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Outline AT

Karlsruhe Institute of Technology

. . ) zzlind

- . Why study massive neutrinos
ll. How does neutrino mass measurement with sive

- KATRIN work?

- Ill. What are current steps to prepare the start of
measurements with KATRIN? neutrinos

K. Valerius | KATRIN



. Motivation:
Massive neutrinos
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Massive neutrinos in astroparticle physics ﬂ("‘

stitute of Technology

astro-
physics
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Massive neutrinos in astroparticle physics

mass generation:
new concepts

physics
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Massive neutrinos in astroparticle physics ﬂ("‘

Karlsruhe Institute of Technology

mass generation:
new concepts

massive neutrinos as
“cosmic architects”

astro-
physics

Zm, = 0eV 6.9 eV
© T. Haugbglle
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Massive neutrinos in astroparticle physics ﬂ("‘

Karlsruhe Institute of Technology

understanding

mass generation: _
astrophysical processes

new concepts

Neutrino burst from SN 1987a
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massive neutrinos as TIME (sec)
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Complementary paths towards v masses A\‘(".

Karlsruhe Institute of Technology

Tool Cosmology Neutrinoless double B-decay endpoint
CMB + LSS + ... B-decay and EC
3 . 3
Observable Zm,, = Zmi (mgg) = |3 |UesPm; ™| mg = Z |UZ| m?
i=1 j=1 i=1
Present upper limit 0.2-1eV 0.2-04¢eV 2eV
Potential 20 — 50 meV 20 — 50 meV 200 meV
. . . - Direct, only kinematics;
Model dependence Multi-parameter - Majorana vs. Dirac

; _ - agnostic to Dirac/
cosmological model - nucl. matrix elements o
Majorana nature

K. Valerius | KATRIN



Complementary paths towards v masses &‘(IT

Karlsruhe Institute of Technology

Tool Cosmology Neutrinoless double B-decay endpoint
CMB + LSS + ... B-decay and EC
3 . 3
Observable Zm,, = Zmi (mgg) = |3 |UesPm; ™| mg = Z |UZ| m?
=1 Jj=1 =1
Present upper limit 0.2-1eV 0.2-04¢eV 2eV
Potential 20 — 50 meV 20 — 50 meV 200 meV
. . . - Direct, only kinematics;
Model dependence Multi-parameter - Majorana vs. Dirac

; _ - agnostic to Dirac/
cosmological model - nucl. matrix elements o
Majorana nature

. Hannestad M. Lindner
-—"""_’—A -——""'—'_——-L
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Complementary paths towards v masses

Tool

Observable

Present upper limit

Potential

Model dependence

Cosmology
CMB + LSS + ...

3
2 me =) m
i=1

0.2-1eV
20 — 50 meV

Multi-parameter
cosmological model

5. Hannestad
'______,____--L

Neutrinoless double
B-decay

3
(mpg) = | _ |Ue;|* m; "
j=1
0.2-04¢eV
20 — 50 meV

- Majorana vs. Dirac
- nucl. matrix elements

M. Lindner

AT

Karlsruhe Institute of Technology

B-decay endpoint
and EC

3
mp =) |UZ|m}
i=1

2eV
200 meV
- Direct, only kinematics;

- agnostic to Dirac/
Majorana nature
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Il. Method:
Direct neutrino mass measurement

in the laboratory

rel. rate

electron kinetic energy Lo
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Direct neutrino mass measurement

Imprint of m on

AT

Karlsruhe Institute of Technology

of B spectrum (similar for EC):

TR e 0

~x i) = T|U,

2 2
m;

Key requirements

e Source isotope:
* Low spectral endpoint Q

e |nstrument:

* Very low background

- Large decay rate (short T, )

» Excellent energy resolution

4
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observable: effective squared mass

region close to 8 end point

m(ve) =0eV

only 2 x 10°13 of all
. decays in last 1 eV
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Spectroscopic technique for B decay

Karlsr

AT

uhe Institute of Technology

MAC-E filter technique

Magnetic Adiabatic Collimation with Electrostatic filter
Picard et al., NIM B63 (1992) 345

Bs Bmin Bmax
Us Uo
w = % = const.

Sharp high-pass filter:
A

transmission

; E »
 AE + energy

Steps of filter potential
— integrated B spectrum

Combination of high luminosity

and high energy resolution:

QB _ Bun _ _1
E B... 20000
(at KATRIN)

K. Valerius | KATRIN



KATRIN: A next generation tritium beta decay experiment *‘(IT
[ QN

with sub-eV sensitivity for the electron neutrino mass

Karlsruhe Institute of Technology

10 K. Valerius | KATRIN



KATRIN: A next generation tritium beta decay experiment \\‘(IT
with sub-eV sensitivity for the electron neutrino mass )

Karlsruhe Institute of Technology

S VALUE (ev) CL% DOCUMENT ID

8 < 2 OUR EVALUATION .

® < 205 95 1 ASEEV 11 Troitsk exp.
Q <23 95 2 KRAUS 05 Mainz exp.

10
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KATRIN: A next generation tritium beta decay experiment A\‘(IT

with sub-eV sensitivity for the electron neutrino mass

Karlsruhe Institute of Technology

o VALUE (eV) CL% DOCUMENT ID

S <2 OUREVALUATION .

m < 205 95 1 ASEEV 11 Troitsk exp.
Q <23 95 2 KRAUS 05 Mainz exp.

Sensitivity on m(v,):
2eV = 0.2eV (90% CL, 3 net years)

-» Requires x100 improvement on m?(v,)

=» Use expertise and infrastructure at KIT
(Tritium Laboratory Karlsruhe, TLK)

10 K. Valerius | KATRIN



KATRIN: A next generation tritium beta decay experiment A\‘(IT

with sub-eV sensitivity for the electron neutrino mass

Karlsruhe Institute of Technology

o VALUE (eV) CL% DOCUMENT ID

S <2 OUREVALUATION .

m < 205 95 1 ASEEV 11 Troitsk exp.
Q <23 95 2 KRAUS 05 Mainz exp.

Sensitivity on m(v,):
2eV = 0.2eV (90% CL, 3 net years)

-» Requires x100 improvement on m?(v,)

=» Use expertise and infrastructure at KIT
(Tritium Laboratory Karlsruhe, TLK)

KATRIN collaboration:
~120 members
from 15 institutions in 5 countries

et —— | [

T ——— s ——
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integrated 3
spectrum [cps]

measuring time

11

KATRIN: spectral fit & v-mass sensitivity

Relative shape measurement of integrated 8 spectrum:

relative difference

[days]

© -
B e
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[figure c. M. Kleesiek]

AT

Karlsruhe Institute of Technology

* 4 fit parameters:
) EO; AS, RBg

 After 3 yrs of data (~5 cal. yrs):
balance of statistics and
systematics

1200
1000
800
600
400
200

350 meV: 50
200 meV: 90% CL

sensitivity 90% CL [meV]

0 2 4 6 8 10 12
full beam time [months]
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KATRIN overview: 70 m beamline

AT

Karlsruhe Institute of Technology

Tritium pumping Pre spectrometer Spectrometer
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Factor O
seems €a

£10 in sensitivity
sy on paper; but ...

AT

Karlsruhe Institute of Technology
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vity _— ‘ Eggenstein near Karlsruhe,

of 10 in sensit! Nov. 25, 2006

Factor paper, but ...

seems easy on




Experimental challenges

: OO T
e = ) ) %"—“'_—:5
: e o =—1
: 1 1 ! fE'
A )
Source and Transport Section Spectrometer and Detector Section
« Windowless gaseous tritium source « Spectrometer UHV (p < 10" mbar)

Energy resolution (<1 eV at 18.6 keV)
High voltage stability (sub-ppm/month)
High detection efficiency (10-3-10° cps)
Low background rate (102 cps)

* Intensity (10" decays/s)
« Stability (10-3 h-")
* Isotopic purity (> 95%)
« Tritium retention (factor > 104)

» Adiabatic transport of electrons
\_ \.

14 K. Valerius | KATRIN



Experimental challenges ... and solutions

Source demonstrator: AT/T ~ 104

AXIT

Karlsruhe Instltute of Technology

S iy -  ¢1‘7:“_"
‘} h \-‘._.‘J
= B

HV post-regulation: AU ~ 1 ppm

3035 LIS A S B N I BN B N N N HN B B N H B HN B B N | —~ 0.08 E _ \

- 1 = S eC|f|cat|on ot votae
I 4h measurement | c T p )

<= [ ] S 0.06 B:,,::

=, I ] = L c=16 mV

kb 30.30F © 0.04 :

o ' specification g £ .7

g : i > 0.02 _!Jrjj:fﬁf; S

o £ +

S a005 i ol T+ Fr A +1°L++ + .+

o 200 ] B S e + R s i Ao -+

o - - - o gy

& i ] —0.02———— SSS= JF*‘; """"""" S -

-oq-') — 1 - 1L :

30.20_ 1 _004 :_. ............................ ...... . 502
- vapour pressure sensor . L
[ noise band width<0.2mK ~0.06 = —t
-1|1|1|1|||||||1|1|1|111- _008_1111iIlllilllli[lllillllllllll
0 50 100 150 200 250 300
k 06:00 07:00 08:00 09:00 10:00 K time (s)

15 [S. Grohmann et al., Cryogenics 55-56 (2013) 5] K. Valerius | KATRIN
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lll. Status of KATRIN

& route towards start of measurements

AT

Karlsruhe Institute of Technology
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System integration and commissioning AT

Karlsruhe Institute of Technology

Spectrometer & detector:

successful commissioning bbb >
= i i = ]
2013-2015 : e — |
-.-' e =
i ;;:;:;Eﬁali
_ s
o ’ A
! ‘ == I
> /|
ai - vy
=il — 1 i IJ | lii‘
electron gun magnetic fields || precision high voltage 148-pix detector
well-defined Weiiﬁ%:er * S.C. magnets vessel + wire spatial & timing info
energy and angle « field-shaping electrodes Weinheimer
air coil systems mHe

vacuum system
* 1250 m3 vacuum recipient

 TMPs + 3 km getter strips
(+ LN,-cooled baffles)

17 K. Valerius | KATRIN



Spectrometer & detector commissioning

Characterisation of spectrometer transmission

using precision electron source:
energy- & angle-selective, point-like

Transmission characteristics of main spec.
as expected (limited by e-gun systematics ...)

=
o
T

i aty
\m\“
pre

o
©

Normalized Electron Rate [a.u.]
o
=Y
H "

o
o
T

[ energy spread|

©
)

o~ 200 meV
ol at 18.6 keV]
< 005} : : . ? ]
3 0.00
2 _o_osﬁ
-2 _3 2 _1 0 1

Surplus Energy [eV]

18

Radial dependence of retardation potential
as expected (precision mapping by e-gun)

_1,0=1.8596e4

-1.2}

o e\'\“‘.‘“a‘\l

Transmission Edge [V]
AR
(o]

-3 -2 -1 0 1 2 3
Radial Position (vertical) [m]
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Spectrometer & detector commissioning AT

Karlsruhe Institute of Technology

Characterisation of backgrounds

* Very efficient magnetic & electrostatic shielding,
but only for charged particles (e~ and H")

+ Neutral, unstable atoms (**2Rn, H)can LS =
penetrate into inner flux tube g g

— further measures required, e.g. passive shielding
against Rn-induced secondaries

vacuum
pump

K. Valerius | KATRIN
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Spectrometer & detector commissioning AT

Karlsruhe Institute of Technology

Characterisation of backgrounds

- . TR TXKRRRRR
* Very efficient magnetic & electrostatic shielding, "!a‘g“t'%'ﬁl‘:ﬁ)“

but only for charged particles (e~ and H") . W
* Neutral, unstable atoms (?'%220Rn, H*) can W
penetrate into inner flux tube i |

— further measures required, e.g. passive shielding
against Rn-induced secondaries

- vacuum
pump

K. Valerius | KATRIN



Spectrometer & detector commissioning AT

Karlsruhe Institute of Technology

Characterisation of backgrounds
QUTTXREBRR

magnetic bottle (axial)
e

* Very efficient magnetic & electrostatic shielding,
but only for charged particles (e~ and H")

 Neutral, unstable atoms (?1%-220Rn, H*) can
penetrate into inner flux tube
— further measures required, e.g. passive shielding
against Rn-induced secondaries

vacuum
pump

N
(@)
T

\‘m\na"\l ----------- .|+ warm baffle|.
i -+ cold baffle |

—
o
']

normalized rate (mcps/m?)
5 o
! !
Al
)

o
»
l

o
o

. . . ‘“a‘ﬂ .
radius in analyzing plane (m) pre\‘m‘ 477 £+ 3 mcps background level achieved
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System integration and commissioning

| E

AT

Karlsruhe Institute of Technology

I

e
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ity - v\ [
- amm e i/
EEEEEEEE i =
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System integration and commissioning AT

Karlsruhe Institute of Technology
T l 4 T T T

= { 1
 — {
{ i

h.. o 12 — i
cryo p‘J 4 >
pumping = | E==
section - & ' ) 1

[ !‘; July 30, 2015
/

20
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System integration and commissioning S(lT

Karlsruhe Instltute of Technology

| S— = ' ' : iy - _:i-%&:.:f
cryo i 4 =
PUMPINY. Ny EESSSSsSsss 5
section

20 K. Valerius | KATRIN



System integration and commissioning ‘(lT

Karlsruhe Instltute of Technology

' ’ = —5 :
- agas ‘ - o
: N i i\\?l-s 1.
. Q; _ — ; ; I (Y I J;,: —
: -
l : ‘f & (5% -- I-:
cryo ok e
PUmPIng My E=gssgssgssssss=t= =
section o ‘ T
Summer 2015:
/ Arrival of last two major system components on site
e
20 K. Valerius | KATRIN
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Karlsruhe Instltute of Technology

System integration and commissioning S(lT

windowless gaseous

21

cr;/o
pumping
section

differential

tritium source pumping

Sept. 2015: Major milestone achieved
full Source and Transport Section in place

LT —— T

K. Valerius | KATRIN
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KATRIN’s systematic uncertainty “budget”

« Careful, conservative evaluation in KATRIN Design Report (2004)

« Dominant contributions by source-related effects

o(m>?) 0

Statistics

Total systematics
Final-state spectrum
lons in T, gas

Unfolding energy loss
Column density
Background slope

HV variation

Potential variation in source
B-field variation in source
Elastic scattering in T, gas

0.01 eV?2

22 visualization courtesy R.G.H. Robertson

o(m,?)
o(m,?)

syst
syst™

risruhe Institute of Technology

= 0.017 eV?
= 0.017 eV?2

K. Valerius | KATRIN



KATRIN’s systematic uncertainty “budget” ﬂ("‘

stitute of Technology

« Careful, conservative evaluation in KATRIN Design Report (2004)
« Dominant contributions by source-related effects

o(m>?) 0 0.01 eV2
I | | | |
Statistics ' o(m,?)gs= 0.017 eV?
Total systematics a(m,2)g,s= 0.017 eV?

Final-state spectrum
lons in T, gas

Unfolding energy loss » Are the numbers up to date?
Column density :

Background slope :

HV variation : * Which items are relevant

Potential variation in source for an early physics goal?
B-field variation in source '
Elastic scattering in T, gas

* |s the list comprehensive?

22 visualization courtesy R.G.H. Robertson K. Valerius | KATRIN
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Helmholtz-University Young Investigators Group (est. 2014):

“Analysis of KATRIN data to measure the neutrino mass
and search for New Physics”

group leader

postdoc

PhD student

M. Babutzka

postdoc

R. Combe

Master’s student

J. Antoni
Diploma student

AT

Karlsruhe Institute of Technology

ﬁ HELMHOLTZ

| ASSOCIATION

Group members
K. Valerius % H. Seitz-Moskaliuk

PhD student

M. Kleesiek ® F Heizmann

PhD student

L. Kuckert ® M. Klein

PhD student

e M. Machatschek

Master’s student

Former group members

RTG 1694: Elementary particle physics
at highest energy and precision

Doctoral Fellow




Example: Energy loss function

18.6 keV electrons undergo energy
loss when scattering in gaseous T,

source

0.8

0.7~ elastic scattering

excitation

' »/ dissociation

Rel. Intensity [a.u.]
(=)
=
[

031 ] ,/

27— . . .
] ) ‘ ionisation
4

: ;" M; U
0 1 L | L | H"I r"“ L \i;n\-l—“—_l_—"[— -
-5 0 5 10 15 20 25 30 35
Energy loss [eV]

24 [C. Kranz, Dipl. thesis, Munster, 2011]

[Aseev++ 2000, figure from M. Kleesiek]

AT

Karlsruhe Institute of Technology
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Example: Energy loss function

18.6 keV electrons undergo energy
loss when scattering in gaseous T,

source

0.8

0.7 = elastic scattering

excitation

' »/ dissociation

Rel. Intensity [a.u.]
(=)
=
[

031 ] ,/

27— . . .
] ) ‘ ionisation
14

: | M; ~Z
0 1 L | L | H'\I r"“ L ni;n\-l—“—_l_—"[‘ -
-5 0 5 10 15 20 25 30 35
Energy loss [eV]

24 [C. Kranz, Dipl. thesis, Munster, 2011]

~
W
N—"
[ .

probability

AT

Karlsruhe Institute of Technology

model based on H,/D, data
=» improved measurement for T,

necessary
| ! [ ' | ! I

parameterization,
0207 | Troitsk meas., 2000
0.15 - -
0.10 - _
0.05 - il
0.00 ——] -

' T ' T J T i T ;

0 10 20 30 40 50

energy loss ¢ (eV)

[Aseev++ 2000, figure from M. Kleesiek] K. Valerius | KATRIN
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Energy loss function: measurement

Rel. intensity

4 column densities:

[0, 0.5, 3.0, 6.0]
*10"cm-2

Keloss
software
package

[V. Hannen++, in prep.]

\
Karlsruhe Ins

titute of Technology

of Tt o

/’\*«-. e

Wl | s
i

Encrgy boss [cV

Energy loss
function

C. Kranz, Diploma thesis 2011

« Work (with V. Hannen) on setting up detailed measurement proposal

« Deconvolution technique accurate enough for KATRIN

« Remaining uncertainties (e.g. column density setting) to be evaluated
« First test with D, suggested to train procedures

K. Valerius | KATRIN



Example: Column density model A\‘(IT

Karlsruhe Institute of Technology

a4 ﬁﬁﬁ" 16 m cryostat, « Temperature, pressure, tritium
‘ PR, 22 tons purity to be stabilized at 103 level

« Small variations of op. parameters
lead to fluctuations of column

. . ;
> 500 Sensors density =» syst. influence on m=(v)

(T, p, B, ...)

26 [L. Kuckert, F. Heizmann, M. Hotzel, KV++, in prep.] [M. Kleesiek, L. Kuckert, KV++, in prep.] K. Valerius | KATRIN



Example: Column density model A\‘(IT

Karlsruhe Institute of Technology

16 m cryostat,  Temperature, pressure, tritium
~22 tons purity to be stabilized at 10-3 level

« Small variations of op. parameters
lead to fluctuations of column

. . ;
> 500 SENSOrs density =» syst. influence on m4(v)

(T, p, B, ...)

Column density monitoring:
« Small detector in forward direction
» Regular control meas. with e-Gun

26 [L. Kuckert, F. Heizmann, M. Hotzel, KV++, in prep.] [M. Kleesiek, L. Kuckert, KV++, in prep.] K. Valerius | KATRIN



Example: Column density model &‘(lT

Karlsruhe Institute of Technology

16 m cryostat,  Temperature, pressure, tritium
~22 tons purity to be stabilized at 10-3 level

« Small variations of op. parameters
lead to fluctuations of column

. . 5
> 500 SeNSOrs density =¥ syst. influence on m=(v)

(T, p, B, ...)

Column density monitoring:

. « Small detector in forward direction
Gas dynamical model:

longitudinal profile + 2d slices » Regular control meas. with e-Gun
=» pseudo-3d model

| +
= el /{ — * Detailed modeling of gas
‘ N — [ dynamics and resulting spectrum
: . / . 5 :
ﬂ/ g  Temporal and spatial variations of

operational parameters =» sensors

Tzm) e

26 [L. Kuckert, F. Heizmann, M. Hotzel, KV++, in prep.] [M. Kleesiek, L. Kuckert, KV++, in prep.] K. Valerius | KATRIN



Example: Sensitivi

Development of
MC-based tools for

ty and background level QAT

Karlsruhe Institute of Technology

LI |

10 100

—=&—5¢ C.L. (MC)

500 - —e—90% C.L. (MC) - 500
sensitivity estimates and =
: C . L
meas. time optimization = a0 1 400
5
>
> i i
lllustration: proposal for first month |5 300 300
of running KATRIN &
oy R il e B e i s ik 6 i et I 1) o - 200
_§ [ [ min. time per bin: 6 h, smearing: 0.25 eV i R
o 2L 10 100
§ i background rate (mcps)
a0 e |
@ |
= 1 =
- L
s |
G) -
£ g
-15 -10 -5 0 5
retarding energy qU-E  [eV]
27

[M. Kleesiek, in prep.] K. Valerius | KATRIN



Further projects

28

Source-related systematics

» Descriptions of el. potential in source
* Plasma effects?
» Efficient retention of tritium ions?

Space charges and el. potential
iInhomogeneities probed by dispersing
83mKr in tritium gas

=» simulation study ongoing

sensitivity o (m?)

Technical/Analysis

« Development of high- and medium-
level analysis tools

* Planning of commissioning tests
during system integration

» ... towards first physics runs with
KATRIN!

K. Valerius | KATRIN
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Extra:
Exploring KATRIN’s physics potential
beyond neutrino masses

AT

Karlsruhe Institute of Technology

K. Valerius | KATRIN



KATRIN: v-mass sensitivity ... and more: QAT

Karlsruhe Institute of Technology

Explore physics potential

- close to the spectral endpoint E:

RH currents Constraining local CvB Search for eV-scale sterile v
Bonn et al. (2011), e.g. Kaboth & Formaggio (2010), e.g. Formaggio & Barrett (2011)
Barry, Heek, Rodejohann (2014) Fassler et al. (2013) A
Violation of Lorentz symmetry 2 v
e.g. Diaz, Kostelecky & Lehnert (2013)
ZB I 6;sz capture of ~1eVe
b relic v on v,
B-instable
. nuclei v
. J \ 3 2 | E-g"[ev] J \ | J

. and further away from E:

search for keV-mass scale sterile vas WDM candidates
Mertens et al. (2015); Steinbrink et al. (2014)

30 K. Valerius | KATRIN
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Imprint of sterile neutrinos on 3 spectrum A\‘(".

Karlsru

Shape modification below E, by active (m_)? and sterile (m_)? neutrinos:

he Institute of Technology

dN i oo AN (m2)§+§sin29 dN o .~ additional kink in § spectrum
IE S N atE =E,—m,
example: 4x10*° ' ; T ; T ; T
light sterile v m, = 200 mel’/
m =3 eV Ay T m_= 3,000 me ]
S N mixing with sin’® = 0.5
dJ
3
_Q 2x107%° .
<2
5 1x10% .
O_
5 4 3 2 1
electron energy E-E_ (eV)

K. Valerius | KATRIN
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Search for eV-scale sterile v with KATRIN QAT

Karlsruhe Institute of Technology

. “Reactor antineutrino anomaly”  |Am?| > 1.5 eV?, sin?(260s) = 0.144+0.08 (95% CL)

* Favoured parameter space can be probed by KATRIN:

Reactor anomaly (90% CL)
/G. Mention et al., PRD 83 (2011) 073006

100 = i . ; T T T T T T T T T
__ 10 & e liiiii -
~ 4 ! P 3
% Yam=nY M. Kieesiek, PhD thesis, 2014
~ o .S s KATRIN exclusion -
& : ~._ (3 netyears, 90% CL) T
< e /0 |
1 <
0.1
0.01 0.1 See also 1
sin?' 295 Formaggio & Barrett, PL B706 (2011) 68;

Sejersen Riis & Hannestad, JCAP02 (2011) 011;
Esmaili & Peres, PR D85 (2012) 117301
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Summary & Outlook

« KATRIN sensitivity on m(v,): 200 meV (90% CL, 3 yrs of data)

« ultimate MAC-E type experiment with molecular T,
 will cover degenerate v mass regime

* Rich physics potential in addition to light neutrino mass
 Probe for RH currents, LIV, constraints on CvB

 Search for eV- and keV-scale sterile v

AT

Karlsruhe Institute of Technology
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Summary & Outlook ﬂ(“.

Karlsruhe Institute of Technology

« KATRIN sensitivity on m(v,): 200 meV (90% CL, 3 yrs of data)

« ultimate MAC-E type experiment with molecular T,
 will cover degenerate v mass regime

* Rich physics potential in addition to light neutrino mass
 Probe for RH currents, LIV, constraints on CvB

 Search for eV- and keV-scale sterile v

« KATRIN is moving forward at fast pace towards
start of data-taking in 2016:
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Thank you!
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Thank you!
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Karlsruhe Institute of Technology
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Effect of RH current contributions QAT

Fierz-like parameter b’
enters differential rate

0.02

Karlsruhe Institute of Technology

bl

Re(Ly RY, + Ly RE)|Mp|? + Re(LaRY + LaR%) | Mer?

| Ly |2|IMFp|? + |Lal?Mcgr|?

Imprint on integrated spectrum:

* Only small sensitivity on b’ if endpoint

0.01 . .
Eo left free in fit
() . .
: i =» good for determination of m?(ve)
£ 00 « Improvement of present bounds on b’
g with KATRIN for small m(ve) if
5 0017 - external Eo value with accuracy
e m, = 0 meV < 50 meV as input*
——m_ = 200 meV N .
0021 = 200 meV, bt = +0.28 - absolute energy scale in KATRIN
_____ m_ = 200 meV, b' = -0.28 Uspec - Usource knOown to same
0.03 I — | accuracy of < 50 meV
-40.0 -30.0 -20.0 -10.0 0.0
retarding energy qU-E [eV]
37 Figure: M. Kleesiek *) 70 meV accuracy: K. Valerius | KATRIN

E. G. Myers et al., PRL 114 (2015) 013003



[Kostelecky & Mewes (2004, 2009)]

[review: Diaz (2014)]

38

Probing Lorentz invariance in 3 decay

Neutrinos satisfy Dirac-like equation

(iT%8, — M) = 0

with I', M including momentum-
dependent coefficients

probe oscillation-free
parameters

AT

Karlsruhe Institute of Technology
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[Kostelecky & Mewes (2004, 2009)]

[review: Diaz (2014)]

38

Probing Lorentz invariance in 3 decay T

Neutrinos satisfy Dirac-like equation

(iT%8, — M) = 0

with I', M including momentum-
dependent coefficients

probe oscillation-free
parameters

/
b e
»

Karlsruhe Institute of Technology

m,=0

m#0
Lorentz
3He violation

electron kinetic energy

Modified energy dependence of decay rate

Spectral shape dependent on sidereal time
and experiment orientation

[Diaz, Kostelecky, & Lehnert (2013)]

Effective dim-3 coefficient:

osc. shift of endpoint T .« With Wgjqereq

Effective dim-2 coefficient:
osc. of m? parameter (can mimic tachyonic v)

K. Valerius | KATRIN



Constraining local CvB density with KATRIN

About every neutrino physicist goes through a phase in his or her career and asks
‘There’s got to be a way to measure the relic neutrino background’ — Peter Fisher

v capture on B-instable nuclei:

§N+Ve—> ’§+1N'+e_

0.8 @

06 [

E-Ey[eV]

Threshold-free, but tiny
cross section (104 cm?)

KATRIN reference setup
only sensitive to
local overdensity:

—18
10 3 n= 1013
N n = 10"
. 1079 H =101
T — =0
2 10201 - ! -
|
=
[}
— 1071}
St
1072}
=23 i i i H i i
10 0 1 2 3 4 ) 6 Z
energy <ev> +1.857x10
1013

1012

— my, =0.1eV
— my, =0.2eV
— My, =03eV
—— my, =04ceV |4

—— my,=0.5eV

my, = 1.0eV
my, = 2.0eV

upper limit on 7 at 90 % C.L.

0 5 10

15

20

25 30 35

measuring time (months)

AT

Karlsruhe Institute of Technology

— =10
.| — n=10"]]
10 — p—1n
=
(95}
2 \
1072} : : : : ‘
0 1 2 4 5 6 7
qU (eV)  +1.857x10°
L1012
3 10 _ : : .
O —— Npg = 10"2cps
104 e
NS Lo Npg =107 cps |
g — Ny = 10=% cps
i)
<
S 1010
- 10
o
=
E 100
—
<b]
(@
= 108 i i i i i i i
0 5) 10 15 20 25 30 35

measuring time (months)

39 [F. Heizmann, Master’s thesis (2015); see also: Kaboth & Formaggio (2010), Fassler et al. (2013)]
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Radon-induced background

AT

Karlsruhe Institute of Technology

&

a

K

Y

inner-shell
shake-off

electron
=1 keV

vacancy

conversion

R electron
=10% keV

shell- d
reorganization P4

electrons
=10 eV

Electron
emission

relaxation

electron
R =1 keV

M

and
higher

Trapping of electrons
& production

of secondaries

Frankle et al. 2011
Mertens et al. 2012
Wandkowsky et al. 2013

haffle vacuum
system pump

40
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Background characterization AT

Karlsruhe Institute of Technology

2015:
2nd phase of commissioning measurements completed

> Spectrometer works as MAC-E filter

» L
Q. D =
. O L : z
> LN2-cooled baffles eliminate S o
. . c B i i
Radon-induced background with S A———— et e (B e
_ o B A e S )
efficiency of (97 £ 2)% 2 [ 4 £
8 08 __’d_,,-‘ ........... A i e o
> Remaining background m f f -
. . N o @] T4 Backgroundvith warm baties
still under investigation e
- Background with baffle 2 cold
— U) H H
Btotal = SRn + CRn + R 0.4 __ 8‘ """" Background with baffles 2and 3 cold |7
SRn — G_CRn 0o :_ g -------- _+_ Background with all baffles cold 1
T Q | L] e Linear fit
Btotal =(G+1 ).CRn+ R - - | | | | |
OO 01 0.2 0.3 0.4 0.5 0.6
Bt - Total background rate Radon-induced background °PS)

rn - Radon-induced single event rate

S
Cr,: Eventrate in Radon-induced clusters
R Non-Radon-induced bg rate

K. Valerius | KATRIN



Neutrino mixing and mass scheme

Wealth of v oscillation data:

42

m2 A my, my, my
m; m,
: > : Am’
w
A mitm A
2 2
n, : A M atm
2
mi Ai Aol y
v Y
1? 1?
0 v L/
normal inverted
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Neutrino mixing and mass scheme

Wealth of v oscillation data:

* Large neutrino mixing and tiny m2 A my, Ny, @y
neutrino masses m(v,) # O established
m? I Am?ol
An/litm A
2

0% 0%
0 v L/
normal inverted

K. Valerius | KATRIN
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Neutrino mixing and mass scheme

Wealth of v oscillation data:

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

New! _ J N i
BSM physics! m
/_—-‘
2
A matm A

2 2
n, : A M atm
A 2
2 I Am 2
sol m; v

&-*

0%, ?
0 v L/
normal inverted

K. Valerius | KATRIN
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Neutrino mixing and mass scheme

Wealth of v oscillation data:

* Large neutrino mixing and tiny m2 A my, Ny, @y
neutrino masses m(v,) # O established )
N m; m,
New! _ ‘ * *
BSM phy5|cs! | m? ' A msol
.
An/litm A
 QOscillation experiments: : )
only interferometric measurement, T B A My,
A 2
no absolute values m A m, my
A- I 200
ok, ok
0 v Y
inverted

normal

K. Valerius | KATRIN
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Neutrino mixing and mass scheme

Wealth of v oscillation data:

42

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

New!

hysics!
BSM phy=S=>

Oscillation experiments:
only interferometric measurement,
no absolute values

Which mass ordering (normal, inverted)?

AT

Karlsruhe Institute of Technology

m?2 A my, my, my
m; m,
E > : Am’
u%l
A mitm A
2 2
m2 : A matm
2
mi Ai Aol y
v Y
1? ?
0 v Y
normal inverted
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Neutrino mixing and mass scheme

Wealth of v oscillation data:

42

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

NeW‘- /'/ = = /) <' 7 } y ‘é‘iC\

hysics! e
BSM phyS==

NOSEL

Oscillation experiments:
only interferometric measurement,
no absolute values

Which mass ordering (normal, inverted)?

What is the absolute v mass scale?

AT

Karlsruhe Institute of Technology

m?2 A my, my, my
m; m;
E > : Am’
u%l
A mitm A
2 2
n, : A M atm
2
mi Ai Aol y
v Y
1? ?
0 v Y
normal inverted
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Neutrino mixing and mass scheme

Wealth of v oscillation data:

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

~
N

O R D

2% \bccc

New!

BSM physics!
1-—'—""’_——_-

 QOscillation experiments:
only interferometric measurement,
no absolute values

» Which mass ordering (normal, inverted)?

« What is the absolute v mass scale?

m2 A

my, mEy, @BV
m; m,
: : 2
m% I A msol
Am: A
matm
2

0%, 0
Y Y
normal inverted

So far: only upper (< 2 €V) and lower bounds (>0.01 resp.

42

K. Valerius | KATRIN



WGTS gas flow regimes

Pressure

Flow
Regime

Model
equation

43

pumps

e of Technology

T2-injection

v

pumps

I
— S —

Florian Heizmann
Astroparticle School 2015, Obertrubach-Barnfels

‘ —_— ‘
12111211 - 11211(21
0.02Pin 0.34Pa 0.02Pin P
-« ; : —
046 | 23 | 046 | &
= 5 ; —>
Transition  {Continuum ‘Transition | Molecular
flow i : flow Eflow
- Navier  iBoltzmann; Monte
. Stokes -equatlon § Carlo
equation
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1D tritium density profile &‘(lT

Karlsruhe Institute of Technology

x10'®
800 | — WGTS density calculation
D pump port density calculation (front)
700 | “_ |—— pump port density calculation (rear)
—~ 600 g )
¥
E s , AN
._ué; : L O / \\\ L D
& 4005
() ’,.."/ \
O 300! P/ £
[ : \ X
" ’ \ o
I : v
200 | > <
I —
| 7 2
100 | =
| G
-6 -4 -2 0 2 4 6
longitudinal position (m)
44 Florian Heizmann K. Valerius | KATRIN
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1D velocity profile A\‘(".

Karlsruhe Institute of Technology

- 150
— - velocity from WGTS calculation )
100 :_ velocity from pump port calculation
—~ 30 :— {
ED e
£ o
> :
Q  50(—
O — [
o = ] 150 =
; -100 : —
E " 100 —
O -1 50 e % [ %
[ — X
= ' 50 |— 2
-200— * m N
n e >
- [ Q
2501 ) 0 T T S N N SN N SR %
I | | | | | | | I 4'5 | | 5 | ‘ | | | | O
-6 -4 -2 0 2 4 6
longitudinal position (m)
Florian Heizmann K. Valerius | KATRIN

Astroparticle School 2015, Obertrubach-Barnfels



Pseudo 3D density profile

density (1/m?3)
2'0045 x1018
>
0.04 450
400 ©
0.035 N
350 P
0.03 )
300 2“
0.025 T
250 &
0.02 8
' | 200 X
: T i
0.015 150 =
3
0.01 , |
= 100 £
- | s,
0.005 50 O
:j :L 1 V ol Ll 0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 .
2? 150
100

46

Florian Heizmann
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Karlsruhe Institute of Technology

I |
— %’/ ndf 724/77
Constant 133£2.6
systematic shift ; Mean -0.00749 = 0.00025
statistical uncertainty : Sigma _ 0.0158 + 0.0002

O 1 | L
-0.05 0 0.05
m; eV?)



Example: Energy loss function A\‘(IT

Karlsruhe Institute of Technology

18.6 keV electrons undergo scattering & energy loss
when traversing the gaseous T source:

0.8 5E21
i 10 — 5
071 elastic scattering | : S
- e no scattering P
| 0.8 a :
- y 4? . P3
505 i i - —P
300 excitation S 0.6- .
z T / 5 :
5 4 ¥ dissociation =
=0 / g 1-fold
Z 03 ‘ » e
| Q
L
0.2 L
I ‘ lonisation
0.1 ‘ A / 0.0
I J\I J |\4\_\_ K
0 ! L | ! | H' 1 "‘4[ L T\T"“I“—r | ]_E20 1E21 1E22
50 s 10 15 20 25 30 35 :
Energy loss [eV] column density pd [m~]

[C. Kranz, Dipl. thesis, Munster, 2011] [M. Kleesiek] K. Valerius | KATRIN



Troitsk & Mainz experiments QAT

Karlsruhe Institute of Technology

~N

Troitsk experiment

o wmdowless gaseous tr|t|um source
e = m’(v,)=(-0.67x1.89=1.68) eV’

mEv,) <2.05eV

V.N. Aseev et al., Phys. Rev. D 84 (2011) 112003
~

Mainz experiment

o quench Condensed tritium source
, “'" '_4,1 '

el B°
,,;|: .

m’v,)=(-0.6x22x21) eV’

""b =

:1 . '» ) RaS—— =

3 b el 1 1| 1, - !I
e 4 -3

Y37 . Q

LY, 3 )

1
i
]
, [ 7L 4
" ¥ & M
- | W
. == Al
'\ A A »
1
A - { J R\ >
- ir tEE BY F
Y L]
\
)
.

mEv,) <23elV

g

/
L —

1’\\\‘ C. Kraus et al., Eur. Phys. J. C 40 (2005) 447
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Karlsr hlttt of Technology

Experimental challenges ... and solutions ‘(lT
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KATRIN sensitivity in a nutshell QAT

stitute of Technology

A simple sensitivity estimate from combining (conservative) systematics budget
with statistical uncertainty (3 net years of data):

o(m.2) 0 0.01 eV?
| | | | | I
Systematics EE———— O (M,2), = 0.017 eV?

Statistics [T (M °).= 0.018 eV?

stat™

adding in
quadrature

o(m, ?)a= 0.025 eV?
unified approach
Feldman & Cousins, 1998

L(90% CL) = V1.64*6(M,2) .y
m < 200 meV (90% CL)

50 visualization courtesy R.G.H. Robertson K. Valerius | KATRIN




Search for keV-scale sterile v with KATRIN A\‘(".

Karlsruhe Institute of Technology

The challenge:
- High count rates at ~few keV below endpoint

- Tiny sterile admixture sin?(6s) expected
- Best sensitivity for differential measurement (energy or ToF)
= Development of new techniques necessary!

51 *) TRitium beta decay Investigation on Sterile To Active Neutrino mixing K. Valerius | KATRIN



Search for keV-scale sterile v with KATRIN QAT

Karlsruhe Institute of Technology

The challenge:
- High count rates at ~few keV below endpoint

- Tiny sterile admixture sin?(6s) expected
- Best sensitivity for differential measurement (energy or ToF)
= Development of new techniques necessary!

ToF option:
electron tagger required

5 E
3 E ..“n. - Sin2® - 0
% 35;_ n-."l-.-:. . Sin2® =01
= 3E el « sinf®=0.2
3 e * sin®@=05
2o A 1 ° §in%® = 1
2E S
155
0.5F . .
05’—. L B AN A ] ] Jeleleleloclove el
E |

10° 10
time-of-flight (ns)

[Steinbrink et al. (2013), Robertson et al. (in prep.)]
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Search for keV-scale sterile v with KATRIN QAT

Karlsruhe Institute of Technology

The challenge:
- High count rates at ~few keV below endpoint

- Tiny sterile admixture sin?(6s) expected
- Best sensitivity for differential measurement (energy or ToF)
= Development of new techniques necessary!

ToF option:

electron tagger required

i:“, 4;_ o * sinf@=0
£ 35F -"-4_:_ * sin% = 0.1 . , . :
© 3F =iy : 2:22823'2 Differential detection option:

25F Y  sin® = 1 < 3 novel detector required

2F -
155 TRISTAN* design study:
F , » 108 cps (> 10 000 pixels)
) S « FWHM 300 eV @ 20 keV
0 T T « > 20 cm diameter
time-of-flight (ns) .
[Steinbrink et al. (2013), Robertson et al. (in prep.)] [Mertens et al. (2015)]

51 *) TRitium beta decay Investigation on Sterile To Active Neutrino mixing K. Valerius | KATRIN



Search for keV-scale sterile v with KATRIN A\‘(".

Karlsruhe Institute of Technology
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Search for keV-scale sterile v with KATRIN A\‘(".

* First measurements with KATRIN “baseline” set-up at reduced source strength
* Prototyping and sensitivity studies for upgraded detector system under way
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Search for keV-scale sterile v with KATRIN A\‘(".

* First measurements with KATRIN “baseline” set-up at reduced source strength
* Prototyping and sensitivity studies for upgraded detector system under way

TRISTAN prototype (10/2015):
characterize pile-up, backscattering,

charge-sharing, etc.

0.3-1.2mm \

Point contact

Steering electrode

52 K. Valerius | KATRIN



Search for keV-scale sterile v with KATRIN A\‘(".

Karlsruhe Institute of Technology

* First measurements with KATRIN “baseline” set-up at reduced source strength
* Prototyping and sensitivity studies for upgraded detector system under way

TRISTAN prototype (10/2015): Lo Statistical sensitivity at 90% CL
characterize pile-up, backscattering, -
charge-sharing, etc. = o
= E
03-12mm : 2020 % E‘
- Novel % %
Point contact sE- detector c ’6
- (4p] O
°F S 2016: 3
E Reduce
2E N source
10 0® 107 10°® 10° 10 10
sin%(0)
Steering electrode courtesy S. Mertens
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Search for keV-scale sterile v with KATRIN A\‘(".

Karlsruhe Institute of Technology

* First measurements with KATRIN “baseline” set-up at reduced source strength
* Prototyping and sensitivity studies for upgraded detector system under way

TRISTAN prototype (10/2015): Statistical sensitivity at 90% CL
characterize pile-up, backscattering, 3 1sF- n
charge-sharing, etc. = ,E = o
— £
14 O =
03-12mm 126 2020 % E‘
10F- Novel 2 £
Point contact 8E- detector - ’6
- 7 L
SE 3 2016: 8
P Reduce
T source
10 0°® 107 107 10° 10 107
e — sin?(0)
Steering electrode courtesy S. Mertens
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Search for keV-scale sterile v with KATRIN QAT

Karlsruhe Institute of Technology

* First measurements with KATRIN “baseline” set-up at reduced source strength
* Prototyping and sensitivity studies for upgraded detector system under way

TRISTAN prototype (10/2015): Lo Statistical sensitivity at 90% CL
characterize pile-up, backscattering, -

charge-sharing, etc. = Z

- E

e 2020: 2 2

Novel Z *(-'Og

Point contact detector @ £ 5

8 ®

Collaboration with N ZR(:CI?J.CG }

HLL Munich source

and LBNL Go 100 100 ot 10°
sin?(0)
Steering electrode courtesy S. Mertens

=» High-sensitivity keV sterile v search probing cosmologically allowed

parameter space after the v-mass measurement with KATRIN

52 K. Valerius | KATRIN



Rear Section — design and assembly A\‘(IT

Karlsruhe Institute of Technology

Major importance for systematics:

* Precision e" source:
column density monitoring
and determination of energy loss
function (scattering)

53

e M‘r«!-“-b@ Vi T K. Valerius | KATRIN




Rear Section — design and assembly

Major importance for systematics:

* Precision e" source: * Rear Wall:
column density monitoring stable and homogeneous
and determination of energy loss electrostatic potential in the
function (scattering) source plasma

Rear wall

AT

Karlsruhe Institute of Technology

g 60

g0
(=9
& [
40

@15 cm gold surface ,
for homogeneity

=20

work function test
of smaller sample

CPD /mV

440

420

400

380

360

340

320

300

53
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WGTS - windowless gaseous source

e of Technology

. )
Closed-loop processing of molecular T,:

- isotopic purity > 90%

10" B decays / s

40% no-loss electrons

stability at level 10-3

- extensive control of systematics

54 K. Valerius | KATRIN




WGTS - windowless gaseous source ﬂ(“'

Karlsruhe Institute of Technology

. ) :
Closed-loop processing of molecular T,: | novel 2-phase neon cooling concept

Gaseous Neon return line
\ neon

- isotopic purity > 90% pei
- 10" B decays / s
40% no-loss electrons

Pt500 + vapour
pressure sensor

Thermo
siphon

- stability at level 10-3 Hetminet
- extensive control of systematics Liguid ]

Source tube at 27 - 30K ' Neon two phase tube

T, pumping

[S. Grohmann et al., Cryogenics 55-56 (2013) 5]

T, injection

16 m long
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WGTS - windowless gaseous source ﬂ(“'

. )
Closed-loop processing of molecular T,:

isotopic purity > 90%

- 10" B decays / s

- 40% no-loss electrons

stability at level 10-3

- extensive control of systematics

T, pumping

/ &S ‘ L] [ [
( Y2 xf T, injection

16 m long
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Karlsruhe Institute of Technology

novel 2-phase neon cooling concept

Neon return line

Helium outlet
(27 K)

Gaseous
\ neon

Pt500 + vapour
pressure sensor

Thermo
(25 K)

Helium inlet 1 I

e atl
Neon two phase tube

Source tube at 27 - 30K

[S. Grohmann et al., Cryogenics 55-56 (2013) 5]
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Units for tritium pumping ﬂ(".

¢
a Karlsruhe Institute of Technology

tritium free

Two large cryostat systems for overall tritium retention factor > 1074

= Differential Pumping Section DPS\ = Cryogenic Pumping Section CPS\
active pumping by TMPs cryosorption on Ar-frost at 3-4 K
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Units for tritium pumping

AT

Karlsruhe Institute of Technology

tritium free

Two large cryostat systems for overall tritium retention factor > 1074

= Differential Pumplng Section DPS\

DPS site acceptance tests at
KIT almost completed

\_

= Cryogenic Pumping Section CPS\

Genoa, 7-\P 013‘11 i 4
\\LL—‘?_J; e X B

Delivered to KIT 07/2015
Installation started

57
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Detector system

Requirements:

 detection of B-electrons (mHz to kHz)
* high efficiency (> 90%)
 low background (< 1 mHz)

=» passive and active shielding
=» post-acceleration (10-30 kV)

» good energy resolution (~1 keV)

Characteristics:

90 mm @ Si PIN diode
thin entry window (50 nm)

» segmented wafer (148 pixels)
=» compensate field inhomogeneities
=» radial-dependent background
=» investigate systematic effects

detector magnet3-6 T

AT

Karlsruhe Institute of Technology
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1st avenue: exploit differential B spectrum

Idea: Upgrade to MAC-E-

1

LF PR e gy

j My T

spectrometer

| Comparison of TOF spectra for different neutrino masses for E, = 18574.0eV, U_ =- 18570.0 eV I
x10°
0.45E —— mv2=00eV?
- —— mv2=02eV?
0.4 ——— mv2=1.0eV?
0.35
?’ -
N 0.3
L
O] —
4§0.25:
€ 02F
8 F
+=0.15—
© -
0.1
0.05
O:l I 1 1 1 1 [ 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1
0 10000 20000 30000 40000 50000
TOF [ns]

62 [Bonn et al. (1999), Steinbrink et al. (2013), Robertson et al. (in prep.)]

AT

Karlsruhe Institute of Technology

Spectrometer as 24 m long “delay line”
=» very sensitive to small differences in
surplus energy

TOF spectrum records full B spectrum
=» save meas. time by using only few
voltage settings of MAC-E filter

Coincidence requirement
=» add. background suppression

Technical realization?
(a) pre-spectrometer as gated filter
(b) radio frequency tagger
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2" gvenue: alternative spectroscopic technique
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2" gvenue: alternative spectroscopic technique

Idea: Cyclotron Radiation Emission Spectroscopy (CRES)
[Formaggio & Monreal, PRD 80 (2009) 051301(R)]

w( ) _ Yo _ e Energy measured via cyclotron frequency
7 Y Erin + me of single electrons in B field
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2" gvenue: alternative spectroscopic technique

Idea: Cyclotron Radiation Emission Spectroscopy (CRES)
[Formaggio & Monreal, PRD 80 (2009) 051301(R)]

We eB
w(V) — 7 _ Erin 4+ Mo of single electrons in B field

single electron in trapping volume:

antenna array

S AN X

electron > B~1T,
e s E~18.6keV

o B = w~27 GHz
N N,

Energy measured via cyclotron frequency

K. Valerius | KATRIN



63

2" gvenue: alternative spectroscopic technique

Idea: Cyclotron Radiation Emission Spectroscopy (CRES)
[Formaggio & Monreal, PRD 80 (2009) 051301(R)]

We eB
w(V) — 7 _ Erin 4+ Mo of single electrons in B field

single electron in trapping volume:

antenna array
S AN X

> B~1T,
E ~18.6 keV
B = w~27 GHz

glectron

DT AN A N/ T

“KATRIN’-like gaseous source:
uniform B-field and low-pressure T, gas

Energy measured via cyclotron frequency
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2" gvenue: alternative spectroscopic technique

Idea: Cyclotron Radiation Emission Spectroscopy (CRES)
[Formaggio & Monreal, PRD 80 (2009) 051301(R)]

w( ) _ Yo _ e Energy measured via cyclotron frequency
7 Y Erin + me of single electrons in B field

single electron in trapping volume:

antenna array > 45000
A SN Y B o AN
C 35000
electron ” B~1T, S 30000F- /
atare s E~18.6keV S /
VAVAVAY; B = w~27 GHz 23000E /
) - . . ~ = s
A RN KK i /
15000 |—
10000 — .
“KATRIN’-like gaseous source: 5°°°?1_- 1 1 -

o

Dl A A LJJ LALILL LlLLLAJ LlAlllAL - :
271 272 273 274 2715 276 277 278 279 28

uniform B-field and low-pressure T, gas
Frequency (GHz)
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Why sterile neutrinos? A\‘(".

titute of Technology

Hints of eV-scale sterile neutrinos? Hints of keV-scale sterile neutrinos?
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Why sterile neutrinos? AN4]]

Karlsruhe Institute of Technology

Hints of eV-scale sterile neutrinos? Hints of keV-scale sterile neutrinos?

May explain anomalous oscillation results from
- Short baseline accelerator experiments

- Gallium experiments

- Reactor experiments
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Why sterile neutrinos?

Hints of eV-scale sterile neutrinos?

64

May explain anomalous oscillation results from
- Short baseline accelerator experiments

- Gallium experiments

- Reactor experiments

AT

Karlsruhe Institute of Technology

Hints of keV-scale sterile neutrinos?

Well motivated as natural
extension of Standard
Model (vMSM)

[e.g., Canetti, Drewes,
Shaposhnikov (2013)]

24 MeV 1.27 GeV 171.2 GeV
»n u P C an t
up charm top
4.8 MoV 104 MeV 4.2 GoV
d ["s |"Db
down strango botiom
= "
<fev [ ~keV <oV [~GoV <1eV [ ~Gev
‘V./N,'V./N.['v./
e/ | w/ 2 x/ 3
[ s | sterile | sterile
| neutrino [ neutrino [ neutrin
0.511 MeV 105.7 MeV 1.777 GeV
e B 8
electron on au
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Why sterile neutrinos?

Hints of eV-scale sterile neutrinos?

64

May explain anomalous oscillation results from
- Short baseline accelerator experiments

- Gallium experiments

- Reactor experiments

AT

Karlsruhe Institute of Technology

Hints of keV-scale sterile neutrinos?

Well motivated as natural |, == |, C& t
extension of Standard b .
MOdel VMSM . 4.8 MoV . 104 MeV ! 4.2 GeV
( ) d S b
°V.”:'/“N| v ‘N V N‘
[e.g., Canetti, Drewes, Sm - "H ..:‘:

Shaposhnikov (2013)]

In agreement with cosmological observations
[e.g., Shi & Fuller (1999)]

from small to large scales
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Why sterile neutrinos? AN4]]

Karlsruhe Institute of Technology

Hints of eV-scale sterile neutrinos? Hints of keV-scale sterile neutrinos?
May explain anomalous oscillation results from Well motivated as natural . a e | t
- Short baseline accelerator experiments extension of Standard " =E
- Gallium experiments Model (vMSM) . d S b
- Reactor experiments Lon L s |l be
otvel““;‘.Nl ov“/}'N: ov‘ N‘
[e.g., Canetti, Drewes, - 9 - H : ,.:‘:

Shaposhnikov (2013)]

In agreement with cosmological observations
from small to large scales [e.g., Shi & Fuller (1999)]

R nt indirect hint [Bulbul et al. (2014),
ecent indirec S Boyarskij et al, (2014)]

from X-ray astronomy?
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Why sterile neutrinos?

Hints of eV-scale sterile neutrinos?

May explain anomalous oscillation results from

- Short baseline accelerator experiments
- Gallium experiments
- Reactor experiments

1 dof Ay? profile

100 T T T \\\H‘ I T
B -| |=——90.00 %
"% 5 \\ / — |—95.00 %
F = | ==99.00 %
2 - | L] | | \\HH\\/\ R
10 = R S S T T
E 2dof Azz contours =+
10', = E
~ I =
> L . <
2 T
210 = 1 1%
o~ 2 = E 15
£ - ]
< | 1
10-1? = =
-2 ‘ ‘ \\\\\\\ | P
10 Db, bbb i
107 s, 107 10° 5, 10
sin“(26 ) Ay

[G. Mention et al. (2011), updated in White Paper (2014)]
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Hints of keV-scale sterile neutrinos?

Well motivated as natural
extension of Standard
Model (vMSM)

[e.g., Canetti, Drewes,
Shaposhnikov (2013)]

24 MeV 1.27 GeV 171.2 GeV
n P C P t
up charm top
4.8 MoV 104 MeV 4.2 GeV
1 I n S 1”3 I
down strango bottom
f ! “
<fev [ ~keV <qev [~GoV <1V [ ~GeVv
‘V.,/N 'V./N.'v./ N
e/ 1 w/ 2 x/ 3
| sterte | sterile | sterile
[ neutrino /  neutrino neutrino
0.511 MeV 105.7 MeV 1.777 GeV
1 A
electron n! on tau

In agreement with cosmological observations
[e.g., Shi & Fuller (1999)]

from small to large scales

Recent indirect hints
from X-ray astronomy?
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[Bulbul et al. (2014),
Boyarskj et al, (2014)]

K. Valerius | KATRIN



Why sterile neutrinos? AN4]]

Karlsruhe Institute of Technology

Hints of eV-scale sterile neutrinos? Hints of keV-scale sterile neutrinos?
May explain anomalous oscillation results from Well motivated as natural . a e | t
- Short baseline accelerator experiments extension of Standard - aon ||
- Gallium experiments Model (vMSM) “d I*s =B
- Reactor experiments R a— =
. otv° | ovl ‘ 0 ‘
10 1 dof Ay profile ‘ s access-\b‘e ‘n gﬁj | :ETW 'V, :y:‘:ﬂo
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N WY gotnscales 25C80 | - |
% 5 \\ / “-‘“um "9, Canetti, Drewes, F H ;‘:
. Shaposhnikov (2013
10° HW}V: o — - g ( )
't | § In agreement with cosmological observations
10 = 1. from small to large scales [e.g., Shi & Fuller (1999)]
< —=
CEnl 1 13 Recent indirect hint [Bulbul et al. (2014),
N = 12 ece direc S Boyarskj et al. (2014)]
E : from X-ray astronomy?
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[G. Mention et al. (2011), updated in White Paper (2014)]
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