AT

Karlsruhe Institute of Technology

Latest results from the KATRIN experiment
Fabian Block for the KATRIN collaboration, Lake Louise Winter Institute 2024

it

KIT — The Research University in the Helmholtz Association www.kit.edu




KIT

Complementary ways of determining the neutrino mass

® high-precision cosmology

2=);m; <006 —0.14 eV
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Complementary ways of determining the neutrino mass

® high-precision cosmology
T=3;m; < 0.06 —0.14 eV |

® neutrino-less double beta decay

. M. Agostini et al., Phys. Rev. Lett.
— é . . _ 125, 252502
mﬁﬁ = Uel m; < 0.04 0.18 eV S. Abe et al., Phys. Rev. Lett. 130,
i 051801
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Complementary ways of determining the neutrino mass

® high-precision cosmology model-dependent

Stocker et al., Phys.Rev.D 103 (2021) 12, 123508 (neutrino nature, standard model of cosmology)

2 = Zimi < 0.06 — 0.14 eV R e N o o P N

® neutrino-less double beta decay

model-dependent

M. Agostini et al., Phys. Rev. Lett.
125, 252502 (neutrino nature, nuclear matrix elements)
S. Abe et al., Phys. Rev. Lett. 130,
051801

Mmgp = z UZ; - m;| < 0.04 —0.18 eV
l
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Complementary ways of determining the neutrino mass

® high-precision cosmology

Stocker et al., Phys.Rev.D 103 (2021) 12, 123508

2 = Zimi < 0.06 — 0.14 eV R e N o o P N

® neutrino-less double beta decay

M. Agostini et al., Phys. Rev. Lett.

mpp = Z U2 -m;| <0.04 —0.18 eV (BN
i

051801

® kinematic neutrino mass measurement

21.02.2024 Fabian Block - Latest results from the KATRIN experiment

S. Abe et al., Phys. Rev. Lett. 130,

model-dependent
(neutrino nature, standard model of cosmology)

model-dependent

(neutrino nature, nuclear matrix elements)
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Complementary ways of determining the neutrino mass

® high-precision cosmology

Stocker et al., Phys.Rev.D 103 (2021) 12, 123508

2=)m; <0.06 —0.14 eV |R e N

® neutrino-less double beta decay

. M. Agostini et al., Phys. Rev. Lett.
= 5 ; — 125, 252502
mgg = | UL -mi| <0.04 —0.18 eV

{

051801

® kinematic neutrino mass measurement

21.02.2024 Fabian Block - Latest results from the KATRIN experiment

S. Abe et al., Phys. Rev. Lett. 130,

model-dependent
(neutrino nature, standard model of cosmology)

model-dependent

(neutrino nature, nuclear matrix elements)

model-independent

(independent of neutrino nature, solely based on

kinematic parameters and energy conservation)
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Kinematic neutrino mass measurement *‘(IT
(by example of B-decay) oo st i ooy

® continuous B-decay spectrum described by Fermi's Golden Rule

dl’

3
—==Cp(E+m) (B —E) -Z|U§i|\/(E0—E)2 —m?-F(E,Z)-0(Ey— E —m,)
i=1
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Kinematic neutrino mass measurement *‘(IT
(by example of B-decay) oo st i ooy

® continuous B-decay spectrum described by Fermi's Golden Rule

3
= Cp (B my) - (Bo— ) Y VAL (B —E)Z@F(E,Z) 0(Ey—E = my)
=1

dE

2 _ 2 2
mg —Zeril "my
i
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Kinematic neutrino mass measurement =\!(IT
(by example of B-decay)

® continuous B-decay spectrum described by Fermi's Golden Rule

3
dr
S=Cop(E+my)- (B~ E) Z U1 (B - E)Z@F(E,Z) 0(Ey— F — my)

2 __ 2 2
mg = E |Ug;| - m;
i 1.00 1
5075
L)
w 0.50 1
]
‘5 0.251 ]
0.00 1 . . . -25 -2.0 -15 -1.0 -0.5 0.0 0.5
-15 -10 -5 0 E—-E, (eV
E - Eo (keV) o (eV)
21.02.2024 Fabian Block - Latest results from the KATRIN experiment Institute for Astroparticle Physics (IAP)




KATRIN requirements

® goal:
® resolve spectral distortion close to
the B-decay endpoint
® requirements:
® strong B-decay source
® excellent energy resolution
® |[ow background level

® exact understanding of spectrum shape

10 21.02.2024 Fabian Block - Latest results from the KATRIN experiment

KIT

Karlsruhe Institute of Technology

1.00
5 0.751
o
5 0.50
o
= ;
S 0.25
0.001 . |
-15 - -5 0
—Eg (keV)
le—8
— mZ= 0eV?
4 mZ= leVv?

25 —2.0 -15 -1.0 -05 0.0 05
E—E, (eV)

Institute for Astroparticle Physics (IAP)



KATRIN experimental setup ﬂ(".

Electron
¢ Ty
T, out @ HeT*

B NN
; -:Q,VV‘(&%%\V&V:X:‘?:%‘????‘

NI

S \" / 3
0)20'.0,0’0.‘,. % ‘.”’:‘,’”’ =

s

‘‘‘‘‘

tritium source transport section - _ :
| main spectrometer detector

: |
ﬁ roughly 70m |ength ﬁ
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KATRIN experimental setup ﬂ(".

molecular, gaseous tritium

up to 10" decays/second
2.5 T magnetic field

Electron
¢ Ty

B NN
; -:Q,VV‘(&%%\V&V:X:‘?:%‘????‘

NI

e

tritium source transport section - _ :
| main spectrometer detector

: |
ﬁ roughly 70m |ength ﬁ
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KATRIN experimental setup ﬂ(".

energy analysis

0.6 mT magnetic field
adjustable retarding potential
AE =1 eV (at 18.6 keV)

Electron

IR AR

tritium source transport section 2. - !
| main spectrometer detector

: |
ﬁ roughly 70m |ength ﬁ
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KATRIN experimental setup ﬂ(".

* dominating source of background
*  background level of O(10-%) cps © Electron

Pt
.......
.......

tritium source transport section _ :
| main spectrometer detector

: |
ﬁ roughly 70m |ength ﬁ
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KATRIN requirements

® goal:
® resolve spectral distortion close to
the B-decay endpoint
® requirements:
® strong B-decay source @
® excellent energy resolution @

® |[ow background level @

® exact understanding of spectrum shape
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Exact understanding of spectrum shape

® KATRIN measures the integral B-decay spectrum

"Et]
I'(qU) x A D(E;m%, Ey) dE + B
JqU '
differential response integral
% “@” E i = g
a =) =
2 T )
g o )
w [
a
18.%68 18570 1BEI>7‘2 18574 18576 0 2‘0 4I(J GIO 18.%50 185;60 18570 18580
E(eV) E-qU(ev) qu (ev)
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Exact understanding of spectrum shape ﬂ(".

Karlsruhe Institute of Technology

‘Background
- Non-Poisson component
- Retarding potential slope

- Penning trap

- ‘ 'Detection efficiency |
Energy loss |

Final States

..... I Electron
. ¢ T
/ - - 3
: Source Magnetic fields & “HeT*
== - Column density - Source Bse © Rydberg atom
L1 = ACt'VIty flUCtUatiOnS < Ana|ysing p|ane Bana < Pennlng cation
— - Plasma - Maximum Biax
Rear wall | )
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KATRIN requirements

® goal:
® resolve spectral distortion close to
the B-decay endpoint
® requirements:
® strong B-decay source @
® excellent energy resolution @

® |[ow background level @

® exact understanding of spectrum shape @
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KATRIN tritium scan

® ~30 set points of the retarding

potential with varying duration

® scan interval ranges from

E,—40eVupto E, + 130 eV

® ~ 3 hours measurement

time per scan

® O(500) scans per year

19 21.02.2024 Fabian Block - Latest results from the KATRIN experiment

Measuring

10]. i

Rate (cps)

time (h)

109 1

e
=

20

KIT

Karlsruhe Institute of Technology

B-decay background
spectrum region

C' T T T T T
18540 18560 18580 18600 18620

Retarding energy (eV)
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Overview of data taking S(IT
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Overview of data taking

21.02.2024

Cumulative electrons in 40 eV range

KIT

Karlsruhe Institute of Technology
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Latest neutrino mass result

® first measurement campaign
® best fit: m§ = (~=1.0%97) eV?

® limit: mp < 1.1 eV (90% CL)
M. Aker et al., Phys. Rev. Lett. 123, 221802

® second measurement campaign
® best fit: mj = (0.2610:37) eV?

® limit: mp < 0.9 eV (90% CL)

22 21.02.2024
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Time (h)
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Latest neutrino mass result

campaign
(0.26%33%) eV?

5 < 0.9 eV (90% CL)

® combined result: mg < 0.8 eV (90% CL)

M. Aker et al., Nat. Phys. 18, 160-166 (2022)
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Count rate (cps)

Residuals (o)

Time (h)
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Uncertainty breakdown of KNM2 ﬂ(".

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Statistics
. . . . Systematics
® statistical uncertainty dominates ' - = -

1o m2 uncertainty (eV?)

® systematics non-negligible
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Uncertainty breakdown of KNM2 ﬂ(".

Statistics
Systematics

Bg overdispersion

W statistical uncertainty dominates

® systematics non-negligible

Bg time dependence

Bg voltage dependence

® background-related uncertaintiesS  auiyzing piane fieiss

Source el. potential

dominate systematics budget Gas density

Bsource

Energy loss KNM2 sim.

B background-related
m source-related
B el.-mag. fields

Bmax

Rear wall

0.00 0.02 0.04 0.06 0.08 0.10 0.12
1o mZ uncertainty (eV?)
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Next analysis release ﬂ(".

16 x108 o )

® combined analysis of first Ll % 2Eg <
five campaigns 5]
® currently in unblinding process Lol

® next data release in summer 08 ]

0.6

Cumulative electrons in 40 eV range

e f...A - .=
/
0.0 — ] T

1 Mayl Oct.1 Nov. 1 Jul. 1 Oct.1 Novl Dec. 1 Aprl May 1 Jun.
20192019 2019 2020 2020 2020 2020 2021 2021 2021
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Next analysis release ﬂ(".

16 x108 . )
® combined analysis of first L% 2EE g
five campaigns
& 1.2
® currently in unblinding process g
. S 1.0-
® next data release in summer z
® sensitivity projection: A
mg < 0.5 eV (90% CL) £ °°]
g ! .
Q ——

® factor six in statistics

® improvements gl /_/
 wm
o il

® background reduction o= e

1 Mayl Oct.1 Nov. 1 Jul. 1 Oct.1 Novl Dec. 1 Aprl May 1 Jun.
20192019 2019 2020 2020 2020 2020 2021 2021 2021

® more accurate knowledge of systematics
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Next analysis release - uncertainty breakdown ﬂ(".

Bg overdispersion

Bg time dependence
Bg voltage dependence
Analyzing plane fields

Source el. potential

Gas density
Bsource
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B B background-related
max

B source-related
Rear wall Bl el.-mag. fields

0.00 0.02 0.04 0.06 0.08 0.10 0.12
1o mZ uncertainty (eV?)
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Next analysis release - uncertainty breakdown ﬂ(".

since KNM4
since KNM5

Bg overdispersion

Bg time dependence
Bg voltage dependence
Analyzing plane fields
Source el. potential
Gas density

BSO urce

Energy loss KNM2 sim.

Bl background-related
I source-related
Bl el.-mag. fields

Bmax

Rear wall

0.04 0.06 0.08 0.10 0.12
1o m2 uncertainty (eV?)

0.00 0.02

29 21.02.2024 Fabian Block - Latest results from the KATRIN experiment

counter measures
implemented for data taking
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Next analysis release - uncertainty breakdown ﬂ(".

since KNM4

Bg time dependence since KNM5

Bg overdispersion

Bg voltage dependence
Analyzing plane fields
Source el. potential
Gas density

BSO urce

Energy loss KNM2 sim.

B background-related
I source-related
Bl el.-mag. fields

Bmax

Rear wall

0.00 0.02 0.04 0.06 0.08 0.10 0.12
1o m2 uncertainty (eV?)

30 21.02.2024 Fabian Block - Latest results from the KATRIN experiment

O
%

counter measures
implemented for data taking

decrease due to new
calibration measurements
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“Beyond neutrino mass” in KATRIN ﬂ(".

high statistics and

precise B spectrum
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“Beyond neutrino mass” in KATRIN

search for sterile

neutrinos

08
‘;z ----- cos?6 5 (myg)
L4 === sin?83p(ma)
g 06 ) —— sin?@(ma) + cos?835 (myg)
E Act\ve-"—.u

0.4
g branch
K]
=1
3 02
g - _Sterile branch
5] t.mf!““‘--‘__ T

0.0 B - E—

18560 18565 18570 18575
Energy (eV)
my= 10 eV

Aker et al., 2022 Phys. Rev. D 105 072004
Aker et al., 2021 Phys. Rev. Lett. 126 091803
Mertens et al., 2015 J. Cosmol. Astropart. Phys.

JCAP02(2015)020
etc.

high statistics and

precise B spectrum
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“Beyond neutrino mass” in KATRIN

search for sterile

neutrinos

08
‘;z ----- cos?6 5 (myg)
L4 === sin?83p(ma)
‘E 06 —— sin®8§(mq) + cos?8 Jf(mp)
E Act\ve-"‘—.u

041
g branch
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g -__§js§r|\e branch
a sin?f " T=~nl |
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Aker et al., 2022 Phys. Rev. D 105 072004
Aker et al., 2021 Phys. Rev. Lett. 126 091803
Mertens et al., 2015 J. Cosmol. Astropart. Phys.

JCAP02(2015)020
etc.

21.02.2024

high statistics and
precise B spectrum
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search for exotic

interactions

Arcadi et al., 2019 J. High Energy Phys. JHEP01(2019)206
Fengler et al., 2024 PoS, DISCRETE2022 011
etc.
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“Beyond neutrino mass” in KATRIN

search for sterile

neutrinos

08
T I[N cos?6 5 (myg)
f 0.6 === sin%9g(ma) etc.
® . ) —— sin®8§(mq) + cos?8 Jf(mp) . . o
2 aewen high statistics and
E 04 pranch ™ .
precise [3 spectrum
3 02
E [ ~-.Sterile branch
5] Slll:;f\-“'“‘-‘_‘

0.0 B el risirisi— [r——— 1

8560 18565 18570 18575
Energy (eV)
my= 10 eV

Aker et al., 2022 Phys. Rev. D 105 072004
Aker et al., 2021 Phys. Rev. Lett. 126 091803
Mertens et al., 2015 J. Cosmol. Astropart. Phys.
JCAP02(2015)020

etc.
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search for exotic

interactions

Arcadi et al., 2019 J. High Energy Phys. JHEP01(2019)206
Fengler et al., 2024 PoS, DISCRETE2022 011

set constrains on local
density of cosmic relic
neutrinos

Aker et al., 2022 Phys. Rev. Lett. 129 011806
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“Beyond neutrino mass” in KATRIN ﬂ(".

Karlsruhe Institute of Technology

] search for exotic
search for sterile

interactions

neutrinos

08 Arcadi et al., 2019 J. High Energy Phys. JHEP01(2019)206
3 LN cos’a g (my) Fengler et al., 2024 PoS, DISCRETE2022 011
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Summary and outlook

m first direct neutrino-mass measurement
with sub-eV sensitivity

mg < 0.8 eV (90% CL)

® combination of first five campaigns

® significant improvement of systematics
and statistics

® sensitivity: mg < 0.5 eV (90% CL)

® multiple physics searches beyond the
neutrino mass

21.02.2024 Fabian Block - Latest results from the KATRIN experiment
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Back-up
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Tests of new physics — light sterile neutrinos ﬂ(".

o
fos)

® eV-scale sterile neutrino motivated
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o
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sinzeg—g(mq) + coszﬂg—g(mﬁ)

by anomalies in short-baseline

Active ..
branch

neutrino oscillation experiments

Aguilar et al., Phys. Rev. D 64, 112007 (2001)
Aguilar-Arevalo et al., , Phys. Rev. Lett. 121, 221801 (2018)
Hampel et al., Phys. Lett. B 420, 114 (1998)

Abdurashitov et al., Phys. Rev. C 80, 015807 (2009) 18860 ‘185'65' '18_'|570' TRE
Barinov et al., Phys. Rev. Lett. 128, 232501 Energy (eV)

Mention et al., Phys. Rev. D 83, 073006 (2011)
Serebrov et al., Pis'ma Zh. Eksp. Teor. Fiz. 109, 209 (2019) my= 10 eV
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Background reduction ﬂ(".

Karlsruhe Institute of Technology

® dominating background contribution is produced in

the main spectrometer

® volume-dependent background rate

® sensitive to volume between analyzing plane and

detector Lokhov et al., Eur. Phys. J-. C 82, 258 (2022).

N
o
o

® adjusted electromagnetic field layout in main

=
wu
o

spectrometer

(8]
o

Background rate (mcps)
o
o

® significant reduction of background rate

Nominal AP Shifted AP
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Main spectrometer as MAC-E filter

® fine-tuned drop of magnetic field in combination
with electrostatic retarding potential (MAC-E filter
principle) allows main spectrometer energy
resolution of

AE =1 eV (at 18.6 keV)

® air-coil system and inner electrode system allow
fine-tuning of electromagnetic field configuration

® high-voltage system can provide up to -40 kV
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Main spectrometer as MAC-E filter
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Main spectrometer as MAC-E filter
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Main spectrometer as MAC-E filter

analyzing plane:
detector - minimal B
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