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History of direct neutrino mass determination
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Standard Model neutrinos

THE STANDARD MODEL -
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® Fundamental particle

® Only weak interaction
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® Neutrino oscillations
® - non-zero mass
® - information on mass squared difference
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Measuring the neutrino mass

B-decay OvBB-decay Cosmology
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Measuring the neutrino mass

GOOO.I"""'I'!""I'"'I""I""I""I_

Cosmology

5000
4000 |

3000 |

DT [uK?]

2000 |

1000 |

0—I + e + |
600F" | "¢

oot Ll
wnt [ 11

600 £

- :f: +——+ 160
330
“l ||||.|1| lhmm : 10
[ A A A AE £ W
“. * .é .60

il 1 1 1 U Y N TR NN TR SN SR T [ TR S S T N S S S S
2 10 30 500 1000 1500 2000 2500
{

ADIT

—_——

® |nvestigations of the Cosmic Microwave background (CMB) temperature power spectrum
® Baryon acousting oscillations (BAO)
® Gravitational lensing

® ACDM Model M, = zmi < 100 meV
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Measuring the neutrino mass e~
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Measuring the neutrino mass
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The KATRIN Experiment

Analysing plane
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e =281 motion Design report: https://doi.org/10.1088/1748-0221/16/08/T08015
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® Rear end of experiment ' /,/é

® Golden plated titanium rear wall

® Plasma potential coupling

containment

® Calibration technique: electron source

® Narrow energy and angle width
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Tritium source ('_I'\IgK Tritium Laboratory ﬂ(IT

® 10m long Windowless Gaseous

. == — - == orery Tritium Source (WGTS)
T 15_’ ® Stable density of tritium
@ © © @% (G ~ 0.1%/h)
Casreton ® Gas composition with high
parmeatr 0% 21 Compsiional tritium purity (>95%)
® Activity ~100 GBq
waste ¢ fPure T, Presslre dnd iermperaie ® Stable cryostat temperature
(mK scale)
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Why do we use tritium?

® Halflife of 12.3 years @
® | ow endpoint of 18.57 keV .

® Endpoint shifts with neutrino mass
® Precise measurement of spectrum tail

® - Neutrino mass m,as missing energy
at Beta decay

E=(my—mg) c?=myc*+T,+m,c*+T,

® Best limit before KATRIN: m,< 2 eV/c?
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Transport and Pumping section

pump port 4

s.c. magnets

>, pump port 5

DPS

beam tube

pump port 0 pressure

sensor

® Magnetic chicane
® Efficient pumping of neutral molecules
® Charged electrons guided magnetically
® Tritium reduction by 4 - 103
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o PRe cold gate valve ﬂ(l I
outer I b

® Cryo-cooled golden beam tube fins

® Condensed Argon frost layer

® |arge surface with tritium capture capability
® Tritium reduction by > 108
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Spectrometer and detector section

PULCINELLA
electronics

Vacuum gauges

® Pre and Main spectrometer

® Spectroscopy of B-decay electrons with high
resolution (~1eV)
® High voltage with inner wire electrode system 60T (max)
® > MAC-E-filter principle Flux tube for

e from main
spectrometer

® Focal plane dector (FPD) \ .
® Segmented Silicon pin detector A

Cooling tower

Gate valve Ambient-air

y and e sources electronics

Veto

Shield

Preamplifiers

Detector wafer

Post-acceleration
electrode

® 148 pixels of same size
® Uptol10°e/s
® |n high magnetic fieldupto 6T

Detector magnet
6.0 T (max)

Vacuum system

® y and e sources for calibration
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The MAC-E filter principle ﬂ(".

N air coils 7”7

(a) transmitted electron
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Taking data with KATRIN

—m,=1eV/c’
® Integral measurement of B-spectrum - m,=0 eV /c’
- 10.0: c++ By=18573.7 eV
T
® Neutrino mass signature largest at E, =
)
©
® Optimised Measurement Time = 1.0:
Distribution (MTD) :
® 2-3hourscans o T
® O(100) scans per campaign 1.00-
RS -
(C i
® Background rate beyond E, % 5.99-
® Stack data points with same conditions —~15- :
EETO: :
® Analysis window: [E;—40 eV, E, + 135 eV] g 5- ” “ | H ‘ ‘ | |
— O_'lllllllllllllll | . | . |
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Retarding energy (eV)
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Data aqusition
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First KATRIN limit
with ~6 million electrons in

analysing window
m,< 0.8 eV (90% C.L)

Nat. Phys. 18, 160-166 (2022).
https://doi.org/10.1038/s41567-021-01463-1
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Data aqusition

x108 L ,
2.00 - g = % < § 5 g

] - 1L : - Direct neutrino-mass measurement
175 1 ¢ ¥ based on 259 days of KATRIN data
o New limit with first 5
125 campaigns ( 6 times more
o statistics)

m, < 0.45 eV (90% C.L)

Cumulative electrons in 40 eV range

0.50 - . .
| Submitted to arXiv:2406.13516
' | / https://arxiv.org/abs/2406.13516
0.00 'f '."‘-._‘- - ——1 ——vm
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D a t a C O m b I n at I O n Karlsruhe Institute of Technology
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® 59 stacked spectra with a total of 1609 data points
® Computationally expensive model evaluations with 144 correlated systematic parameters
® Experimental improvements regarding background suppression and other systematic effects
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Background suppression: Shifted analysing plane (SAP)

Analysing plane

Patch

o H N W A~ U o0 N

Main spectrometer

® Magnetic field minimum and potential maximum shifted towards detector
® Significant reduction of the sensitive fluxtube volume - factor 2 in background rate
® Inhomogeneous EM-fields - More segmented data and calibration mandatory
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D a t a a q u S I t I O n Karlsruhe Institute of Technology
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KATRIN experiment status

: .. 0.5 -
® New KATRIN release improves upper limit on |
the neutrino mass by a factor of 2: 0o s Nature Phys. 18 (2022) 221802
O ¢ This release
€ -0.5-
® Ongoing analysis: ~1.04 ¢ PRL123(2019) 160 g
® 70% of total anticipated data recorded with . , , , , —e :
improvements in systematics 1.6 7
® Several beyond standard model physics 1 o PRL 123 (2019) 160
searches: eV-sterile, exotic interactions, light ]
bosons. relicv .. AR o Nature Phys. 18 (2022) 221802
S _
® Ongoing data taking in 2025 > 1000 days of £ ,,_ ] This release
beta scanning | e Upper limit (90% CL)
® Target sensitivity m,< 0.3 eV/c? o Projection (90% CL) i
0.2 z

| ! | ' | o |
100 200 300 1000
Beta scan time (days)

T
?»J@

23 Neutrino mass and KATRIN: Dominic Hinz for the KATRIN collaboration @ SPCS 2024 b\%

4




SKIT

KATRIN beyond 2025 - sterile neutrino search

4. ONLY GET LEFT HANDED NEUTRINOS
AND RIGHT HANDED ANTINEUTRINOS

NEUTRINOS ALL OTHER PARTICLES = without sterile v **+active branch
LEFT HANDED RIGHT HANDED LEFT HANDED RIGHT HANDED With Sterile Vv 10 keV’ 02 mixing Ster”e bra nch
r r vV e g
L) Q L,) g_ﬁ .=~
1.0- / N
] y) ~
LEFT HANDED RIGHT HANDED LEFT HANDED RIGHT HANDED — i ¥ e, 1 ~
A r v v 508~ 7. N
&8y £ S 2SR
i T >.0.6" N\ .
. - o= + ‘3
ANTI-NEUTRINOS ‘O 1 ’. \\
S 04- NS
BY DOMINIC WALLIMAN © 2021 2 - R
— 0.2 N
_ .
® Minimal standard model extension 0.0- ~—
® Dark matter contribution in the universe 0 2 4 6 8 10 12 14 16 18
. ar
® Active branch: o cos?(8) — (mp) B decay energy (keV)

® Sterile branch: « sin?(8) % (my)
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Sterile neutrino search — TRISTAN Upgrade

anode

field strips . TRISTAN detector upgrade to search for keV sterile
GRVEEN neutrinos starting in 2026

® Novel SDD array
® Good energy resolution: 300 eV @ 20 keV
® High count rate resolution: 10° cps/pixel

integrated FET §

/NN

/ llﬂﬂj

path of .
n- sn:M@ns ® Different measurement mode

® Measurement of entire beta spectrum

p+ back contact

x166
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Sterile neutrino search — TRISTAN Upgrade: Timeline

: Old-PCH Magnet

Getter pumps

Feedthrough chamber NC Coils

DAQ boards ., 7 - Calibration sources

Detector position

e -~
{ Ul(“\“‘

Support frame SC-Magnet

Support frame feedthrough chamber

Support frame pumps
® 2024: Assembling 3 modules together at detector replica

® 2025: Full operation of 9 modules in replica for final characterisation measurements
® 2026: Installation in the KATRIN beamline and data taking
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Data analysis at KATRIN Theoretical spectrum
dTl’ GIZTCOSZ(Qc) 9 3 ) >
== MIFZE)p(E+me) 21 Uail’eJ€? = m?O(e = m))

Experimental response

® Modelling the integrated spectrum
1o ® Add systematic effects
0.8 ® Systematic uncertainty propagation by pull-terms
0.6 ® Minimising the negative log-likelihood profile

Transmission
probability

e E-gun data
0.4‘ [ ’,/ + pd=3.8x 1021 m-2 i
_______ —- .__z' Response for
0.24 | ~77 E-gun electrons .
____ Response for 1.2
0.0+ B-decay electrons ] == KNM1
0'3 f o e 1.0 = KNM2
w>u>70 3 ingle scattering = i 2
82 —— Multiple scattering g 0 8_— —— KNM3-5AP
;5 0.2 > "~ 1 —— KNM3-NAP
o0 Nogd — KNM4-NOM
o 20.1 | U.67
cCo 3 o [F== KNM4-OPT
“ 0.0 , T— 044 —— KNM5
0 5 10 20 50 100 200 0 2_3 KNM1-5
Surplus energy (eV) ':
0.0
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Systematics budget KNM 1-5

KNM 1-5

Statistics 0.108

Systematics 0.072

0.04 0.06 0.08 0.10 0.12

0.02

0.00

Gas density 0.052

Energy loss
Penning bg

Source potential
Non-Poisson bg

Bg qU dependence

Analysing plane

5 0.004 KNM1-5
source ' B background-related
Bmax 0.004 B source-related
Rear wall 0.004 B field-related
0.00 0.01 0.02 0.03 0.04 0.05 0.06
1-o0 m2 uncertainty (eV?)
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KNM 2 vs. KNM 5

Statistics W///////////////////////////
Systematics
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Limit Setting
— o6 @ Upper limit by Lokhov-Tkachov
—— Lokhov-Tkachov . .
Feldman-Cousins ConStrUCthn.
0.37 ---- Best fit (—0.14 eV?
et (=014 m, < 0.45 eV (90% C.L.)
- 0.5
_ _ ® Returns sensitivity for negative mz best fits
T 0.2- i d ® Statistical underfluctuations do not produce
E i g stricter limit
i3 i 3 ® More conservative approach than Feldman-
. Cousins
0.1 : / e
i 0.2 . :
; ., ¥ Upper limit by Feldman-Cousins
0.0 I 1 . I I I I ' 1 °
-06 -04 -0.2 0.0 0.2 0.4 0.6 COhStI’UCtIOI’\.
i (V%) m, < 0.31eV (90% C.L.)
B
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Sterile Neutrinos

® Minimal standard model extension
® Dark matter contribution in the universe

® Active branch: o cos?(8) % (mg)

® Sterile branch: o< sin?(6) % (my)

i.-_——

HUNTER 1

KATRIN Laboratory limits

\\lmv activity

= 'without sterile v *++ active branch 50
= with sterile v: 10 keV, 0.2 mixing = ' sterile branch E
0 s
’5 O.8j )
5 -
306-
o 0'4_ X-ray |
= 0.2- constraints '\.‘\\”
] "
0.0- e,
0O 2 4 6 8 10 12 14 16 18 - . . , ' “\,"4
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