTER

‘ Si-aTEF prototypes:

Detection efficiency: >80% compared to unstructured PIN diodes

Hamamatsu PIN dig 5 of walls)

- Passiviation layer allows to operate at -40 °C

Test whether electl oy turning detector:
- Mechanical stability? y g

- Can KATRIN detector or TRISTAN detectors be microstructured?
Help by Fraunhofer institute for applied sciences IZM

dependence .,
— Si-aTEF is becoming a viable option to approach ected for

[} L] L] L] L] EF !
the final KATRIN neutrino mass sensitivity .
| ﬂ T ﬂﬂ“ ‘ n l . .
Voo 25 ’
10°) o L‘l mey | o1 ! ! 1 | | |
50 100 150 200 250 300 -40 -30 -20 -10 0 10 20 30
- f: Channel Detector angle (°)

: — " amo :
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B Direct m(v,) searches with cryogenic bolometers:

MUNSTER

ECHo, HOLMES

Understanding the em. deexcitation spectrum:

163Ho + e~ = 163Dy" + v, = 163Dy + y/e- + v,

ar=E e jo My pp M E

Cot or or C

‘tot

ECHo: metallic magnetic calorimeters (MMC):

Absorber

|

Superconducting
pick-up coil

Thermal link

Thermal resenvoir

1

= Lorentzian broadening
= Mahan broadening
= Experiment

4 0 M,

Counts/5 eV

35 m; total statistics m(IU—D 0.s 1.0 /1.3 20 2.5 ‘;
soe A EPI C 79 (2019) 1026 Enemwtev S
82.0 o
s ECHo: Qe = (2838 + 14) eV
. éto ; <, ‘Svensor . )
ECHo-1k phase: Ship- trap: Qgc= (2833 # 30,4, + 15,,4) eV
m(v,) < 20 eV

ECHo-100k phase: 10 Bq per pixel

production of chips and wafers on-going

expected sensitivity: m(v,) = 2 eV

Pads for injection of
persistent current

Thermalisation Single channel

13 mm

counts /0.1 eV

1000

800

(223
I=3
s

400

200

0
5870 5880 5890 5900 5910 5920

N S S ST S
ERERTA SR RN

HOLMES: superconducting transition edge sensors (TES)

N. Kovac, % : magnet
. Transition "
dth: g magnstic Faraday cup
poster, o8 1 et SeEnning sputter ion source
S SQUID rge 4
EPS HEP 2021 T 3 P ol lectrostatic
2
== data NEG pixel Z Ry
—— fit: By = 2.92 £ 0.04 eV z 04
-4 RT
0.2
38 39 AT 40 41 42
Temperature [mK]

energy / eV

JLTP 193 (2018) 1137
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Frequency - 25 GHz (MHz)

— " — WWU

Magnetic
trap

-

7

Antenna

Uses the principle of

Cyclotron Radiation EmissionSpectroscopy (CRES
to reconstruct total energy of electrons.

922

92

—

lllIIIII'ITIF]I']TIT[T[I|ll||lllllIIIII

It Tritium CRES image
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First tritium run
using CRES in
2019-2020

Low
background
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1 K E 1o Bayesian credible interval
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Frequentist intervals
Literature
Best fit result

2004
1507

~1502
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Tritium data ; -

---- Bayesian best fit 182?\?1point (132/6)00
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........ Literature £ :
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o

arXiv:2212:05048

Direct m(v) beyond KATRIN: Project 8

Deep trap frequency - 25 GHz (MHz)

900
" 1

9?0 91..5 9}0 9?5

o_’ B Shallow trap data

{ === Shallow trap fit result
.84 mmm Deep trap data

1 ---- Deep trap fit result
.64

| 83mKr calibration
471 “Shallow” trap:
_| 1661019 eV (FWHM)
.0
17500 17600 17700 17800 17900

Reconstructed kinetic energy (eV)

Phase lll & IV

A future CRES experiment will require
large volumes and an
atomic tritium source.

Eventually, Project 8 wants to build an

18000

experiment with sensitivity O(40 meV).
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————wwu Conclusions

e Direct neutrino mass search
- very important for astrophysics & cosmology and for nuclear & particle physics (BSM physics)
- complementary to cosmological analyses and Ov[33 searches

* Direct neutrino mass experiment KATRIN
- is taking data with unprecedented precision since 2019
- is continuously improving statistical and systematic uncertainties
- has presented 15t sub-eV limit: “m(v,)“ < 0.8 eV and will report on data soon with < 0.5 eV sensitivity

* KATRIN measures 3-spectrum with unprecedented statistics and precison
- beyond the Standard Model physics searches: eV and keV sterile neutrinos, CMB neutrinos, ...

e KATRIN’s background is dominated by “Rydberg electrons” (and from auto-ionizing states)
-> efforts to lower background further towards sensitivity goal of 0.2 eV: aTEF, ...

 New direct neutrino mass projects have started: ECHo, HOLMES, Project 8, ...

e KATRIN will go on: TRISTAN detector for dedicated keV sterile neutrino search, starting to think of KATRIN**
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