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T
L Three complementary ways to the 5,
WWU : A
absolute neutrino mass scale b4
1) Cosmology _ e
very sensitive, but model dependent E
compares power at different scales ;
current sensitivity: Sm(v.) ~ 0.23 eV
2) Search for Ovpp
A A
Sensitive to Majorana neutrinos P\ [e” e P
Upper limits by EXO-200, KamLAND-Zen, GERDA, CUORE a8 .
Ve = Vg
n n

3) Direct neutrino mass determination:

No further assumptions needed, use E? = p%c? + m?c* = m?(v) is observable mostly

Time-of-flight measurements (v from supernova) 10
SN1987a (large Magellan cloud) = m(v_) < 5.7 eV 5 |
Kinematics of weak decays / beta decays 3 °F
measure charged decay prod., E-, p-conservation = 4T e

p-decay searchs for m(v,) - tritium, ""Re B-spectrum 2

i mv1=1eV4>

'3Ho electron capture (EC) ]
F—E, [&V]
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Comparison of the different &

WWU . M

approaches to the neutrino mass %ﬁzi
Direct kinematic measurement: m*(v,) = Z|U_? m*(v) (incoherent)
Neutrinolesss double 3 decay: me(v) =[Z[U? e“Um(v)) (coherent)

if no other particle is exchanged (e.g. R-violating SUSY)
without additional uncertainties of nuclear matrix elements M and quenching factor g,

T tritium B decay T tritium g decay

certainty due
to unknowns
of the neutrino
mixing, essentially
the Majorana-phases

m(ve) rrlﬁﬁ [eV]

_3: normal hierarchy L inverted hierarchy

10 T Ll M I 10 — T ......|_1 Ll P
1077 107" ! 10 10 1
>m(v;) [eV] >m(v;) [eV]

<=> absolute scale/cosmological relevant neutrino mass in the lab by single § decay ]
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Direct determination of m(v)) "%,

from -decay (and EC) wo b f
B: dN/dE =K F(E,Z) p E, (E-E,) 2 |U_|? \/(Eo-Ee)2 — m(v,)?
Y~ ~— ~
essentially phase space: p, E, E, P,

with “electron neutrino mass” m(v,)?:=x [U_|* m(v,)?, complementary to OvfB & cosmology

(modified by electronic final states, recoil corrections, radiative corrections)

100
1| ,’f 56 const. offset «cm?(v ) averaged
E 73 : = 3|U_2 m2(v) neutrino ;
0.6 =R m(v) < 2 eV (Mainz, Troitsk)
5 0.4 - v do not solve DM problem
S rl 20 r
0.2 t ! i
i O
Y0750 15 - ----- s Y R
enerqgy B [keV] E—E, [eV]
4 1 11 3 187 163 h
Need: low endpoint energy = Tritium °H ("*’Re, ®°*Ho)
very high energy resolution &
very high luminosity & = MAC-E-Filter
very low background (or bolometer for '*’Re, '®*Ho) -




. . T
WWU The classical way: Tritium & gﬁ’g
p-spectroscopy with a MAC-E-Filter */! /

e Two supercond. solenoids
compose magnetic
guiding field

e adiabatic transformation:

uw=E /B = const.
= parallel e beam

e Energy analysis by

electrostat. retarding field
g g BT Ll) TB AE = E . Bmin/Bmax
Somer m mox 7P = 0.93 eV (KATRIN)
T, source detector 04 em?f)lzl%ds?)giﬁe%o
0. (without E field) 0.35¢
_ 0.3}
ff/// AJ/ ; 0.25;
7 = e £ 02f
g 0.15¢
C: sharp integrating transmission function without tails — ) 0.1¢
0.05E
Magnetic Adiabatic Collimation + Electrostatic Filter of

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345) e
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WWU The KATRIN experiment ;;i
“/ V2 &

Q%mmw&

windowless tritium pumping MAC-E type spectrometer electron

gaseous T2 & e- transport 10 m diameter, 24 m length detector

source <1e-/s

1()11 e'I'S e e s s s s
~70 m beamline SS===SSSssss —5
< >

AT

Sensitivity on m(v ):
2eV — 200 meV m ]
i | |

wWwu ﬁ*&a GENPA . i

MUNSTER

THE UNIVERSITY
of NORTH CAROLINA
af CHAPEL HILL

KATRIN at Karlsruhe Institute for Technology \"V-_TJ/’; - \\v
Int. Collaboration: 20 institutions from 6 countries i)
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. T
Molecular Windowless Gaseous @5«4

Wwu e M
Tritium Source WGTS ’%%’4%

f per mill stability source stre(néth request:\

dN/dt ~f, -N/t~n =® vm@

tritium fraction f; & ideal gas law

él ! : I
| | |
e B —— oy BT (==
WGTS: tube in long superconducting solenoids o
@ 9cm, length: 10m, T=30 K g |
B .5 [2Symplotic maximum = 0.5 x pdpee
Tritium recirculation (and purification) s
pin' = (0.003 mbar, qin' =4.7Cils 04 [ max. starting angle
j J g 45° 60° 80°
allows to measure with near to :
maximum count rate using 2 e
pd =5 - 10%/cm? Koo 98 =% 107
with small systematics

0 (o) 10 15
check column density by e-gun, T, purity by laser Raman  .qumn ensity pd [10'7 molecules /em?]
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wwy Calibration and monitoring rear system: @ *e
controling and studying systematics %ﬁi /

Essential for diagnostics of tritium source
& spectrometer transmission |
- photo-electron gun:
spectrometer transmission
column density & energy losses in source
- rear wall: definition of source potential,
neutralization of tritium plasma

Rear wall

=

- X-ray detectors:
online monitoring of tritium

stable and homogeneous [3-decay activity via X-rays (BIXS)

Rear Wall: Au surface creates

electrostatic potential (~10-20 mV)
in the source plasma

|
o
| |

e from moleclar windowless gaseous tritium source towards the
monoenergetic e-gun spectrometer

@ 150 mm

Christian Weinheimer CNNP, Catania, October 2017



: Differential and cryo pumpmg sections: Q’T"’a
b supression of T_ by 10" (incl. WGTS) NI/

“linent

"111 Neum°

* based on by cryo-sorption
at Ar snow at 3-4 K

® Tritium retention: >107
gf' magnetic field: 56T

* active pumping: 4 TMPs
® Tritium retention: 103 2

* magneticfield: 56T ./

* lon monitoring by FTICR and ion manipulation
by dipole and monopole electrodes inside
Christian Weinheimer CNNP, Catania, October 2017




WWU Monitoring and calibration @T,l\‘z,é
instrumentation of the CPS %ﬁE$

Condensed ¥™Kr conversion electron source

for energy calibration and studies of transmission properties
HOPG @T=25K, UHV, on HV, can scan full flux tube
surface control: heating & laser ablation, laser ellipsometry

Electron rate monitor

scanning small SD or’iIN diode

Christian Weinheimer CNNP, Catania, October 2017 11



WwWu

KATRIN spectrometers g;ﬁg
of MAC-E-Filter type Y.,

=E - 1/20000

=0.93 eV
Pre spectrometer: f A Aw v A
- successful tests & developments of new concepts . @“""(?lzl(odsleogil(eae%o
Main spectrometer: adiabatic transform.: 035}
- huge size: 10m diameter, 24m length w=E /B = const. Ooz‘zg

1240 m3 volume, 690 m? inner surface = parallel e beam £ 02
- ultra-high vacuum: p = O(10-"" mbar) ABE=B /B & 001?
- ultra-high energy resolution: AE = 0.93eV 0.05}
%5

- vacuum vessel on precise high voltage (ppm precision)

Christian Weinheimer CNNP, Catania, October 2017



—"— wwu KATRIN main spectrometer

MUNSTER

- Py

Huge s-béctrometér: .\ S TP
' eéogution & huge asteptance

- ——

F >
- o

Large air coil system: -
background suppression & B field shaping

Christian Weinheimer CNNP, Catania, October 2017




PR,

WWU The detector

MUNSTER

Requirements
 detection of B-electrons (mHz to kHz)

* high efficiency (> 90%)

e l[ow background (< 1 mHz)
(passive and active shielding)

4

by

1 AL

\)

e good energy resolution (< 1 keV)
Properties

90 mm @ Si PIN diode

e thin entry window (50nm)

e detectormagnet3-6 T

e post acceleration (30kV)
(to lower background in signal region)

e segmented wafer (148 pixels)

— record azimuthal and radial profile of
the flux tube

— investigate systematic effects

— compensate field inhomogeneities

Christian Weinheimer CNNP, Catania, October 2017



wwy COmmissioning of main spectrometer @;ﬁﬁ
(AE = 0.93 eV) and detector YV

_1.0 —1.8596e4

600 *2/ ndf 382.9/20 [~ o P — ——

mu -1.651+ 0.0003893 :

| sigma  0.04922+ 00004421 | ¥ ¢ i

amp 575.9+1.314
bkg 6.79+ 0.2158

*

back plate
-1.2 relative to
magnetic field

-1.4 § angleo®
§ angles®
=1.6 § angles®
i angle9°

500

electron rate [cps)

400
-1.8

300

o oop=S0mev. |

e;mittagnce)

2.4 -2.2 -2 -1.8 -1.6 -1.4

transmission edge (V)

200

100

residuals

-1.2 -1
U_IE-U_egun[V] -3 -2 -1 0 1

radial position (m)

angular-selective
pulsed
photo-electron

pixel
detector
section

Christian Weinheimer CNNP, Catania, October 2017 15



- Background sources at KATRIN: Q’;ﬁﬁ
detailed understanding, but ... %"%

internal
radioactivity

c J
W/ vessel
’I
’I —-— —-— —-— Wil'e
7 ﬁ; == == = electrodes
"' T i

Xke

/ 7 FPD

Ipziszzzzziszgszsszazzzzsgegfessszissgesazszzsazagasaaaaaaagis
Vv
K, ...¥ external radioactivity

» 8 sources of background investigated and understood

- 7 out of 8 avoided or actively eliminated by * 1outof8 ;??aining:
- fine-shaping of special electrodes caused by #'“Pb on spectrometer
- symmetric magnetic fields walls (neutral H* atoms ionised by
- LNs-cooled baffles (cold traps) black-body radiation in
- wire electrode grids spectrometer)

Christian Weinheimer CNNP, Catania, October 2017 16



TR

: Background due to ionization of Q’ﬂﬁ
Rydberg atoms sputtered off by o decays =, "?
%"n}Neum°
H* Rydberg atoms: counter measures:
- desorbed from walls due to 2°6Pb recoil ions - reduce H-atom surface coverage:
from #'°Po decays a) extended bake-out phase: done
- non-trapped electrons on meV-scale b) strong UV illumination source
- bg-rate: ~0.5 cps
Testing this hypothesis: | rate - symmetric B-field | x s IO
artifically contaminating N O T R T I T PP
the spectrometer with o EM S N R o
implanted short-living = ﬁ‘i
daughters Of 220Rn 25__ ........... ++~k .............. T=T(212Pb) ................................................................................
1.85‘“ ..................... &_. ................... ............................................................................................
- hy
16_:__. ............... ................ ﬂ-..}.* ............... ,., ................... , ................... ................... . .............
] +:H-_h ................... S S T A—
- | | S | |
2 [ Re ++‘"E.p:hh .............. s S
_ : 1__- ..... T4 :i‘:[..'* .................................................
\ \\\\\\\\\\\\\ :i?lggf'):xt:)%;?l:‘e 0.8 E_~*+ ............. .I-'-P"F.{‘.h"}"ij"‘*‘*l*n—--,._
C A R R R AU U SRR R Vo0
0 20 40 60 80 100 120 140
time/s
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:__ . Technical start of KATRIN: ,1* light, .~
“= photo-electrons from rear wall & and ions w‘;i y

2. POSS)

“iment S‘x

Testing whole 70m long
beamline with electrons:

- alignment

- magn. stearing of pencil beam

With ions:
- ion removal

no tritium yet

Christian Weinheimer CNNP, Catania, October 2



July 2017: calibration and comissioning Q"%

/WU . - g
campaign with all 3 **™Kr sources %ﬁi #

gaseous *™Kr source condensed **"Kr source
decaying **"Kr atoms fill point-like source
whole WGTS (at 100 K) full flux tube scanable

implanted
8Rb/**MKr source

83mKr . 1|:|[| T T T 1
e .

3 2 sharp
from 1 GBq ®*Rb source = s0) — |
—— o il M | electron (C ~2eV) . |¢
D aa S e — : E S - = . <
,_d?t_&" — . 83m ,/Ec'ﬂm_%'zd I:E 6L |IneS at N i C{
e i 7 keV - 32 keV
@ =2011 :
— | E=32,1517(5) keV i 40 a i g
1;,3:7154,4 ns %: . . "‘;T'l' ‘ :
morze___ Kry E-04keV a Wi Aty ‘w;'.-l- |
g Tl ol s
= _\_.':' -.---I “
= 0 |.|' i i i L,_ E

Energy [keV|

Christian Weinheimer CNNP, Catania, October 2017 19



TR
L u u [ ] ,.—4",
e Line scan & stability WJ’/F 2
B
MUNSTER % F
(gaseous Kr source GKrS) o 12 o
L3-32 line (30.47 keV, T ~1.4 eV)
%07 N n } Measurement : 17.5 100
B R e r17.
Pt Py +“++‘“1. Fit result i ~ S
50 :' {,: --- Differential shape :'15-9 ] E 50 ]
% {.’ ‘Li.; :—12.5% 5
Y 401 F10.0%5 2
E 'I: ‘lq* ; g S‘— 0___+_+____¥_+_ _________ * ________ + _____ + ______________ ; _____ + T
2 A 175 8@
3 30 1 , \ : s =
o % - Yoo
S ;,: 1\ g E?.U 52 o
20 T ____,'"{ \\'-,ﬁ‘_t;r‘iqil > 0 E
S .- : : : L“m.___-“f“ - 0.0 -100 +———— I I I I
30465 30470 30475 30480 0 1 2 3 4

Retarding energy (eV)

* Just one example (one out of many line scans)

Time (days)

* Only central detector ring shown (x30 more statistics available)

* High-resolution scans of narrow N2,3-32 doublet (670 meV hyperfine splitting,
sub-eV natural widths, background-free at 32 keV) currently being analyzed

Christian Weinheimer

CNNP, Catania, October 2017
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. . T
£ — wwu Absolute energy scale calibration 5 R’z

: 4
' by difference of electron conversion lines *. #

%"n) Neum°

Measure retarding voltage Determine difference of conversion electron line positions:

with ultra-high precision | a0 i | o .
HV lelder 300 L3-32 line L3 32 I|ne 100 K-32 line K 32 I|ne

&

f
I R R S
_ I . H‘ 30.5 keV, % 17.8 keV,
N 80 —~
T ~1.4eV " I'~2.8 eV
w200 \ m
%150 “: E
a 3 50
- | FPD data ringl II"‘1 - 4+ FPDdataring 1
100 — fit function ring 1 "'-‘.‘l 407 — it function ring 1
Combined fit results ring 0,1.4: "‘ 30 Combined fit results ring 0,1,4:
line position U_| DVM -15.448056(10) V ‘-'\ line position U_| DVM -9.036755(14) Vv
Ilne posmon (energy) 30472. 49(2]eV %o line position (en gy} 17324 55(3)
-15.444 -15.446 -15.448 -15.450 -15.452 -9.032 -9.034 -9.036 -9.038 -9.040
voltage (V) voltage (V)
Energy of electrons: Transmission condition:
Exin = Ey - + E{(ec Efgg Ekin = —AD - qAU + qupec
Energy of Recoil energies Work function difference  Potential decrease in
In cooperation with y —transition source - spectrometer analyzing plane (=2V)
German national .
metrology institute — systematic effects (AP, E ) cancel out
Y
. = ) L3-32 K-32 _ rK-32 L.3-32 K-32 L.3—-32
Last calibration at q(Uspec ™ — Uspec”) — q(AUp3-32 — AUk_33) = Epinding — Epinding T Erec’” — Erec
i \ ),
[ - li
PTB in 2013: Y — GKrS 2017: E(ce) = }:738224:?263(50) eV
----------------- Epinding(c@) = 14327.26(4) eV
- | L3—-32 32 Erecoii(ce) = 0.120 eV
M = 1972.4531(20) LM - (Ul — Ubid) M = 1972.453(10)
E(ce) = 30472.19(50) eV
Epindin = 1679.21(3) eV
— both values agree perfectly ! o ey = 0,207 &V

al

HV divider scale factor stays constant over 4 years (5 ppm uncertainty)

21



. @T,!\’z
—-— N ] I | & | ] | 1
WWU eutrino mass analysis & sensitivity " 22 ;
%%}Q%Nf&"&ﬁ
_ retarding energy qU - E_ in eV * Relative shape measurement
% % -5 20 15 10 -5 0 5 of integrated B spectrum
) [ i .
& 1 * 4 fit parameters:
g ,E,,amp, bg
3 0.1t :
o b
0.01
01 S —— 1
3 B IRBERE i’f-f"f’#t“'i’«_' . S ' : | |
§ ] . *' | ' . GE) 1200 | - 200 meV: 90% CL |
?E-D.nl _ [: b | _ E 1000 300 meV: 30 )
b 3] X 800: [ 3%0meVise |
0.02 m = 350 meV 50 simulated signal Z | 5
T e toy run TTT T £ 400N
Ei R R § 200 ;
£ 200r  optimal m? sensitivity at S/B = 2 ” L
£ ol v _ o 2 4 6 8 10 12
@ , [E. Otten, 1994] full beam time [months]
8 — g .,..DHUDDHDH
£ -30 25 -20 15 10 5 0 5

retarding energy qU - E_ in eV

Christian Weinheimer

2424
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MUNSTER

wwu Determining the energy loss function

g, N

’2 @3@\!9)1
\
)
)
6‘% )

O”"n: Neum°

! e from

moleclar windowless gaseous tritium source towards the

mongenergetic e-gun

Measurement of electron transmission
at different gas column densities

— determine energy loss function
through deconvolution

(here: singular value decomposition, SVD)

1.2

= it
o =

transmission probability
e
=3}

0.8 .
g 07} —  model 09
T 06 elastic —  SVD with w,,, =0.3% |.
o .
W 0.0
ey 0.2
v
E 0.4k excitation
o
E o3k b e e i
E 0.2l dissociation
E 0.1 o
lonisation
c :
= 0.0
_{J_l I 1 1
0 10 20 30 40 50
AFE [eV]

spectrometer

=
.

E—qll [eV]

V. Hannen et al., Astropart. Phys. 89 (2017) 30

Christian Weinheimer CNNP, Catania, October 2017 23



>R
WWu Modelling of the B spectrum g'\[‘

MUNSTER

Reference
spectrum
generator

.

State-of-the-art nuclear & molecular theory 3d gas-dynamics modelling

- electronic final states, radiative corrections ) Ic;)ngi?;JditnaI and :adial prfglssure,
Doppler effect ensity, temperature profiles nin0

- plasma potential

—11.003

- minor: relativistic Fermi function & recaoil,
screening, finite nuclear extension, ... - magnetic field model

0.03

—1.002

—{1.001

- Connection to extensive sensor network _ =,

0.01

0.08

0.06

- Online gas composition monitoring
via laser Raman system

probability

o
R
h

response fi

0.00+ L LR MHaiil
0 1 2 3 410 20 30 40 50 60

excitation energy in eV

.................

70 80

surplus energy E-gqU in eV

Christian Weinheimer CNNP, Catania, October 2017 24



wwu  Statistical & systematic uncertainties %ég

MUNSTER

KATRIN’s uncertainty budget (design sensitivity, ~2004):

G(mZ) l | | | | |

o(m?)__=0.018 eV*

Statistical

Final-state spectrum
T—ionsin T2 gas
Unfolding energy loss
Column density fluct.
Background slope

HV fluctuations

Source (plasma) potential
Source B-field variation
Elast. scattering in T2 gas

(r(mz)syst = 0.017 eV?

* Ostat - 10 mcps reference
background level

« Balance of osyst and total ostat
after 3 years of data

« Re-evaluation of individual
systematics ongoing during
system characterisation

Christian Weinheimer CNNP, Catania, October 2017 25



MUNSTER

“— wwy Statistical & systematic uncertainties Q’?’ 4]22¢

KATRIN’s uncertainty budget (design sensitivity, ~2004):

3 yr of data taking
sensitivity on the neutrino mass (stat.+sys. uncertainties):

— 200 meV (design value)

Higher (Rydberg) background rate

— using larger data range (E -60 eV) and a bit less energy res.:

— 240 meV (without further mitigation of the Rydberg background)

system characterisation

eV?

eV?

Christian Weinheimer CNNP, Catania, October 2017
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T

KATRIN will measure an ultra-precise p-spectrum & RQ

Wwu 4 ;
— search for physics beyond the SM

Sterile neutrinos
dN/dE =K F(E,Z) p E,, (E,E.) ( cos(0) V(E,E,)2 —m(v,,,)? + sin2(0) V(E,E,)2 — m(v,)?)

eV v:

100 s
| M.Kleesiek, E
ok PhD thesis,
”@ ] KIT (2014)
S g
0.1
Seeeg.. o | 1
J. A. Formaggio, J. Barret, PLBS,Z%(ZOH)GS 16
A. Sejersen Riis, S. Hannestad, JCAPO2 (2011) 011 L4}
A. Esmaili, O.L.G. Peres, arXiv:1203.2632 12}
keV v:
see e.g.
S. Mertens et al., JCAP 02 (2015) 020 06r[ — g =—04
M. Drewes et al. JCAP 01 (2017) 025 04| — cr=-02
02l (jLRiO:
non SM currents, . e | |
see e.g.: N. Steinbrink et aI , JCAP 6 (2017) 15 (RH currents & sterile v) - T B N '
27

Christian Weinheimer CNNP, Catania, October 2017



I
o N

wwu Conclusions ] ,/4;21

Direct neutrino mass experiments:
complementary to cosmological analyses and Ovff
can look also for sterile neutrinos (eV, keV) and other BSM

KATRIN: the direct neutrino mass experiment with 200 meV sensitivity
System is complete (except tritium loops and rear wall and calibration system):
- 1% light in October 2016

- ®MKr calibration measurements in July 2017 successful
- tritium data taking will start in 2018

KATRIN inauguration ceremony: June 11, 2018
(after Neutrino 2018 at Heidelberg)

Thank you for your attention !

Christian Weinheimer CNNP, Catania, October 2017 28
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