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“Hence, we conclude that the rest mass of the neutrino is
either zero, or, in any case, very small in comparison to the
mass of the electron.” E. Fermi, 1934

F. Wilson, Am. J. Phys. 36, 1150 (1968)



“Hence, we conclude that the rest mass of the neutrino is
either zero, or, in any case, very small in comparison to the
mass of the electron.” E. Fermi, 1934

F. Wilson, Am. J. Phys. 36, 1150 (1968)

This is the “direct” method.



First experiments with gaseous
tritium !

Beta Spectrum of Tritium

S C. CURRAN

Nature 162, 302 (1948) J. Axcus

A L. CoCKCROFT
Department of Natural Philosophy,
University of Glasgow. May 21.
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Phys. Rev. 75, 983 (1949)
200 The 3-Spectrum of H?
1 \ G. C. HaANNA AND B. PONTECORVO
Chalk River Laboratory, National Researck Council of Canada
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January 28, 1939
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Neutrinos oscillate, have mass

----- Do 68% C.L.
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OUTLINE

* The story so far: Neutrinos DO have mass, and the
average for the 3 must lie between 2 and 0.02 eV.

 The KATRIN experiment.

A new idea: CRES (Cyclotron Radiation Emission
Spectroscopy).

« Cosmological comments.

but... nothing on sterile neutrinos, double beta decay, 1¢3Ho.




NEUTRINO MASSES AND FLAVOR
CONTENT
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What is the neutrino
mass scale?

4

Particle Physics Cosmology

Some things are simply missing from the standard model
(dark matter, gravity...) but neutrino mass is the only
contradiction to the SM.



LEPTONS QUARKS

Perhaps Tev =

neutrinos can
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Neutrino oscillations discovered - neutrinos have mass!
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Mass Limit (eV, keV, or MeV)
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NEUTRINO MASS FROM BETA SPECTRA d L 2

3H
With flavor mixing: SHQQ.\
dN
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MASS
RANGE
ACCESSIBLE

3 masses and
neutrino oscillation
data give two
possibilities,
Inverted Order and
Normal Order:
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MASS
RANGE -
ACCESSIBLE " Mainz & Troitsk (95% C.L) |

KATRIN 2019 (90% C.L.)
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At Karlsruhe Institute of Technology
unique facility for closed T, cycle:
Tritium Laboratory Karlsruhe

A direct, model-
independent, kinematic

method, based on 5 decay
of tritium.
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Overview of KArlsruhe TRItium Neutrino Experiment

Windowless gaseous source Transport section Pre-spectrometer Main-spectrometer Detector

103 mbar 10" mbar




KATRIN forms integral spectrum with MAC-E filter

B Magnetic Adiabatic Collimation & Electrostatic Filter: adiabatic conversion E, — E,

electron from electrode =~ ~ \\
> 3
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KATRIN

March 18-19, 2019

305,000 events

Coldens: 2x 10" cm>2

[CDR: 5x10' cm2]

o
E/dE = 42000/6.3
=6670 £
~2.8 eV base width
[CDR: 20000]
Bkg: 0.33 c/s
[CDR: 0.01 c/s]

KATR

IN - m Test Scan - March 2019 - 29 hours, 304879 e " in [E0-93 ; E0+47] eV
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Count rate (cps)

Residuals (o)

Time (h)

Q) { KATRIN data with 1 ¢ errorbars x 50 |
- Fit result
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Retarding energy (eV)

KATRIN

April 10 - May 13
PRL 123, 221802 (2019)
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Result is statistically probable

B best-fit result corresponds to a 1-c statistical fluctuation to negative m?(v,)

- p-value is derived - 0.5 :_ /‘; m, =0eV
from 13 000 MC > b expresut— 4 o |- Best fit
QL - . 2 |
samples with o 04 -1.0eV :
m2(v,) = 0 and g F ;
properly fluctuated E 0.3 i MC ensemble
] - i
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Derivation of mass limit
Lokhov-Tkachov Feldman-Cousins
* m,<1.1eV(90% CL) = sensitivity * m,<0.8 eV (90% CL)
Bayesian Confidence Interval (m?2 > 0, flat)
* m,<0.9eV(90% Cl)

L 14—
L[] 90% C.L. (stat. + sys.) C [ 90% C.L. (stat. + sys.)
16 — m2q=—10ev2 125 — m2p=-10eV?
[ --- m2<13eV?, m,<lleV 1 0:_ --— mZ<0,6eV?, m,<08eV
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-3 -2 -1 , 0 , 0 1
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Lokhov & Tkachov, Phys. Part. Nucl. 46, 347 (2015) 26



Still
mainly
statistical

Stat. only
Non-Poisson bkg.
Background slope
Source properties
Magnetic fields
Scan fluctuations

Final states

- total statistical uncertainty budget o, = 0.97 eV?

- total systematic uncertainty budget o = 0.32 eV?

stat

0.97

— since May 2020
improved radon-retention system

0.4 0.6 1.0
1o uncertainty on m2 (eV?) (S. Mertens)
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Problems, always problems

« Background
e Plasma
« Pandemic




Backgrounds predominantly originate from main spectrometer:
stored particles from radon decays, ionisation of Rydberg states.

Design: 0.01 c/s
thermal radiation Actual: 0.5 c/s

® ‘ .7 lowenergy
*’\Ae background electron
lonization

O
QL
[*—
to source 2
=] - == to detector
c
(o)
©
=
b1/6
2
o(my) = ]\W visible volume in visible volume with
’ standard settings shifted analyzing plane

K. Valerius, Heraeus 2019
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The road is direct, but long!

100
>
e T HDM Q=1
2 10
£ X
n A
% 1 Qg’»
-
£ 0. IH lower limit
0-01 E

1960 1980 2000 2020 2040
Year 31




Neutrinos in the cosmos
Planck C'MB (1807.06209)

0.84
TT,TE,EE+lowE+lensing —— Throwing in everything,

AO --—- .
+8A0 082 Planck finds

Lo Ym < 0.12 eV

— 0.78

S
- 076 But they used degenerate

approximation. Actually:

" ar 0.74
62 - 0.72 Zmy < 0.26 eV
60 i' - - - 070 | oureiro et al. PRL 123,

0.0 0.1 0.2 0.3 0.4 081301 (2019)
Zmy [eV] 32




Neutrinos in the cosmos

75} -
73.00(175) ~ HST Tension with the HST galaxy Ipw-z
o]l data can be resolved by relaxing w:
- 5 +0.12
e P w~ =114 _¢l10

Planck pol + HO70p6
Planck pol + BAO

i ~ +0.16
¥Xm,, ~ 0.357552 eV

60| s

Il

0.25 050 0.75 1.00
Di Valentino et al. PLB 761, 242 (2016)
Ym, [eV] 33




The Hubble Constant Problem

The Hubble constant measures the current expansion rate of the universe.
When cosmologists calculate its value based on data from the early
universe, they predict a lower value than when they measure

= . A new analysis of “tip of the red giant branch”
(TRGB) stars finds an intermediate Hubble value, complicating the debate.

Early Universe

67.4
e COSMiC Microwave background

67.6 : T
r——BCryon acoustic oscillations

From Quanta 2/20/20

Present-day Universe

69.6
O TRGB stars

1 1 1 1 1 1 1 1 l

68 70 72 74 76
HUBBLE CONSTANT




0.20 -

0.04 -

Neutrinos in the cosmos

Planck CMB Lensing
(1807.06209)

Project 8

Goal
4

L
1072

1
1071

mg[eV]

Abazajian et al., “CMB-S4 Science” 1907.044%%




THE LAST ORDER OF
MAGNITUDE

Statistics

Size of experiment now:
Diameter 10 m.

1/6
2 b/
ol =kb——"
o(my) =k 2/341/2

Next diameter: 300 m!

If the mass is below 0.2 eV, how can we
measure it?

KATRIN may be the largest such experiment
possible.

Systematics

—_— 1
X 0 "
> H
o 8 ¥ FWHM
‘_: " "
o ~1eV
—
o ©
a
=
= 4
o
©
o
S 2
a
0o 2 4

exc. energy [eV]

Molecular rotation
and vibration
Theory: Saenz et al. 2000 36




A new idea : Cyclotron Radiation Emission
Spectroscopy (CRES) (B. Monreal and J. Formaggio, PRD 80:051301, 2009)

If you are going to measure J

anything with precision, measure
frequency.

Arthur Schawlow

Cyclotron motion:

f_fe_ 1 eB B field
Ty 27 me + Eiin/ 2 —_—

Surprisingly, this had fo = 27992.49110(6) MHz T—1

never been observed

. 1 2 €t
for a single electron. P (Exin, m,0) =

B2 (Eﬁin 2 Exin m ¢?) sin®

dmeqg 3 micd

P(17.8keV,90°,1T) = 1fW 37




83mKr: NICE TEST SOURCE

T, =1.83 h

T.,,=150 ns

83Rb

EC /T, =86.2d

Y

E =3215keV <

Y

Y

E, = 9.4 keV

E, =32152eV

Conversion e-
K:17824.3 eV
L,: 30424.4 eV
L;: 30477.2 eV
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ENERGY RESOLUTION & TRAPS

2
Alz’kin — 1+ mec g
E E. ) f

kin kin

~30

For 1 eV energy resolution, you need about 2 ppm frequency.
For 2 ppm frequency, you need 500,000 cycles, or 15 L s.
Electron travels 2 km.

You need a trap!

39



G-M cooler (35K)
26-GHz amplifiers

83mKr WR-42 .

source waveguide

behind

(behind) ESR cell
Gas lines
Trap coils

Superconducting
Magnet (0.96 T)

University of Washington: Phase /




First CRES event (from 83MKr)

Waveguide
to low-noise Project 8 - Event 0
amplifier L e
~1MHz=20eV -~ =
T INL\Zeae o a2 e
1T ” = =
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" trap 24784
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Frequency [GHZz]
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First CRES event (from 83MKr)

start frequency of the first
track gives kinetic energy.

—

frequency chirps linearly,
corresponding to ~1 fW
radiative loss.

4

electron scatters
inelastically, losing energy
and changing pitch angle.

@)
Eventually, scatters to an
untrapped angle

Frequency [GHz]

24.79

24.787F

24.784 1

24.781

24.778

1MHz=20eV

Project 8 - Event 0
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Time [s]
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0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Scaled signal to noise ratio (linear)

0.1



Frequency (GHz)
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“JUMP” SPECTRUM 83mKr 30.4 keV line

Track Energy (keV)

Counts (a.u.)

Most probable jump is 14 eV. 44



CRES WORKS: WHY IS THIS IMPORTANT?

Source is transparent to microwaves: can
make it as big as necessary.

10 fF T T T T T T

Whole spectrum is recorded at once, not
point-by-point.

Atomic T

oo
—
N
|

o
I

Excellent resolution should be obtainable.

I
|

Low backgrounds are expected.

Relative probability

N
I

An atomic source of T (rather than
molecular T,) may be possible. Eliminates

the molecular broadening. 5 - = =2 2 8 =z
Relative Extrapolated Endpoint (eV)
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To determine

neutrino mass O | | ' !
from T, decay Saenz et al. PRL 84 (2000) Molecular
(KATRIN), S ol Fackler et al. PRL 55 (1985) ion: HeT* | |
the final-state 3 : R E
distribution must <
be known. £ 'E E
©)
©
QO
O
S o1k ]
() C =
One final state | 3
One endpoint |
@ 0.01}| |
m(ve) =0 eV F 3
Reality |:L | Molecule flies
0.001 | A apart | i
-250 -200 -150 -100 -50
Binding energy (eV)
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0.001 =

PRELIMINARY

b=10"/eV/s
oz = 0.3 ppm

T, 3x10' cm”
Ve

/l

Atomic T, 1x1 0 cm”

10
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10

2

A® | ssew 10 %06
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Phased approach to a neutrino mass measurement

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

S el

Phase lll R&D Phase lll Operations
Phase |V

Goal: a mass measurement sensitive to 40 meV

48




Phase ||

Kr/T2 gas handling
system attached ’
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| ‘NMR magnet prowdlng background magnetlc fleld
5 ; <AWaL:

B [ "‘l\ -\"

re: Alec Llnd%n :
F ) _s_




Phase Il high resolution
83mKr data (shallow trap)

Two trap coils
Small acceptance: 90.0(1)°
0.2+ 0.2 mm?3
Natural width of line: 2.8(1) eV
Instrumental Resolution: 2.0(1) eV

0.20 | | | | | |

- Main field

50.15— -

2 Traps on:

< r=1,2,3,4 mm

%0.10— -

o

©

So0s| =

"1 3 12 17.85mA =
a =2
z 3

w00 ; Insert pos: -5 mm E

T T T T T
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Kr shake spectrum:
HR & V. Venkatapathy;
PRC 102, 035502 (2020) i
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Phase Il Waveguide Cell

1cm
Improvements:

» Cylindrical waveguide (more
volume)

4 deep trap coils (more statistics)
Amplifiers colder (less noise)
Terminator replaces short

CaF, windows for tritium

2000
1750/ Preliminary

1500
Instrumental

33 eV FWHM

1250

1000, 53 eV FWHM -
750

Counts

Magnetic field - 959 (mT)

500
250

MOANIM

0
-2.0 — -
17.00 17.25 17.50 17.75 18.00 I I T T T T T

Energy (keV) (o] 20 40 60 80 100 120

Distance from lower window (mm)




Phase Il Kr & T, gas

system

Yale vacuum manifold

T, inventory: 2 Ci sware | MVl Cotter pump for
pressure stabilzation
e e 133" CFbellows MVl V4 N2 w1
ExTorr Resldual Gas section insert
@— Analyzer (RGA), a.k.a. SOV2
Combined gas manifold Quadrupole mass
Evac. po @_ [spectrometer (M) | [ o Project 8 cryostat
(2"t P shield cube Krva Tritium disposal asg _»l_solatlon vacuum
KiVs KVl 133" CF l - MV1 getter and lon- 2.75" CF - :
bellow Pum rise tube vac.
Kr source l section D - port
KV " _ | MVE
/4 HVC'? bellows — MV5S EGV1 \
: section
VA n ‘ ¥
a2 Tritiurn storage Ceramic
T, storage cylinder getter feedthrough
™l X 7 b
T @‘- Tritium getter
[3
Vi, PRt | Helium leak tester storage system
Turbo pumping system - ~
l Laboratory air exhaust l*— Pleiffer HiCube 80
IG 1, 1G 2: Kurt Lesker 354 Series lon Gauge updated: EN,
10/28/2019

IG 3: Instrutech BABO2GT

PG 1, PG 2: Instrutech CVG101GF
SOV1: VAT 57036-GE41 (pneumatic)
SOV2: VAT 57124-GE41 (pneumatic)

MV1-MV6, MVI: VAT 54132-GED2 TV1-TV2: Swagelok 55-48G-TW
IV1, IV4, MIV7, MV, MV10-11,

and EGV1: VAT 54124-GEO2 Krv3: Swagelok 55-48G-V51

TV3I-TV4, KrV1-KrV2: Swagelok SS-4BW-V51

TLV1: VAT 55024-GEGY
QMS/RGA: Extorr XT100, SRS RGA100
V2, IV3, 1VS: NorCal AMV_0752_CF



Count rate (cps)

Residuals (o)

Time (h)

KATRIN Project 8

) { KATRIN data with 1 ¢ errorbars x 50 |
ol | — Fit result |
: 3770 events
1.5 M events 00
n /\//\A\
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Project 8 Phase I
spectrometer

(to scale)

KATRIN spectrometer




Phase "' Tritium experiment at Mainz/Troitsk scale.

1. Demonstrate Changes from Phase II:
free-space Large MRl magnet
CRES detection 200 cm? effective volume

2. Demonstrate

Ring array of antennas
atomic trapping

Concept: M. Jones 55



MAGNETIC TRAP FOR T

loffe-Pritchard trap Halbach magneto-gravitational trap
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ALPHA Collaboration: Nature Phys UCNtau Collaboration: Phys Rev C89,
7:558, 2011; arXiv 1104.4982 052501, 2014; arXiv 1310.5759v3
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PHASE IV CONCEPT

1 T Solenoid

Atom-Trapping Multipole

0.03 K Tritium Atoms —%

Cracker Accommodator Nozzle
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1 step Atom-Trapping Multipole and position

reconstruction

1 T Solenoid

(A. Lindman)
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PROJECT 8 SENSITIVITY

PRELIMINARY
and OPTIMISTIC

T, 3x10" cm”

T, 3x10'“cm”

/12 3
Atomic T, 1x10 “cm

2

3

T
o
I

X 10° 10" 10° 10’ 10°

Effective volume, m3

R 10" 10

10

A® ‘Ui ssew 10 %06

Technical Readiness Levels

TRL | Definition

Can't prove laws of physics violated.

Reasonable to think laws of physics aren’t violated.

Proof-of-principle demonstrated.

Low-fidelity prototype successfully tested.

High-fidelity prototype successfully tested.

Standalone final component successfully tested.

Integrated subsystem successfully tested.

First physics data collected.

O IN[([OD|UL B ([W[IN |-

Results published.

Phasel: 9

Phase ll: 8
Phase lll: 2
Phase |V: 1
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DIRECT MASS MEASUREMENTS...

... are largely model independent:

- Majorana or Dirac

* No nuclear matrix element complications \

* No complex phases ¥y

* No cosmological degrees of freedom E. Fermi
KATRIN is running! New mass limit 1.1 eV (90% CL)

Success of Project 8 proof-of-concept.

* New spectroscopy based on frequency

* Potential atomic T source: eliminate molecular
broadening. Design and testing underway.
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