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Current key issues in neutrino physics

Highlights from
- neutrino oscillation experiments
- search for Ovgp

Direct search for m(v)
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Conclusions
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Neutrinos in the Standard Model

- extended by neutrino masses -

Neutral, spin %%, 3 flavours, only weak interaction

3 flavour eigenstates and mass eigenstates differ:

m(v) # 0 and v mixing
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Neutral: particle character unclear:
Dirac or Majorana (v = 0) ?

Neutrino masses so much lighter:

Yukawa coupling to the Higgs ?
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Standard Model of Elementary Particles

three generations of matter
(fermions)

interactions / force carriers

(bosons)
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SM BSM | ==
A T ..
1. Ordering: m(v3) > m(v, 1) (NO)or ™ ’
m(vy,) > m(vs) (10)? ol To
: : possibly connected
?
2. CP violating phase 0 # 6p + 1 ? to baryon-asymmetry
3. Lepton-number violation by Majorona v ? | ©f the universe
via leptogensis?
4. Absolute neutrino mass
neutrino mass generation likely BSM
10° more v than atoms — cosmological relevant: structure formation
5. Is there a 4t or even a 5t light sterile neutrino ?
6. Are there more BSM effects ?

BSM via coherent elastic neutrino nucleon scattering CEVNS ?

In addition, v are interesting messenger for other physics:

e.qg. from fusion inside the sun, from supernovae or
UHE neutrino from “cosmic accelerators®
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Borexino proved
matter-enhanced oscillation (MSW)

 Matter-enhanced neutrino oscillation is due to the additional

CC coherent forward scattering of v, on e™

* MSW: nearly complete v flavour transformation possible

in matter in contrast to Vi Ve

if the electron density meets the resonance condition, e.g. for 8B solar v,
& if the neutrino mass ordering is matching, here m(v,) > m(v;)
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Look for v, appearance in v, off-axis beam: P(v, - v,), compare to P(v, = V,)
with CP-violation (CP-phase § # 0 or m) and with matter effects (L-dependent):

P(v, »v,) # P(v, > V,) (- stillellipses in bi-event plot)

1 and 2 ¢ Contours for Starred Point 8 77T T
s T T T T T T T
2 NovA o T2K 7:_ L =295 km, E=0.75 GeV — Nomal ]
“E 9 H. Nunokawa, S. Park, : ol -l
e J.W.E. Valle L 0 §=m2 1
0.07 F "\ I 6 g O d=n .
‘?9\\ .\ Prog. Part. Nucl. Phys. r ? > * 8=3m2
006 FXgv 60 < S5k 3 4 —
o (2008) 338 ¥ 3 e 1
0.05 |- ’ 1>, f :
: 4 ]
0.04 ':1 L :
: e 2t B 5 ]
am’< 0B & 3 \ sin20,,=0.1 ]
0.03 | - \ ]
S 2r o
0,02 F05=0 i sin"20,, = 0.05 |
s 3cm " NOVA, 810 km 1;@% | .
001 | g 5=3n2 M.D. Messier, sin’20,, = 0.02
. o o S . NUC[PhS.B9082016 151 0llllllAlllIlllllllllllll‘lllll‘
O ok y AR N R T A

P(V‘) P(Vp—) Ve) [%)]

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021 5



— " — WWU

— V\UNSTER

NOvA, T2K: Search forv, - v,, v, and v, - v, v,
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Number of events
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Events

Events

Antineutrino mode e-like candidates
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Long-Baseline Neutrino Facility o
South Dakota Site Neutrinos from o -
Fermi National |
‘ Accelerator Laboratory
4 in lllinois

Ross Shaft
1.5 km to surface

[bnf-dune.fnal.gov

Facility
and cryogenic
support systems

One of four
detector modules of the
Deep Underground
Neutrino Experiment

4850 Level of

Rassarh Fany lbnf-dune.fnal.gov

Hyper-Kamiokande: 260 kt water
detectors 1,2: each 17 kt LAr — 188kt fiducial (8.4x SK) 2005.13641
detector 1: vertical drift

detector 2: probably horizontal drift
evacuation started, v beam in 2029 2007.06722

later THEIA? (water-based liquid scintillation detector: WbLS)

increase beam power: 500 kW — 1.3 MW
increase horn current: 250 kA — 320 kA
— 10% more neutrinos & less wrong sign

DUNE Sensitivity = 7 years (staged) DUNE Sensitivity 7 yoars (staged)

el M o =i upgrade near detectors, e.g. ND280 P. de Perio, CAP 2021
sin?29,, = 0.088 +0.003 bl sin?20,, = 0.088 + 0.003 p——
- 10|-0.4 <sin’6,, < 0.6 mm’ i 10}-0.4 <sin’6,,<0.6 “M"""m"‘“ |N lo:':?gg%',:l%s? hierarchy HK 1tank 10years ] EXCavatiOI'] Sta I'ted
’0\) T sin?8,5=05 b . ana
S (¥ i 58 1 begin water filling &
< L 1 . . . .

D T ¢ 6 4 commissioning in 2027
. ° e NG 3000 P NG ]
% 4 4 4- . .
N\ ] -/  Nss/ \ 7 Otherphysics:
O 2 2 4 solarv, nucleon decay,
t?. [/ 2005.13641 ]
W o o N AT TN TP | 0
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Sep/n Sepln Ocp[degree]
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JUNO © _, Hong Kong

E )

— JUNO, 20 kT liquid scintillator AR

PRI ’

o Taishan NPP
Yangjiang NPP

Oscillation physics:
» distinguish mass ordering by 3o after 6 yrs of exposure, better together with LBL
 improvement of sin?260,,, Am3,, |Am3,| to 0.6% after 6 yrs (2104.02565)

* 2 planned Taishan reactor cores will not be built in the near term — less statistics
but compensated nearly by gain in photo-efficiency, linearity and other factors

== L]

" |
ollaboration

120 [ 2000 days of data taking —— No oscillations

» solar neutrinos: 8B 60k events at 30k bg, helps differentiate low/high metallicity models ey

100f

Non-oscillation neutrino physics:

= Inverted ordering

* geo neutrinos: down to 5% flux precision

80

60

Events per 1 MeV

* supernova neutrinos: a few 1000 events (v, and v, ;) for galactic core-collapse SN

40 l sinz 20]3

» Diffuse supernova background: 3c after 10 yrs S o £, NN
« p-decay: expect to improve w.r.t. Super Kamiokande in kaon and possibly other channels ™ * * * dan © © °
Timeline:

courtesy A. Gottel,
« tunnel und underground hall excavation finished, expected to complete construction end of 2022 and 2104.02565

KM3NeT/ORCA is dedicated to solve the ordering too ]

6 strings operating, full operation expected in 2025,

Christian Weinheimer — Neutrino properties and mass — Seminar BirminL R. Shanidze EPS HEP 2021 J 10
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Solve MiniBooNE v, v, appearance signal Short baseline program at Fermilab with LAr detectors
“low energy excess of electromagnetic activity” ' :
0.020 : : , ; =
—— MiniBooNE best fit (0.918, 0.041 eV?) = A = : T e == -
--- (0.01,0.4eVv? = e — y
0.015} MiniBooNE 1o allowed band T S e s RN e Detector ——
> ¢  vmode: 12.84 x 10* POT o — o TN 4"4'_7$_fBEOS_'CLNi“‘L‘"EBEaT,<7‘-7»— ——— e o= == ‘ .
= I vmode: 11.27 x 102 POT T
g 0.010¢+ 3 LSND
3 MicroBooNE measured flux-averaged
g %% inclusive v,, v, CC total cross section on Ar, excellent PID, e.g. y /e~
0.000 P/ 2101.04228
n
-0.005 . . : ; "
0.0 0.5 1.0 L5 2.0 | .l.
L/E [meters/MeV] ~" Light
PRL 121 (2018) 221801
rf:;rgﬁir:e:sié.':s Quasi-Elastic Charged-Current: v, n->pu
Continue developing LAr TPC technology | e S
Roasy preliminary

ICARUS has successfully | mmy % 1
taken first data |

1.3 m Drift direction

el 2
B aiveaien Overlapped cosmic track
7
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—"— wwu “Long baseline” reactor experiments: 6,3 & more
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inner water shield

/ot vt s Checking LSND/MiniBooNE puzzle in 3+1 scenario
with Dava Bav and MINOS/MINOS+:

Am?, L
SBL __ 2 PRI 41
P(-) &) —4|Ue4| |U/44| S AE
v,V

courtesy:
4|Ue4|2| U/‘4|2 = sin? 26, sin® ,, = sin? 20, R. Mandujano

Genstieinselay / Constrained by
v, disappearance ) g .
(Daya Bay and v, disappearance

Total uncertainty : : Bugey-3) (MINOS & MINOS+)
DC IV Statistical uncertainty : H
sy Sl :
TnC MD (n-H + n-C + n-Gd) f"(‘) (12(;95;3) _— ————] g 10% g
=080 £ g — exclusion of small v Aowed
: : T [ILSND
Daya bay v : 107 MiniBooNE (2018) E
P : ATn"l-l Values E  []Dentler et al. (2018) E
PRL 121, 241805 (2018) n-Gd isin (20,5) = 0._086 +0.003 - DGariazzo E
PRD 93, 072011 (2016) n-H isin?(20,5) = 0071 + 0.011 10F B8 y
S 4L
RENO : : o 8
PRL 121, 201801 (2018) n-Gd HeiH sin’(26,) £0.090 + 0.007 o il
- ' g E
R i
PRD 96, 092006 (2017) Marginalization (gp, 0,3) ; soa; g;:,;g“" Excluded
H i H 8L -
A, >0 —— T i 107 F .. karmEN2 E
i : . 2 _ F —MINOS/MINOS+ and Daya Bay/Bugey-3
Am, <0 — . i Sin 613 = 0_0220 + 0_0007 o4 ool vvd vl vl vl il 3R]
P i - 1 10° 10° 10° 10° 102 107 1

0.8 “o0 o1s|  (PDG2021 using Double Chooz, Reno, Daya Bay) 6in?2,, = 41U, U P
Notwee Shys 12 D020 So8 s Phys Rev Lett 125 (20;0) 07801
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———Wwu New: First MicroBooNE v, result

MicroBooNE at similar position in same v beam as MiniBooNE
Data: February 2016 to July 2018, 7 - 10%° POT in neutrino mode

Different channels and different reconstruction methods

Ve Final State Signal Constraints Reconstruction Approach
lelp(0m) CCQE vy CCQE Deep-Learning [55]
1leN(> 1)pO0m, 1e0OpO v, CC Pandora [56]
leX v, CC, v, CC x°, v, NC «° Wire-Cell [57]
( . . . \ . ® MicroBooNE Observed
No excess of v, with several inclusive i ;| " Predicted, no eLEE (x=0.0)
o} = Predicted, w/ eLEE (x=1.0)
and exclusive hadronic final states g
T 201
“MicroBooNE results are inconsistent |
(]
with v, interpretation of MiniBooNE |= *°] { I
b —
9 0
\eXCGSS j § 5
8 } ¢
£ o051
. 2
arXiv:2110.14054 -
O T elp  leNpom 1eOpom  lex
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MicroBooNE 6.67 x10%° POT 4+ Data (25)
. CCv, (25.8)

s 1€1p(07'[) CCQE AAAAA EEEE;::U(H)
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Constrained
7 Uncertainties
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0.0 .
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3 1
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CEvNS observed on argon by COHERENT

Atomkern

ZO

Neutrino Neutrino

www.mpi-hd.mpg.de

Science 337 (2017) 1123

—
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COHERENT Measurements

SM Prediction
FF = unity

Klein-Nystrand FF

7020 30 40

Neutron Number

CEVNS open a new window for searching for BSM physics: NSI, Dirac vs Majorana

NUCLEUS@CHO0O0z
e.g. differentiate Dirac/Majorona
v in radiative CEVNS

RL 126 (2021) 091301

0.5

—0.5[- I XENONIT
I COHERENT Csl[Na] 2017

COHERENT LAr 2020
I CHARM ;

1975 05 0.0 0.5 1.0

dv —_—
Eee
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CEVNS events

0

[ I =)
(= =]

CONUS limit  ceyNS upper limit on Ge

{78 — 88K Ge temp ,,,,,,,,,,,,,,,,,,, &

801

—— 90% C.L. limi
—— theory pred.

=

t

0.15 0.20 0.25

PRL 126 (2021) 041804  k (mod. Lindhard theory)

0.30
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CEVNS: coherent elastic v nucleon scattering

{ CHOOZ Flux, VNS

—— M, Dirac i — BGe
- px, Majorana i — ALO;
I CaWO,
courtesy: ;
C. Hati ;
my = 1MeV
lo = lcm

10°T
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Three complementary ways to the
——— W absolute neutrino mass scale e mgeng

1) Cosmology: };;m(v;) = 3 - m(v;) ;
very sensitive, but model dependent, compares power at different scales :

current upper limit: )}, m(v;) = 0.12 eV (CMB+BAO)
not far from minimal values for 60 meV (NO), 100 meV (l0)

10

= Weak lensing
4Lyman Alpha Forest

[ Tegmark & Zaldarriaga, astro-ph/0207047 + updates

1 1 1 s
N no1 0.01 0.1 1 10
Wavenumber k [h/Mpc]

2) Search for OvBp: mgg = |Zi Uz - m(vi)| p 16_ e I p
sensitive to Majorana neutrinos only, nuclear matrix elements
upper limits by EXO-200, KamLAND-Zen, GERDA, CUORE - A
disclaimer: mgp are valid only, if OvBp works dominantly via v exchange Ve = Ve
Discovery of OvBp would proof lepton number violation ! n n

130Te

a-e-M-t for background index B = 0 e | e
B

|

ov 0.100 |
T1/2 M a . g . M‘t f B O ]
‘AE 0 r #: Next generation
0'010:__—_-/ { =

0.001} 3 W Inverted
1 ™ Normal
(o)

m;;[; (eV)

- o . . N 105 104 0001 0010 0100 1
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—"— wwu GERDA at LNGS - final result

enrichment of 76Ge: ~ 87% )
exposure: 127.2 kg*yr

energy resolution: ~ 3 keV (FWHM)

background index: B =5.2%}'%-107* counts/(keV kg yr)

= lower limit: T1), >1.8-10%€yr  (90%C.L)

= upper mass limit: mgz <79 — 180 meV (without g, quenching)

[ Prior to analysis cuts [l After analysis cuts

102 £
= El » s
o [l |
w [ Qe |
210! EI | i
=] = i
5 b |
Eh h
C 1F ;
i 3
1 LN 1 s
i | 8|
1 I ! ! | 1 | 1 | I I I| | | | o :
i 2000 2200 2400 2600 §
B = af |
e - == Background best fit and 68% C.L. interval g PRL 125 (2020) 252502 3
w — . . = <
: 02k I 90% C.L. Ty, lower limit (1.8 x 1026 yr) g 10* — %
) S © 2103 I After analysis cuts g
% - .,A: 2vBB decay (Ty, = 1.93 x 10! yr) 2
2 - = 102
310 n
SR E AR
1074 L e : ' | 1 1P I | l
1950 2000 2050 2100 2150 1000 1500 2000 2500 3000 3500 4000 4500 5000

Energy (keV) Energy (keV) 16
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based on GERDA+Majorana technologies

enriched 7°Ge, PPC/BEGe/ICPC detectors (—event topology)

LEGEND-200: start data taking (140-150 kg) still in 2021
upgrade by another 50 kg in 2022

LEGEND -1000: future plan, PCDR 2107.11462

1073 § W Legend200
. Legend1000
=
> 1074 1
2 c
S S
| 2 °
X 105 4--¢€ 8
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M. Willers, EPS HEP 2021

Ge Cosmogenics
in-situ py-induced

LEGEND-1000

LEGEND-200

Current generation
experiments
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GERDA
LEGEND200

LEGEND1000
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Ge Internal

10%

DOE portfolio review currently ongoing in US

102 EU-US 0vBR decay summit in September e /’/,
Funded & under construction /’/’_ T e
P e
102 e e .| Detector mass: 1000 kg 0, 10%yr
_______ Exposure: 10 ton-yr vz
. Detector mass: 200kg 7o, 5 1027y,
1027 Exposure: 1 ton-yr 2z
GERDA:
Detector mass: 44 kg T > 1.8-10%yr

10 m“"‘;' range

= Background free

= 0.025 counts/FWHM-t-y
= = = 0.1 counts/FWHM-t-y
==+ 1.0 count/FWHM-t-y
-------- 10 counts/FWHM-t-y

Lol Ll Lo

Exposure: 127 kg-yr

MAJORANA DEMONSTRATOR: .
Detector mass: 30 kg Tyj; > 2.7 - 10%yr
Exposure: 26 kg-yr

107 102 107 10 10?

1
Exposure [ton-years]

10°
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NEXT: GXe TPC
enriched 136Xe

principle:

scintillation (S1)

C00000000

TRACKING PLANE (SiPMs)

i 1" electroluminescence (S2)

" CATHODE ANODE

TR

advantage of GXe TPC: 2-times better energy resolution

topology of Bp event w

P. Novella, EPS HEP 2021

Future of xenon-based 0vp experiments

nEXO: LXe TPC
enriched 136Xe:
energy resolution: ~ 46 keV (FWHM)

background index: B = 7-10"> counts/(FWHM kg yr)
— expected sensitivity (10 yr): T‘1"/’2 > 1.35-10%8 yr (90% C.L.)
— expected sensitivity (10 yr): mgg <5 — 20 meV

Charge Tiles
Charge Tiles Support

5t

Underground Lab Wall

90% CI.(1 dof)

D : (8 NEXT-100 (+upgrades)
Proof of Concept NEXT-White .
' BPOv search

vy E Background+pp2v 5
E ?ﬁl
T ~ e

NEXT-100

NEXT-HD
EXT-BOLD

Py

2015-2021

2021-2025

SiPMs
§
2 SiPM Staves Support Structure
ﬁ Field Shaping Rings Outer Vessel
.a Inner Vessel
[ Support Rods
-ZE and Spacers TPC Vessel
I
Cathode &
Access Tunnel ‘ﬂ
2106.16243
'%‘10—1 PRL 123, 161802 (2019) II, // [ Th e d a rk matter \
~ 7 T 10 7 experiments DARWIN
Y A R — . Ce e
E oy / will have a sensitivity
D of 2.4 - 10?7 yr, EPJC
wa. | 80 (2020) 808
103230 J. Masbou, EPS HEP 2021

BP2v bg-subtracted fit

10+ 10% 102 1070 10* 10 102 1070 10°
Mnin GV] TMmin GV]
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—— wwy CUPID in CUORE cryostat at LNGS

enrichment of 199Mo: 95%

mass (1°°Mo) in Li,1°°Mo0O,: 240 kg L cuPID Mo
energy resolution: 5 — 7 keV (FWHM) g " ometn < 7 snilaingblomeer)
background index: B =1-10"* counts/(keV kgyr) =z T =

Light
Thermal
Sensor

— exp. sensitivity (10yr): 797, > 1.4-10% yr (90% C.L) i S mmp
= exp. sensitivity (10yr): mgz; < 10 — 17 meV

Energy
Incident \

Radiation / \\ Absorber Release /
No PID o background —— pip

Q, = 2527 keV < 2615 keV A nd — Q,; = 3034 keV > 2615 keV

A. Guiliani, Neutrino Telescopes 2021

§ FCUORE Preliminary S\ Data - 86.3 kgy s
> 1 Exposure: 86.3 kgyr — Bkg model - y F10"
£ E : E
% = 130Te . —— Bkg model - p g
" \ 100Mo :
- ~§ \\ y \§ i i‘hi v R B ﬂ&yﬂﬂ - \ § /]
10 AN I A R R \ T
::: N \\\ \§\ % RAR N\ N a\ so“‘ces g B
i 3 “" ‘l:“‘: K] 2 ...
104 §\ oy & o
i VN TN FUANY SONRTAN AN
Christi 00 00 2700 2800 2900 3000 3100 3200
risti Energy (kev) M, Nov. 2021



E— absolute neutrino mass scale

3) Direct neutrino mass determination: m?(v,) := mf; = Y |Upi|% - m?(v;)
no further assumptions needed, use E? = pc? + m?c* = m?(v)
Time-of-flight measurements (v from supernova)

Kinematics of weak decays / beta decays, e.g. tritium, 13Ho
measure charged decay prod., E-, p-conservation

N [a.u.]

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021

Three complementary ways to the

Co e by Lo v by e b ||

| | |
- —28 —2 —1.5 —1 —065 0O
E—E, [eV]

0.8



—-—ww Direct determination of "m(v_)" from p-decay (EC)

— V\UNSTER

B: S = K-F(E,Z)p - Ewoe (Eo— E€) - % |Ueil? - J(EO—EV—mZ(vJ

B e e A :
essentially phase space: p. E; E, pv
with “electron neutrino mass”: "m?(v,)” = ¥;|U,;|? - m?(v,), complementary to Ovpp & cosmology

(modified by electronic final states, recoil corrections, radiative corrections)

10
z 58
S @®
: \/6
o )
— e
8 L)
()] e
© 5
: 3 2
S &)
8 0
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—"— wwy The KArlsruhe TRItium Neutrino experiment KATRIN

A I high-pass energy flters counting detector
2 - <le/s
101 e /s T, flow reduction >10 S i

could act as
pre-filter

148 pixels
“dartboard" layout

(Main challenges: N
10 A -Stability of tritium source (0.1% level)

-Stability of energy scale (ppm level)

|-Low background level (< 0.1 cps) )

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021 22



———=—wwu The KArlsruhe TRItium Neutrino experiment KATRIN

The mternatlonal KATRIN Collaboration: 150 people from 20 (6) instituions (countrles)

.h\‘(flth Wﬂg : - a k universitatbonn

HNIDEL I i:‘ Z£8Y BERGISCHE
S51Male I I D@% .( ASE WESTERN RESERVE %u UNIVERSITAT

Mmamz
Czech > MINISTRY OF EDUCATION
Republic: YOUTH AND SPORTS

Funded by:
T ﬁhl W'!\

fEzjl;ani:adslzrrl]igisterium ﬁ HELMHOLTZ .
) L
% :{ Fbunqed)n 172?|: '4%4%—@(_‘?_%&%

und Forschung

I GEMEINSCHAFT
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—-—wwu The Windowless Gaseous Molecular Tritium Sourcef#

MUNSTER

beam tube = 90m L=10m
guiding field 36T (2.52 T)
temperature T=30K 30 mK (80 K),

T, T, flow rate 5-1019 molecules/s (40 g of T, / day)
column density 5-10'7 T,/cm2  luminosity 1.7-10"" Bq T, purlty 95% £ 0.1 %
06 T, inlet pressure 10 mbar + 0.1 %
}5?_ 0.5 P e el 5 0 3k Pdise
é 04 |
max. starting angle
03kl 45° 60° 80°
02Ff
Ll x;&;Npoint p'gax 5311 o' ) 7 -
; - pve i - WGTS at Tritium Laboratory Karlsruhe

Eo I mn(density pd L1012 motostles licm= | erties and mass — Seminar Birmingham, Nov. 2021 24



s Photos: source
— W & transport section
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ECR The main spectrometer:
_ an integrating high resolution MAC-E Filter

MUNSTER

-18.6 kV retardation voltage, o < 60 mV/years

energy resolution (0% — 100% transmission): 0.93 (2.7) eV
Ultra-high vacuum, pressure < 10" mbar

: Precision voltage (ppm) at vessel and double layer
wire electrode system
for background reduction

: 0.35¢ and field shaping
— integral .
transmission 5 o Air coils for earth magnetic
function: é 0‘25 field compensation
5 0.15F
AE=E- Bmin/Bmax = 0.1
=0.93eV (2.7eV) 005
905

E-U (eV)
Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021




S The KATRIN electron detector FPD

MUNSTER

Focal plane detection system

segmented Si PIN diode:
90 mm J, 148 pixels, 50 nm dead layer ELECTRONICS

energy resolution = 1 keV S <L DETECTOR
pinch and detector magnets upto6 T
post acceleration (10kV)

active veto shield

gnet |\

S | q . . X | -
L) | mpllflegwheel' LB
. x £ G~ : '\\ - ) -

detector and pinch ma

A"
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— " — WWU

count rate (s?)

rel. difference

0.1k
0.01

0.00

-0.01

-0.02

meas. time (d)

200
100

o

MUNSTER

-30 -25 -20 -15

The measurement principle

retarding energy qU - E_ in eV
-10

10

B A Tendedend 3 3 L T oF S
()

TR

g

0 meV
—mem = 350 meV
* toy run

—_—m,m =
v

B Em B9 P9 PR ES BD M B3 £m ER Bm ER PR ER ES BS BR EM B EN BN ey

i s iulsialalalasll

._1,5.

retarding energy qU - E, in eV

-5

0

5

Direct shape measurement
of integrated 8 spectrum
Four fit parameters:

spectrum spectrum
norm. N endpoint Eo

background squared

rate B mass m?,

~10 of all B-decays in scan region
~40 eV below endpoint

EPJ C 79 (2019) 204

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021
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—— wwu Model of the experimental spectrum %}F
B Beta spectrum: RB(E,mZ(ve)) e
10 ¢ I KATRIN data with 5 o errorbars
g8 - 70N 101 E =
S I 2] b . i ]
36/ 5 Eo single tritium scan
S4 o ! and fit
§’ 2} S :
i 100 L i
0f l § 10} | :
3 2 1 0 : e
E-E, (eV) ® © [ - I 1 I I
. Experlmental response f(E-qU) | RN ST WUT SR T SN ST R S SN S S ST . £ Il T P R .J.‘ | IR T U ST S T S —
_ 1.00] ~ 40 30 20 -10 b 10 20 30 40
= retarding energy - 18574 (eV)
E 0.751
Q 0.501 E
S 095 R(qU) = Ag ) Ny j Re(E/m*(v,)) - f(E — qU) dE + R,
7]
Q
“ 0.00 PRL 123 (2019) 221802, EPJ C 79 (2019) 204

0 20 40
surplus energy [eV]

+ detailed analysis PRD 104 (2021) 012005
+ energy loss measurement EPJ C 81 (2021) 579

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021 29




———" Systematic effects and uncertainties %}fi

"”'lm Neu“‘“o

mem w

Molecular final states y Source electric potential Magnetic fields

-quantum-chemical Suuly -plasma properties g -source

-computations *O”‘O‘l IO -surface conditions -spectrometer
OO -detector

Detection
efficiency

Energy loss by scattering Activity fluctuations ’ Background

; -column density -dependence on retarding potential
-tritium (T2, DT, HT) -time structure due to trapped
-concentration electrons

Normalized Raman signal

s o 2 o 2 o
8 B 2 8 8 3 aow
o
=

EPJ C 79 (2019) 204 o
EPJ C 81 (2021) 579 Sensors 20 (2020) 4827 . T arXiv:2011.05107

Raman shift (cm™)

Three complementary strategies to include systematics in the fit:

(a) covariance matrix, (b) Monte-Carlo propagation, (c) pull-term method
see PRL 123 (2019) 221802 + detailed analysis PRD 104 (2021) 012005

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021 30
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MUNSTER

First neutrino mass result

1st science run of KATRIN in spring 2019

B v-mass: best fit result 2y AT LY
, 10,9 L& t KATRIN data with 1 ¢ errorbars x 50 |
m-(v,) = —1.077 eV? 210k — Fit result |
4 o
B v-mass: new upper limit )
]
m(v,) < 1.1 eV (90% C.L. Lokhov - Tkachov) =
m(v,) < 0.8 eV (90% C.L. Feldman-Cousins) = o |
m(v,) < 0.9 eV (90% C.L. Bayesian, flat prior m?>0 S| :
J 7 )| )| i
wl | A i 1 i i i 1 -T i .T 1 .+ i A L .T'
Excellent data quality 18535 18555 18575 18595 18615
b ET T To T T T T T T T T T T T T T ™
Compared to previous experiments: = 2fb) . » Stat. M Stat. and syst. g
- Improvement of statistics (x2) S ooftrna oo - .
- Reduction of systematics (+6) g b e T o ]
=" * * —Retardnrgenergy (ev)— *
18535 18555 18575 18505 18615

Only 9 days out of 1000 live days!

PRL 123 (2019) 221802 + detailed analysis PRD 104 (2021) 012005

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021
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= =—wwy Improvements of 2" campaign compared to 15t one

— V\UNSTER

15t campaign 2"d campaign
PRL 123 (2019) 221802 This talk, arXiv:2105.08533

Campaign date April-May 2019 Sept-Nov 2019
Total scan time 522 h (274 scans) 744 h (361 scans)
Source activity 25 GBq 98 GBq
Background 290 mcps 220 mcps
Tritium purity 97.6% 98.7%
Electrons in Rol 2 Mio 4.3 Mio

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021 32



Count rate (cps)

Residuals (o)

Time (h)

— — WWu
— M UNSTER
} Spectrum 15t campaign
with 10 errorbars x 50
| Spectrum 2"4 campaign
with 1o errorbars x 50
l+ 4
1 T
0.0:.. s o..:'.“ = .
—2.51 « Uniform Stat. Stat. and syst.
1c) t i
501 e 15' campaign
: mm 2" campaign
=l |
0- -t —
0 50 100

Retarding energy — 18574 (eV)

PRL 123 (2019) 221802
arXiv:2105.08533 (subm. to Nature Physics)

m?(v) = (0.261037) eV?

— compatible with zero

Eo =18573.69 + 0.03 eV
— Q-value : 18575.2 £ 0.5 eV

good agreement with Penning trap exp.:

Q=18575.72+0.07 eV, PRL114 (2015) 013003

Frequentist limit: m, < 0.9 eV (90% CL)

Same for Feldman & Cousins and Lokhov & Tkachov

2"d KATRIN neutrino mass campaign

less than sensitivity, due to positive fit result

Bayesian: m, < 0.85 eV (90% Cl)

Lokhov & Tkachov, Phys. Part. Nucl. 46 (2015) 347 ‘%
Feldman & Cousins, Phys. Rev. D57 (1998) 3873 =
Combine 15t & 2" campaign: €
el
Freq. im.: m, < 0.8 eV (90% L) N
©
Bayes: m, < 0.7 eV (90% (L) §
=2

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021

1.2F

18573.80 =
18573.75F
E 18573.70;— /
° [ 4
W' 18573.65F
18573.60
-1 0 1
m? (eV?)
2105.08533

- —— Knml: —0.96:99feVv?
[ —— Knm2: +0.26:J3%eV?
—— Combined: +0.11*333eV?

-6 -4 -2 0 2
m?2 (ev?)



———wwy Systematics budget of analysis of 2" campaign

MUNSTER

0.290

Poisson statistics
Bg overdispersion

0:111
0.074 \
0.066 \
0.041< background dependent
0.026

0.013 83mKr calibration July 2021
0.012

Rate fluctuations|  0.011
Energy loss| 0.004

Bg penning trap
Plasma

Bg qU dependence
Magnetic fields
Gas density
Molecular states

1 1 1 L l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I L 1 1 1 I 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
1o uncertainty on m2 (eV?)

arXiv:2105.08533 (subm. to Nature Physics)
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—-—ww Improving source-related systematics

MUNSTER

8
=5/

oooooooooo

°Rb

5/2°7 e—
Ty =86.2d (EQ); 77.6%
83mKr
—_— i

lectrons [&”, = 17.8243(5) keﬂ
Thy2= 1830 Lo ey =276V
(‘:F -_;22'3!:17(5)“\/ “\___,[El =30.4723(5) ke\/]
(=72 - I =1.19ev
Tagi=130ns B, = 7.7265(4) keV
BE =9.4058(6) keV & === === [. B ]
g e Zlrn=119ev
IT=9/" e—
A Co-circulation of tritium and 8™Kr at 80 K

Gas density

Pumping Injection

Pumping

Count rate (cps)

o 8 ¢
80 { Data !
| —— Fit result ;—1'2
Differential [
sl 000 o Bl Differential 11.0
£0.8
407 L0.6
! -0.4
201 :
' 0.2
0- 0.0
32132 32134 32136 32138 32140

Retarding energy (eV)

Data of 2020 krypton run at 40% tritium column density used to constrain systematics in 2" campaign arXiv:2105.08533

Since then: New operation mode with stable co-circulation at high column density at 80 K
Summer 2021: 10 GBq Krypton generator (activity x6) = further reduction of plasma systematics

Differential rate (cps/eV)

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021
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S Improving background

MUNSTER

Main component of background (arXiv:2011.05107):

Highly excited (neutral) Rydberg atoms ionized in the
volume of main spectrometer

Very low kinetic energy of background e

= Volume dependent background rate

y position {¢cm)

Reduce “downstream” volume of magnetic flux:
,Shifted analyzing plane” (SAP)
= Factor 2 signal/background improvement

implemented in neutrino mass scans of 2020 1

Further reduction of background planned:
Make use of angular distribution of background electrons

a very new idea: angular threshold filter
(“active transverse energy filter”, aTEF)

—200-

Flux tube in the main spectrometer

-~ Current setting

-400

3000

2500

2000

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021

0

=«+« Nominal setting

-1000 -500

signal
B Rydberg bg

EPJ C 80
(2020) 956

0 20 40
angle at detector © /°

y at aTEF /um

—— Shifted analyzing plane —

Z position (cm)

400/ | *

[N

o
o o
o

|
N
o
o

ant
------
et

0

—4005

2600  —400

2 Em

S, -
—200

500 1000

signal ;

Rydberg bg *
0 0 200 400 600
x at aTEF /um
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—-—ww KATRIN ,,beyond the neutrino mass*

MUNSTER

Spectrum 15' campaign

’”E with 1 o errorbars x 50 )
T:' Spectrum 2" campaign Search for exotic
+ with 1 o errorbars x 50 Weak interactions
Is there a fourth &
) ] c spectrum shape
(sterile) neutrino? 2 ; | (sp be)
t 1
’ A
il 1 V
£ A &

E_’ slﬁesigtl'lsr,rt":; Search for Lorentz
eV ... keV 9 '_ _' invariance violation
separation? and precision (Siderea|

y . modulation)
— 3
I_] V2
—] V1

_ . o Constrain local overdensity
Neutrino mixing: “Kink” in

of cosmic relic neutrinos
normal 3-spectrum (eV scale) (peak search)
or deep B-spectrum (keV scale) P

“Spaceship KATRIN”
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MUNSTER

—~— wwu Sterile neutrino searches in KATRIN

eV-scale sterile neutrinos:
new exclusion from the first science run

complementary probe of sterile v

Mainz 95% C.L. —— Neutrino-4 20

- - -Troitsk 95% C.L.  ——KATRIN 95% C.L.
Prospect 95% C.L. e Projected KATRIN final
DANSS 95% C.L. sensitivity 95% C.L.
Stéréo 95% C.L. 0v33NH 90% C.L.

——RAA + GA 95% CL 033 TH 90% C.L.

keV-scale sterile neutinos: TRISTAN at KATRIN:

novel multi-pixel Silicon Drift Detector array
large count rates
excellent energy resolution

Target sensitivity: sin?6 < 107° full array

Detector Module

N -
10 Detector pixel **‘ 90000eoal
10 SRR
T 390006 as
L
~= 10!
S <0
< AK D,
4 cm
100
47-pixel module aim: replace KATRIN
testing at monitor focal-plane detector
10! ) . spectrometer now in 2025
107 5 10" 10° J.Phys.G 46 (2019) 6, 065203, JINST 14 (2019) 11 P11013,
PRL 126 (2021) 091803 sin (29cc) J. Phys. C. Ser. 1468 (2020) 012177

Christian Weinheimer — Neutrino properties and mass — Seminar Birmingham, Nov. 2021
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—"—wwy KATRIN data taking continues

MUNSTER

Start of 6th neutrino-mass campaign* on August 19, 2021:

Cumulative electrons in ROI

el i+ | i o T it
4.0F 3rd_ 4th &t
356 v-mass
E L campaigns
3.0+ ..
F Analysis in
2.5 progress
2.0F )
sk | 1 v-mass ]
“F | campaign 2" v-mass
1.0 PRL 123 (2019) campaign
r PRL 126 (2021) paig - SR
0.5F | PRD 104 (2021) — ]
N = This talk )
l N l ]l I I ]| l I =|_|_|= I {} l I :}
May-Jun Mar-May Sep-Nov Spring  May-Jul Sep-Dec Mar-June 4" consecutive measurement campaign
2018 2019 2019 2020 2020 2020 2021 since beginning of the pandemic,

performed under all necessary precautions.
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——— Wwu Conclusions

» v physics remains super important for particle physics & beyond
keeps being an important gateway to BSM physics

* Hierarchy and 8.p are being resolved by LBL oscillation experiments with accelerator, reactor & atmospheric v:
now: T2K, NOVA, IceCube coming: JUNO, ORCA, Hyper Kamiokande, DUNE

* Low energy puzzles: v,, U, appearance, reactor neutrino anomaly, bump in reactor v spectrum
are being attacked by short baseline reactor experiments, SBN program, KATRIN
new MicroBooNE results question MiniBooNE/LSND v,, 7, appearance

* CEVNS has been established and will an important tool for precision studies and BSM searches

* Lepton number violation will be searched for by Ovff3
excellent final result by GERDA, LEGEND-200 will soon start to attack 1027 yr sensitivity
CUPID, LEGEND-1000, nEXO: even more sensitive experiments with 1028 yr sensitivity

* Direct neutrino mass experiments:
KATRIN presents 15t sub-eV limit,
much more data, lower background rate and better systematics, goal: 0.2 eV sensitivity
(new projects for the future to reach beyond KATRIN: ECHo, HOLMES, Project 8)
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—"— wwu Conclusions

MUNSTER

v physics remains super important for particle physics & beyond
keeps being an important gateway to BSM physics

* Hierarchy and 8.p are being resolved by LBL oscillation experiments with accelerator, reactor & atmospheric v:

Many thanks for those who helped me with material & discussions

for the underlying review talk at EPS HEP 2021:

S. Calvez, S.J. Dolan, G. Drexlin, J. Formaggio, A. Géttel, M. Gonchar, G. Gratta, P. Guzowski, C. Hati, T. Lasserre,
. A. Lokhov, M. Licciardi, M. Lindner, S. Mertens, R.C. Mandujano, S. Schénert, T. Tashiro, M. Uchita, K. Valerius

Thank you all for your attention

* Direct neutrino mass experiments:
KATRIN presents 15t sub-eV limit
much more data, lower background rate and better systematics, goal: 0.2 eV sensitivity
(new projects for the future to reach beyond KATRIN: ECHo, HOLMES, Project 8)
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