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Neutrino mass

Upper bound
from laboratory measurements

meV eV keV MeV GeV TeV
L
= T t
S 3t -3 s .
=
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= e d
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Neutrino mass

/Cosmology A /Search for OVi3R A /Kinematics of 3-decay A
model-dependent Laboratory-based Laboratory-based
potential: m,, = 15-50 meV potential: mgz = 15-50 meV potential: mg = 50 - 200 meV
\_e.g. Planck Y, \_e.8. LEGEND Y, \e.g. KATRIN Y,

Meosmo = E m;
i

mf = > [Ugl? - m?
i

Susanne Mertens



General idea

* Kinematic determination of the neutrino mass

* Non-zero neutrino mass distorts the spectrum close to the endpoint

Susanne Mertens
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region close to 13 end point

m(ve) =0 eV

only 2 x 10713 of all
decays In last 1 eV
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General idea

* Kinematic determination of the neutrino mass

* Non-zero neutrino mass distorts the spectrum close to the endpoint

region close to 8 end point
0.8 |
S5
b entire S 06 | B
spectrum o m(ve) =0 eV
08 @ i y
— 04
m L.
- - i ) only 2 x 10°13 of all
- 02 [ decays in last 1 eV
| m(ve)=1eV
0.2 0 _
0 ] ] | | | -3 -2 -1 0
2 = 2 2 2 6 10 14 18
m=\v,) = U.:1¢ - m
( e) Z | “ | l electron energy E [keV] E-Ey[eV]
i
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The challenge

Key requirements:

Ultra-strong 3-source (10 cps)

) region close to 8 end point
* Excellent energy resolution (~ 1 eV)
0.8
* Low background level (~ 10 mcps) 3|
* Precise understanding of spectrum B enire 205
o 13
" spectrum 5 | Only 1013 of
< 04 [ all decays in
0.6 = -
» I
o | ast1eV
04 :
0.2 0 »
0 L - -3

2 6 10 14 18
electron energy E [keV]
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Where do we stand?

e Limit before KATRIN 15t Results:

1
10— 7 T ] Mainz and Troitsk Experiment

Limit before KATRIN 15t Results | V. N. Aseev et al., Phys. Rev. D 84 (2011) 112003
| Kraus, C., Bornschein, B., Bornschein, L. et al. Eur.

Phys. J. C (2005)

[
o
o

Effective mass m,, (eV)

P |

A el " ededed a1 A e, A e AL
10 3 -2 -1 0
10 10 10 10 10

Lightest mass eigenstate M. (€V)
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Where do we stand?

e Limit before KATRIN 15t Results:

1
10 7 7 Mainz and Troitsk Experiment
I Limit before KATRIN 15t Results V. N. Aseev et al., Phys. Rev. D 84 (2011) 112003
Kraus, C., Bornschein, B., Bornschein, L. et al. Eur.
0 Phys. J. C (2005)
10 §

On-going experiments * Ongoing experiments:
Distinguish between degenerate

and hierarchical scenario

Effective mass m,, (eV)

10 = " " ......1—3 " " ......1-2 L Y =3 el 0
10 10 10 10 10

Lightest mass eigenstate M. (€V)
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Where do we stand?

1
10

Effective mass m,, (eV)

Susanne Mertens

[
o
o

T

Limit before KATRIN 1st Results

going experiments

Lightest mass eigenstate M. (€V)
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e Limit before KATRIN 15t Results:

Mainz and Troitsk Experiment

V. N. Aseev et al., Phys. Rev. D 84 (2011) 112003
Kraus, C., Bornschein, B., Bornschein, L. et al. Eur.
Phys. J. C (2005)

* Ongoing experiments:
Distinguish between degenerate
and hierarchical scenario

* New ideas:
Resolve normal vs inverted
neutrino mass hierarchy
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Karlsruhe
Tritium
Neutrino
Experiment

i |
UNIVERSITY OF
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o A \\\ CASE WESTERN RESERVE

Karlsruher Institut fir Technologie RN VARSI a———
WESTFALISCHE think beyond the possible"

* Experimental site: Karlsruhe ——— B g e
Institute of Technology (KIT) @ Technology

The Czech Academy
of Sciences

* International Collaboration )~ = @
(150 members)

* Sensitivitym,=0.2eV(90%Cl) EEmE _ cow. TUTT™

of Sciences A

after 3 net-years ronscr  [FRNE
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KATRIN Working Principle

3H

super-allowed B-decay

Ty, 12.3years
E, 18.6 keV

‘,‘/” -

G -
5/7/ A\ > A
y// ; \° Cie v T

77
7
g 4

2%
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KATRIN Working Principle

' 4

high stability

and luminosity

)

(10%* decays/sec

B |
: a—%.,,%
-~ l’/

",

SN
BA

Q
\
\:

Windowless Gaseous

Molecular Tritium Source
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e B \
TS
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= active pumping by TMPs

Cryogenic pumping = cryosorption on Ar-frost

Differential pumping

KATRIN Working Principle

4
Tritium flow
reduction by
14 orders of
magnitude

Susanne Mertens
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Electrostatic

KATRIN Working Principle

filter selects high
energy electrons
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KATRIN Working Principle

Integral

measurement

148-pixel

down to 40 eV

below the
endpoint

Si focal plane
detector

Measurement
18600

18550

f

:4£el
g energy [e V]

18500

18450
Retardin
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KATRIN Working Principle
&

excellent energy
resolution: ~ 1 eV

large angle
acceptance: ~ 50°

i Magnetic adiabatic
ff/// e collimation + electrostatic
a0 filter (MAC-E)

Susanne Mertens
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Detector system

Wik

Inner electrode s

A

Cryogefic pumping

\L
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18-years of KATRIN history

Letter of Intent

Susanne Mertens

Design Report

p.01 /2006
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First neutrino mass
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18-years of KATRIN history

Letter of Intent

2001
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2004

Design Report
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First neutrino mass
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KATRIN neutrino mass campaign

* First ever high-activity tritium operation of KATRIN
e April 10-May 13 2019: 780 h (~4 weeks)

* high-quality data collected 2 million electrons

| 123

v" First neutrino mass result ©

N 6T “c0IRTL-1080TC (7o) €71 T8

arXiv:1909.06048 |

Susanne Mertens
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Tritium source operation

* tritium gas density: 22% of nominal (burn-in period)
* high isotopic tritium purity: 97.5%
* high source activity: 2.45 - 10'° Bq (24.5 GBq), throughput: 4.9 g/day

“Q—:
, == ==t Lf—i J
Z'Vll e — T,
Susanne Mertens EESESEEEEEEEE==—_1
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Tritium source operation

Electron gun

Source
Source Source

density com- activity Forward beam monitor
position

Laser Raman Cell

Krypton sources

Source
potential

e e
' 17‘/;'-4-‘..._._-------IN\T, \

i
==
—
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Spectrometer operation

interval: E,—40eV, E,+ 50 eV endpoint

* # HV set points: 27 o B-decay background
* scanning time: 2 hours spectrum - region
* Number of scans: 274 &
o
e Sequence of scans: alternating up/down S 100-
* HV stability: 20 mV (ppm-level) 1 | | |
AER AN [ | [
o 40° - |
£8
% Y 201
» One B-decay spectrum for each scan s £ |
2 Olll'llllllll L . T T
18540 18560 18580 18600 18620

Retarding energy (eV)

Susanne Mertens
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Stable operation

{ KATRIN data with 5 o errorbars |
~10't Fitx2/dof = 19.9/24
e Scan-wise analysis &, m? fixed ]
_ _ Py T By = 1857347 £025¢V |
* Neutrino mass fixed to zero 5 B = 2913 +104meps |
£10°¢
* Effective endpoint stable over time S Do
.

-40 | -?;0 -éO -{0 - 0 10 20 30 410
retarding energy - 18574 (eV)

1E o I S '¢ IScclzmv'viséfit's (gta:[oﬁly)'
C % — Weighted mean, p-value = 0.51

ittt e i m

05% i .-u. _..._ ..,!_|'|H"| e ,, -,-_.. ,_“"- il "|| ....

_1 i I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1
0 100 200 300 400 557 657 757
Time (hours)

Eo it~ (o) (€Y)
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Tritium spectrum calculation

x10713

1.0
1.0 — D) R(E. qU)
- 0.81
2 0.8
s 5
2061 P
5 Eo g
™ I(qU) = j D(E)R(E,qU)AE ~ 2°4]
5 qu |
€ 0.2 0.2+
0G0 25 50 75 100 125 150 175 x107 003 20 40 60 80 100
Energy (keV) 1.0 Integral Spectrum — IqU) Surplus energy (eV)
. 0.8 - .
* Molecular final states * Spectrometer resolution
* Theoretical corrections <% e Scattering in the source
[}
 Doppler broadening 2 041 * Synchrotron radiation
° 0.2 °
0.0

00 25 50 75 100 125 15.0 17.5
Retarding energy (keV)
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3-fold bias free analysis

/Freeze analysis on fake data \ /Blinded model \

* Generate MC-copy of each scan * Modified molecular final state dist.

25f 25F y
7 t 2 t .
£ d 0, MC o e T
s s
i, truedata | :* copy SRS |
€ 10F £ 101 @,-:«u’@ X
g N g “ E B ‘ |
8 , 8 , f
sk sE v
" . z
~40 20 0 20 0 —40 ~20 0 20 0
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 4L JL Y, \ /

Kl'wo independent analysis strategies \
* Covariance matrix
* Monte Carlo propagation

x10-4
o 7 < ---- Best fit
2 051 mm 90%cL
5 6 =
. S04
" . 8 g
£ 48 g o3
] H °
1 3§ 202
. < H
2
20 € o1
1 « .
0.0+
2 0 - z z
o 5 10 15 20 2 3 2 oot 2 3
an m? (ev?)

Susanne Mertens
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Two independent analysis approaches

Covariance matrix MC propagation
» Systematic: Spectrum computed 10° times » Systematics: Fit performed 10° times
. 2 =(m- g)TVt;)%(m —d) * —2log L = 2%,;|m; —d; + d;log(d;/m;)]

---- Best fit
057 mmm 90 % cCL

Bin
Covariance

Probability density (1/eV?)
o o
N w

o
=

o [l N w ) 9] [e)] ~

Susanne Mertens
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. . . Background-
Systematlc uncertainties slope
Non-Poisson
\ . background
t
Column density ﬁealngze ‘ @ ¢
X Cross section < } >
— j

Susanne Mertens
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Budget of uncertainties

statistics 0.970eV?

Non-Poisson bkg.

Background slope 0.066 eV?
pdo 0.052 eV?
B—fields 0.049eV?
Stacking 0.044 eV?

FSD ] 0.020 eV?

, we are largely statistics dominated !!!
ELoss| 0.002eV

0.0 0.2 0.4 0.6 0.8 1.0

1o uncertainty on m? (eV?)

Susanne Mertens
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What do we expect to measure?

[ | | | i | | | * If the neutrino mass was zero...
04} Simulation 4 * ...and we would repeat KATRIN
N.> [ 1 000 000 times...
L |
20.3 i
c | * 68% probability:
S m2in[—1; +1]eV?
£0.2 ]
=
-g * 95% probability:
o 0.17 1 mZin[-2;+2]eV?
; 159% | 688%  15.9%
0 .....
-4 -3 -2 1 0 1 2 3 4

Measured mz(ye) (eV2)

Susanne Mertens



Final fit result

N { KATRIN data with 1o errorbars |

w — .

Q o1k Fit result J

3 ;

)

4+

S

| -

T

S 100F 3

(@] - ]

@)

< 40 -30 -20 -10 0 10 20 30 40

w 2Ff ) Stat M Stat + sys 1

© [ 0 « * .o )

-} [ & o o o O.C . .

.-g 0 L O . . - . ° J

(7p) ¢ . . ¢ |

q) _2 PR P P 1 1 1 L 1 . 1 N —

0C 40 -30 -20 -10 0 10 20 30 40

@ ]

O ]

£ ]

l_ ™" . aa 1l oaa g L s a8 1 o 3 a1 Y .-
-40 -30 -20 -10 0 10 20 30 40

Retarding energy - 18574 (eV)

Susanne Mertens

2 million events

4 free parameters:
background, signal normalization, E,, m

excellent goodness-of-fit:
p-value = 0.56

Blind-analysis,
2 independent analysis methods

Neutrino mass best fit:
m?2 = (—1.07}7)eV?

2
v
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Final fit result

N { KATRIN data with 1o errorbars |

w — .

Q o1k Fit result J
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(@] i ]
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© [ 0 « * .o )
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2 million events

4 free parameters:
background, signal normalization, E,, m

excellent goodness-of-fit:
p-value = 0.56

Blind-analysis,
2 independent analysis methods

Neutrino mass best fit:
m?2 = (—1.07}7)eV?

Improved upper limit:
m, <1.1eV@ 90% CL

2
v
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Final fit result

-
o
—

Count rate (cps)

t KATRIN data with 50-¢ errorbars |
— Fit result

-40 -30 -20 -10 0 10 20 30 40

Stat M Stat + sys

Residuals (o)

Time (h)

~40

Susanne Mertens

-30

-20 -10 0 10 20 30 40

20 -0 0 10 20 30 40
Retarding energy - 18574 (eV)

2 million events

4 free parameters:
background, signal normalization, E,, m

excellent goodness-of-fit:
p-value = 0.56

Blind-analysis,
2 independent analysis methods

Neutrino mass best fit:
m?2 = (—1.0%37)eVv?

Improved upper limit:
m, <1.1eV@ 90% CL

2
v
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Historical context

Squared neutrino mass values obtained from tritium 3 -decay in the period 1990-2019

100
B | + Los Alamos Phys.Lett. 82‘56 (1991) 105-111 ¢ Mainz‘ Phys.Lett. B300 (1993) 210-216‘ # Troitsk Phys.Lett. B35|0 (1995) 263-272 ¢ Mainz éur.Phys.J. C40 (2005) 447-468 | 7
B 4 Tokyo Phys.Lett. B256 (1991) 105-111 7 China Chin.J.Nucl.Phys. 15 (1993) 261 ¢ Mainz Phys.Lett. B460 (1999) 219-226 # Troitsk Phys.Rev. D84 (2011) 112003 7
: 4 Zurich Phys.Lett. B287 (1992) 381-388 # LLNL Phys.Rev.Lett. 75 (1995) 3237-3240 & Troitsk Phys.Lett. B460 (1999) 227-235 # KATRIN 15 Science Run :
50 - ]
0r ¢ = ¢ e ®
K i ¥ L ]
> i 2005 2011 ]
o -50 - ol ‘ iz 4]
6 i 4 1
o - < 1r -
= -100 - > n
& i 2 0- I - ]
i o % 1
A —_ [ ]
'1 50 | e/w T |
L NE _2 [ -4 4
2001 3 t Mainz ¢ KATRIN 1% Science Run | -
- ¢ Troitsk  PDG 2019 Average 1
i 1 1 ]
-250 [ \ \ | | | L]
1990 1995 2000 2005 2010 2015 2020
year
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Improvements in statistics

Squared neutrino mass Uncertainties obtained from tritium 3 -decay in the period 1990-2019

i + Los Alamos Phys.LetL. B256 (1991) 105-111 0[ Mainz Phys.Lett. B300 (19'93) 210-216 ] TroiJsk Phys.Lett. B350 (1995) 2&33-272 ¢ Mainz Eur.Phl/s.J. C40 (2005) 447-468 7
4 Tokyo Phys.Lett. B256 (1991) 105-111 7 China Chin.J.Nucl.Phys. 15 (1993) 261 ¢ Mainz Phys.Lett. B460 (1999) 219-226 # Troitsk Phys.Rev. D84 (2011) 112003

1 02 | % Zurich Phys.Lett. B287 (1992) 381-388 # LLNL Phys.Rev.Lett. 75 (1995) 3237-3240 & Troitsk Phys.Lett. B460 (1999) 227-235 4 KATRIN sensitivity - 100% T-activity -5y |

¢ B :

() (| 1 1 B

~ | 11 ’ 1 B

P T I I I T . .

£ ol o Multi-year measurements

= (SRR R T T TR SR | ]

8 C 1 [ 1 1 ¢ /\ a1

c oo 11 1 1 1 .

5 | [ 1 1 ! 1 ! 7

— Eoo [ 1 1 1 1 1 ¢ [ ] -

8 0 1 [ 1 1 1 1 1 1 1

= (| [ 1 1 1 1 1 1 1 |

E" 10 (R Y T TR TR T SR | [ | 1 1 ’ ]

© O TR T T IR SR IO [ 1 I 1st KATRIN ]

"(;,' SRR | I 1 1 1 1 1 1 1 1 -

o [ 1 1 1 1 1 1 1 H 1 B

< I N N I = _ ! Science Run | ]
— 1 111 1 1 1 1 1 - 1 1

A<I.) 10_1 L L1 \ | I 0 ] Su e rontler " 5 days@ 100 GBq | KATRIQ

~— Eod (| 1 1 1 1 1 1 1 1 4

~ : 3y@100 GBc
| 111 1 1 1 1 1 1 1 1

S [t (| 1 1 1 1 1 1 1 1 y@ =

o 11 1 1 1 1 1 1 1 1 ®
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Improvements in systematics

Squared neutrino mass Uncertainties obtained from tritium (3 -decay in the period 1990-2019

\ \ I [ \ \ I
[ + Los Alamos Phys.Lett. B256 (1991) 105-111 ¢ Mainz Phys.Lett. B300 (1993) 210-216 ® Troitsk Phys.Lett. B350 (1995) 263-272 & Mainz Eur.Phys.J. C40 (2005) 447-468 7
4 Tokyo Phys.Lett. B256 (1991) 105-111 ©  China Chin.J.Nucl.Phys. 15 (1993) 261 ¢ Mainz Phys.Lett. B460 (1999) 219-226 % Troitsk Phys.Rev. D84 (2011) 112003
1 02 — 4 Zurich Phys.Lett. B287 (1992) 381-388 # LLNL Phys.Rev.Lett. 75 (1995) 3237-3240  § Troitsk Phys.Lett. B460 (1999) 227-235 & KATRIN sensitivity - 100% T-activity - 5y —
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KATRIN backgrounds
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KATRIN backgrounds
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KATRIN backgrounds

v Effective reduction of radon-induced v Effective mitigation of Rydberg background by
background via nitrogen-cooled baffle system shifting analyzing plane
S. Goerhardt, et al., JINST 13 (2018) no.10, T10004 not yet applied, under investigation at the moment

Susanne Mertens



KATRIN backgrounds

1. Effective reduction of radon-induced
background via nitrogen-cooled baffle
system

2. Effective mitigation of Rydberg
background by shifting analyzing plane

v’ Successful test measurements show
feasibility of the technique

Susanne Mertens

background rate (cps)

¢ standard
baffle renewal
¢ shifted analyzing plane

Yy

0 50 100 150

3
Vdownstream (m )
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Conclusion

= New World Best Direct Neutrino Mass Measurement: m,< 1.1 eV (90% C.L.)
= 2nd measurement campaigh completed
= (Calibration runs ongoing

" Final sensitivity of 0.2 eV reached after 5-years

Susanne Mertens
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