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Direct Neutrino Mass Measurement

Upper bound
from direct measurements

meV eV keV MeV GeV TeV
| T T T T T T T T -
s ! T 4
S 3+ - U3 ® .
‘ & Lo c
= O 2 <—> Vo e .
§ 1 .;,/1 ___________________________________________________________ .. L 1
| i ‘ . i . ‘ ! , . ! . .
0.001 1 1000 1 x 108 1 x 10° 1 x 102
Mass m [eV]

Lower bound
from oscillation experiments

Thierry Lasserre - Neutrino 2022



Neutrino mass(es)

Cosmology

Zzz:miz
i

| —— normal ordering
| —— inverted ordering

100':
S
) )
N - V* : ~ o
% Planck R
———-——'/

1071 4

1073 1072 1071 100
m; (eV)

Thierry Lasserre - Neutrino 2022

Neutrinoless BB decay
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Kinematic neutrino mass measurement
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v measurement of the

electron f —spectrum
Fermi, Nuovo Cim. 11 (1934) 1-19

v’ based on kinematics and
energy conservation

v'm? spectral distortion, maximal at
endpoint energy E,

v’ incoherent neutrino mass : m?, = Z:IUBL-I2 .

l

v’ independent of cosmology

v’ independent of neutrino nature
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KATRIN experimental challenges Only 102 of

v’ strong tritium source: 10! decays/s
v' <0.1 cps background level
v’ ~1 eV energy resolution

v" 0.1% level understanding

of the spectrum shape

v' 0.1% level hardware stability

controlled over the years
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Where did we stand?

1
10 = v’ limit before KATRIN 15t Results:
i Limit before KATRIN 15t Results (2019) I

Mainz and Troitsk Experiments

V. N. Aseev et al., Phys. Rev. D 84 (2011) 112003
Kraus, C., Bornschein, B., Bornschein, L. et al. Eur.
Phys. J. C(2005)
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Where do we stand now (this talk)?
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v’ limit before KATRIN 15t Results:

Mainz and Troitsk Experiments

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

v intermediate KATRIN results

(~5% of the total expected
statistics) — This Talk
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v’ 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)

v’ intermediate KATRIN results
(~5% of the total expected
statistics) — This Talk

v KATRIN goal:
distinguish between degenerate
and hierarchical scenario



Where could we stand by 203X?
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0
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v’ 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)

v intermediate KATRIN results

(~5% of the total expected
statistics) — This Talk

v KATRIN goal:
distinguish between degenerate

and hierarchical scenario

v’ beyond KATRIN:
resolve normal vs inverted
neutrino mass hierarchy



Karlsruhe
Tritium
Neutrino
Experiment
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Working Principle

Electrostatic high-pass filter Analysing plane
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Measurement strategy

Integral spectral measurement !

B-scans illustration:
~30 HV set points
E,—40eV, E,+ 135 eV

v/ scan points:
v'scan interval:

~2 hours

v’ scan time:

101 i

Rate (cps)

B-decay background
spectrum : region
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Retarding energy (eV)



Analysis strategy

v’ fit of theoretical prediction: IT'(qU) « A - fjl‘]’ D(E;m2,Ey) - R(qU,E)dE + B
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v neutrino mass fit parameters: m,z,, Eg,B, A

v fit model informed by theoretical and experimental inputs (e-gun, krypton, monitoring, ...
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Spectrometer transmission
Energy losses in the source

Surplus energy (eV)



Theoretical INPUL: molecular final states
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excited states
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v’ B —electron and tritium molecule share
the energy released in the decay

v precise calculation of molecular ground

and excited final states

A. Saenz et al, Phys. Rev. Lett. 84, 242 (2000)
+ updates

v’ unavoidable energy broadening
v no limitation for KATRIN
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Experimental inputs: e-gun, 83mkr

v' measurement of gas density

Behrens et al., EPJC 77 (2017) 6, 410

a nd energy |osses Hannen et al., Astropart.Phys. 89 (2017) 30-38

Aker et al., EPJC 81 (2021) 7, 579
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Z 0} W e 83mKr :
2 > o ~ o Sentkerestiovd et al., J.Phys.Conf.Ser. 888 (2017) 1, 012072
= 0 |$/ | | | ] |$ Arenz et al., Eur.Phys.).C 78 (2018) 5, 368
5 10 15 20 25 30 35 Arenz et al., JINST 13 (2018) 04, P04020
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3-tiered blind analysis

/Freeze analysis on MC-twin data \ /Blinded model \

* mock data mimicking each scan * modified molecular final state dist.

On0 O -
3
\_ %

Kl'hree independent analysis teams \
* different strategies and codes

200t Lr t'
>, truedata | :* . mock data Y &

1

Thierry Lasserre - Neutrino 2022 17
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KATRIN Data Taking Overview
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PHYSICAL
REVIEW

Cumulative electrons in ROI

o TTuh2e Apr 21 0ct 09Ul 21 Oct ; 21 Apr ; 14 Oct

29 Apr
2018 2019 2019 2020 2020 2021 2021 2022
light sterile neutrinos relic neutrinos
* Commissioning e 1t m, campaign e 15t+ 2" m, campaign
* Only 0.5% tritium * m,<1l1leV * m,<0.8eV (
EPJ C 80, 264 (2020) PRL. 123, 221802 (2019) Nat. Phys. 18, 160-166 (2022)
Phys. Rev. D 104, 012005 (2021)
Thierry Lasserre - Neutrino 2022 18




15t & 29 campaigns figures

Campaign date
Total scan time
Source activity
Background
Tritium purity

Electrons in Rol

15 campaign

April-May 2019

522 h

25 GBq nominal activity
290 mcps reduction -25%

97.6%

2 Mio

Thierry Lasserre - Neutrino 2022

>

2"d campaign

Sept-Nov 2019
744 h
98 GBq
220 mcps
98.7%

4.3 Mio

19




Count rate (cps)

Residuals (o)

Time (h)

Spectrum 1%t campaign
with 1 o0 errorbars x 50

Spectrum 2" campaign
with 1 o errorbars x 50

¢
1

—2.51 Uniform Stat. Stat. and syst.
ZC) st i
501 mm 1°f campaign
f mmm 2" campaign
> Ml |
O__ 1 T T T T T T T T T
0 50 100

Retarding energy — 18574 (eV)

First campaign (spring 2019):
v’ total statistics: 2 million events

v best fit: m? = (—1.07%7) ev?(stat. dom.)
v limit: m, <1.1eV(90% CL)

Second campaign (autumn 2019):
v total statistics: 4.3 million events

v best fit: m? = (O. 26f8j§2) eV?(stat. dom.)
v limit: m, < 0.9 eV (90% CL)

Combined result: m, < 0.8 eV (90% CL)

Thierry Lasserre - Neutrino 2022 20




Systematics uncertainties overview

molecular ',W’

maghnetic
final states ﬁ fields Q

rear source activity ;
wall potential scattering fluctuations
SRR . )
o @O e background
: i @ ->
RaSEIR :'g "‘ overdispersion
SRR correlation
e energy loss slope

e column density
Thierry Lasserre - Neutrino 2022
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Uncertainty budget in second campaign

1-0 m2 uncertainty (eV?)
0.00 0.05 0.10 0.15 0.20 0.25 0.30

statistics _

systematics

inner surface: 650m?

e

~ (

bg rate overdispersion
bg time dependence
source el. potential

bg voltage dependence

KATRIN preliminary/(MC)

B fields
gas density
molecular states

energy loss B 2nd campaign

0.00 0.02 0.04 0.06 0.08 0.10 0.12
1-0 m2 uncertainty (eV?)

Thierry Lasserre - Neutrino 2022



Improvements achieved

1-0 m2 uncertainty (eV?)
0.00 0.05 0.10 0.15 0.20 0.25 0.30

systematics

bg rate overdispersion %
>
bg time dependence 2
=
source el. potential ©
o
bg voltage dependence ‘a&‘g FZ—‘
: - <

B fields p ‘\-0

Ay

gas density
molecular states .
2nd campaign

energy loss B 5th campaign

0.00 0.02 0.04 0.06 0.08 0.10 0.12
1-0 m2 uncertainty (eV?)

by 2022

Major improvements:

v’ background reduction (+2) via new EM field layout

A. Lokhov et al, EPJC 82, 258 (2022)

v 10 GBq 83Rb/23™MKr calibration (v —mass scan conditions)
J. Sentkerestiova et al, JINST 13 (2018)

Thierry Lasserre - Neutrino 2022 23



Outlook —2022/2023

* commissioning

e only 0.5% tritium

EPJ C 80, 264 (2020)

Thierry Lasserre - Neutrino 2022

Cumulative electrons in ROI

>70e6 e registered
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2018 2019 2019 2020 2020 2021 2021 2022
15t campaign e 15t + 2 campaigns e next data unblinding in summer 2022
2e6 e in ROI e 6e6e inROI o 15t 2nd 3rd gth 5t campaigns
m,<1.1eV * m,<0.8eV * ~30e6 e in ROI
PRL. 123, 221802 (2019) Nat. Phys. 18, 160-166 (2022)
24

PRD. D 104, 012005 (2021)



Outlook — 2025

2022:

v first direct neutrino-mass
experiment to reach sub-eV
sensitivity and limit

v'm, < 0.8 eV (90% CL)
KATRIN Collab. Nat. Phys. 18, 160-166 (2022)

v’ statistics dominated

2025:

v targeted sensitivity
m, < 0.2 — 0.3 eV (90% CL)

v’ measurement or upper limit ?

Drexlin-Weinheimer’s Law is currently in force
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Observed/Predicted Ratio

1.2

0.5

0.4

Search for eV-scale sterile neutrinos

Anomalies in oscillation experiments

G. Mention, T. Lasserre, et. al, Phys. Rev. D 83, 073006 I T @ I\J:w Nl 0.8
T " o — 35
L
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o°
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o 0.2
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- No oscillation g
With oscillations (3 active v’s + 1 sterile v) i o)
m Experiments 7
||||T R R N R i R e 0.0
10° 10' 10° 10° 10° 10° 10°

Reactor To Detector Distance (m)
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Expected signature in KATRIN

-\ deaaas Coszeg_g(mﬁ)
i ——— sinzeg—g(mn
5 ‘ sin20 3£ (Ma) + cos26 §2.(mp)
[ Active ..
— branch
B Sterile branch
__I Sin2g "7~ [ SRS | & i >__:'_§h-__-
l 1 1 1 1 l 1 1 1 1 | 1 1 1 1 l
18560 18565 18570 18575

Energy (eV)

A
v

m,= 10 eV
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Sterile neutrino modeling

Rate (cps)

10" |

— 3 v model
¢+ KATRIN data with errobars ><50

EOflt
m2

. | l ]
L ooooooar T ]
-40 -20 0 20 40
_ *+*+++*+++++&H“kif..+..+...2....+ ....... + ................ \ _
SENREREE 3-vmodel ' HiY m4 f
F ——3+1model ¢ 3+1simulationm,=10.0eV |U,,?=0.01
-40 -20 0 20 40
:llllll.llllll||‘ |‘ ‘1‘| || I 1 ‘
40 2 0

_ 40
Retarding energy - 18573.7 (eV)

5= (1-1Uel?) &5

L

(m5) +|Ueal® g (m )

) |

Y Y
light neutrino heavy neutrino

Fit Parameters:

m2

Eo it
N

B

m,?

Thierry Lasserre - Neutrino 2022

Neutrino Mass (fixed/free/constrained)
endpoint

signal normalization
background rate

4t neutrino mass

27




3+1 neutrino fit (15t & 2"9 campaign, 2019)

KATRIN Collab., PRD 105, 072004 (2022)

mi =0eV? mi free
- -~KSN1 KSNI i
| —KSN2  —KSN2 T _;
s KSN1+2 -+ KSN1+2 95% C.L.
107 10!
2
Ul

Thierry Lasserre -

Neutrino 2022

v'scenarioi): 0 =m, =m, ,3 Kmy
v best fit KNM2: |U,,|? = 1.0,m5 = 0.28 eV? p-value = 0.24

v/ scenario ii) : m2 as a free parameter

v best fit KNM2: |U,,|? = 0.027, m3 = 98 eV?, p-value = 0.30
m?2 = 1.1 eV? (unconstrained nuisance parameter)

v'no significant improvement over the
no-sterile v hypothesis (1.40) — exclusion limits

28



Systematic uncertainties

v Usyst( |Ue4|2) =

2 2
Ostat+syst — Ostat

v’ statistics dominated for all m%

v' dominant syst. effects
v" background overdispersion
v' time-dependent background

v T-source plasma potential

Statistical uncertainty Magnetic fields Activity fluctuations
= Combined systematic uncertainties Molecular final-state distribution —-—-Energy-loss function
= = Non-Poisson background qU-dependent background e Detector efficiency
—-—-Source-potential variations Column density x inelastic scat. cross-section =-==Theoretical corrections
-------- Scan-step-duration-dependent background — — High voltage stability and reproducibility

! L | ! ! ! _'-_'_'_'_'-_I-_—__'__ ' ' L ) . - v T
10°F == 3 : 10°
« 10°F 114 ot 1107
> ) 7
L % I
SN A =E
3 " 2
IH A
1L 41 : ] 1
10" E 10 10
ki
E1
'E’n
I
KATRIN Collab., PRD 105, 072004 (2022) i)
10° """'3 — """'2 — ' '1 — ' 10°
10 10 10 0 0.5 !
2 . 2752
|Ue4| sensitivity at 68.3% C.L. 0 10 al
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Comparison to oscillation experiments

Gallex/Sage/BEST

v'tackling short baseline oscillation anomalies from a
different perspective (shape-only search)

v start probing interesting parameter space
KATRIN Collab., PRL. 126, 091803 (2021)
KATRIN Collab., PRD 105, 072004 (2022)

¢+ KATRIN data with 1 ¢ error bars x 50
= 3-v model
2 10°y
o)
q) .
E 5 /5 up to 250 in KNM2
=
2 10
@)
JE | l l
AR [ [ [
-40 -20 0 20 40
g ++ +++¥++ W """""""""" + """""""" 1
&S """ 3-v model
0.98 + 3+1 model ¢ 3+1 simulation m, = 10.0eV |Ue4|2 =0.01 -
-40 -20 0 20 40
Retarding energy - 18574 (eV) 30



Sterile neutrino search in KATRIN

Am

i

RAA Gallex/Sage/BEST

v'tackling short baseline oscillation anomalies from a

different perspective (shape-only search)

v/ start probing interesting parameter space
KATRIN Collab., PRL. 126, 091803 2021;
KATRIN Collab., PRD 105, 072004 (2022

v’ complementary probe to oscillation-based

experiments

DANSS, arXiv:1911.10140 (2019)

STEREO, Phys. Rev. D 102, 052002 (2020)

PROSPECT, Phys. Rev. D 103, 032001 (2021)

Neutrino-4, JETP Lett. 109 (2019) 4, 213-221

Gallex, Phys. Lett. B 342, 440 (1995); 420, 114 (1998)

Sa%e, Phys. Rev. Lett. 77, 4708 (1996); Phys. Rev. C 59, 2246 (1999)
BEST, arXiv:2109.11482, to appear in PRL

v KATRIN will soon probe the favored regions

16 at Am? > 5 eV?

Thierry Lasserre - Neutrino 2022 31



Search for keV-scale sterile neutrinos

mass

/vﬂ
|
N

N

~10

Expected signature in KATRIN

Dark matter candidate

Challenges:

e strong cosmological
and astrophysical
limits: sin26 < 10~7

* measure the whole

B — decay spectrum

handling of high data

~keV
T v3
L e — )
] v,
Ve Vu Ve Vs

o
(9
LI I UL

-----
....
0
0

o
. .

" Active
branch

o
~

©
w
IIIIIIIIIIIII'I..III

Differential decay rate (a.u.)

0.2 rates
Sterile branch
0.1F oo
B Isin2 6 T~ -
o 3 0.0 [ v o Ly Sy ] !
see talk by Kyle Leach (S3: Sterile Neutrino 3) 0 > 10 15

Energy (keV)

‘ m,= 10 keV
,’ Thierry Lasserre - Neutrino 2022 32
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The TRISTAN project

v develop a novel >1000-pixel Silicon Drift Detector
focal plane array

v’ extend the measurement interval to
search for beyond the SM physics

v’ planned for 2025

__|Current laboratory limits
— KATRIN/TRISTAN (statistical)

v’ see talk by Kyle Leach (S3: Sterile Neutrino 3) -
1077

Mertens, Lasserre et al, JCAP 02 (2015) 020 10°®

Mertens et al, J. Phys. G46 (2019) 4poC ... R 2
m (keV)

Thierry Lasserre - Neutrino 2022



Cosmic neutrino background overdensity

Neutrino flux ¢ [eV'em™2s™]

- N o — —
Q@ 2 o 24 <2
(o] [=] o N o

—

<
-y
N

10718
10
10730

107%

340 relic neutrinos of all species /cm3 in the Universe

= BBN(n)

= BBN (°H)

E Rev. Mod. Ph

C_ 1 1 |

1076 1073 10° 10° 108 10° 1012 10'% 1018
Energy E [eV]
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KATRIN restricts
the maximum
overdensity ratio

on Earthn

L

——

=z 7, 4
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Cosmic neutrino background

v'in the early Universe, v's are in thermal equilibrium with matter
v’ Big-Bang+1 sec (1 MeV) v decouple — Relic (Cosmic) Neutrino Background emission
v today: <n >~ 56 O(meV) v per cm? per specie

v'local v clustering possible - overdensity ratio 17 can be constrained by KATRIN

103 seconds 1 second 100 seconds 380 000 years 300-500 million years Billions of years 13.8 billion years

Beginning |
of the
Universe 84

Inflation Formation of Light and matter Light and matter  Dark ages First stars Galaxy evolution The present Universe
Accelerated expansion Ilght and matter are Coupled separate Atoms start feeling The first stars and
of the Universe Dark matter evolves * Protons and electrons  the gravity of the galaxies form in the

independently: it starts form atoms cosmic web of dark densest knots of the

clumping and forming - Light starts travelling matter cosmic web

a web of structures freely: it will become the

Cosmic Microwave
Background (CMB)

Thierry Lasserre - Neutrino 2022 35




Relic neutrino capture in KATRIN

v'meV relic neutrinos...

v’ neutrino capture on tritium:
H+v, — Het +e
no energy threshold

=

S. Weinberg, Phys.Rev. 128 (1962) 1457-1473

v

v’ electron peak right above endpoint
(in the differential spectrum)

differential spectrum

l\ 1
Electron
peak
o ﬂ
C
O
-
O
c
T
o \
.: \
S \
X \
\
Irvine, Humphreys, \ } \
J. Phys. G 9 (1983) 847 \
- — — >
vV V
\ Qp ]

<1 eV: energy resolution

Thierry Lasserre - Neutrino 2022

100 g
tritium
yields

— 10 v

captures
per year
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Electron
o Ty
¢ HeT?

Overall gaseous tritium quantity at TLK: currently 25 g

KATRIN has only the sensitivity to
probe large clustering of cosmic
neutrinos around the solar system

Tritium source

n=n,/<n>

Thierry Lasserre - Neutrino 2022 37



Relic neutrino modeling
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t Asimov data with n = 2.8 x 10° (error bars x 50)

—3-decay model

T
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CvB
L 4
—— Neutrino capture full differential spectrum 1
—— Gaussian fit of ground state (used in the analysis)
3% of neutrino captures
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Relic neutrino fit (15t & 2"4 campaigns)

KNM1 Data Set

N +~{+ ! H ; v' KNM1 2019 dataset:
1 "'4'#** +++¥¥ * ﬁ ............... } .................. *.J v 522 hours
008 L n=0 Bestfit: n-a=3.7e+11 ' +1.4e+l11 V' 3.4 ug for capture on tritium
v' KNM2 2019 dataset
_ KNM2 Data Set - v 744 hours
1 T e f RS .4 + - $.+ ” iﬂtﬂ+....+.+....+ ......... +.......................d: v’ 130 Ug for capture on tritium
098 F - 17=0 Best fit: 7- =-5.8¢e+10  +5.2e+10 :
40 20 0 20 40 v" no evidence for relic neutrino
Retarding energy - 18575 (eV) overdensity — upper limits
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Relic Neutrino Results (2022)

v test for large overdensity 1 of relic neutrinos in our surrounding (based on 1%t and 2" campaigns)
v'1n<1.1-10"/a at 95% C.L. — the search is statistically limited

v improved limit by 2 orders of magnitude compared to previous laboratory limits

KATRIN Collab. arXiv:2202.04587 (2022) — to appear in PRL
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Bl L m === == == = = | ¥ glof==ge====-o-- e Rt <~ 1000 days
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== == KATRIN projected 3-yr sensitivity
I ettt bt o S Limit from Pauli blocking
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Conclusion & Outlook

v first sub-eV neutrino mass limit from a direct experiment,
m, < 0.8 eV (90% C.L.). Currently running with various

improvements on background and systematics
v’ targeted sensitivity: m, < 0.2-0.3 eV by 2025
v complementary limits for eV-scale sterile neutrinos
v’ new limit on relic neutrino overdensity
v’ search for keV-scale sterile neutrinos will follow

®posters: P0191, PO713, PO715, PO169, P0247, PO423, PO513,
P0518, P0529, P0532, PO587, P0603, PO714, PO778, PO737
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Working Principle

Windowless Tritium source Spectrometer Detector
v 30 ug of gaseous T, v’ electrostatic filter v counts electrons
v' 10" T, decays/s v' MAC-E filter principle v' Rate vs HV
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