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Neutrino oscillations
(And by fiat neutrino
masses) are now firmly

established departures . TN\
from the original §\ N\ *»’W
prediction of the
Standard Model.
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So, what else can we
learn from the fact that e
w0 10 0’ neutrinos have mass%

boe 68% CL.
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Takaaki Kajita Arthur B. McDonald
(Super-Kamiokande) (Sudbury Neutrino Observatory)



Are they massive the same as other
particles?
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Left-handed
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Explanation Grand
: | New, heavy neutrinos Unification Planck
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Are they massive the same as other
particles?

No, definitely not.

Well, surely it’s the same
mechanism (something about the Higgs ma,ybe)?

Jury’s out on that.

Ok, surely you can tell me how
much they weigh®

Well...



Neutrino oscillations
can only tell us about
neutrino mass
differences

Not the mass scale
itself.



Neutrino oscillations
can only tell us about
neutrino mass
differences

Not the mass scale
itself.

*ChatGPT'’s version of “weighing neutrinos”

For that, you need a different method.



There are other ways to
measure the mass scale.

You can take advantage of
the neutrinos from the early
universe to constrain masses

(cosmology)

Or look at extremely rare
decay processes

(Ovi33)

However, these all carry
model dependencies.

These are indirect methods



A better method would
hone into what it actually
means to have ma.ss.

That means taking advantage of the dispersion
relation between energy and momentum.



A better method would
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7
E=pc

That means taking advantage of the dispersion
relation between energy and momentum.



First suggested by Francis Perrin in 1933

“On peut essayer de d eduire de la forme des spectres continus d’
emission une indication sur la valeur de cette masse inconnue...”

|One could attempt to deduce from the shape of the continuous
emission spectra an indication of the value of this unknown mass... ]




First suggested by Francis Perrin in 1933

“On peut essayer de d eduire de la forme des spectres continus d’
emission une indication sur la valeur de cette masse inconnue...”

|One could attempt to deduce from the shape of the continuous
emission spectra an indication of the value of this unknown mass... ]

Enrico Fermi independently came to the same conclusion in his
seminal 1934 paper on weak decay.

“Arriviamo cost a concludere che [ a massa del neutrino e uguale a

zero o, in ogni caso, piccola in confronto della
massa dell'elettrone (~) ...”

| We thus conclude that the mass of the neutrino is equal to zero or, in
any case, small enough in comparison to the mass of the electron. ]
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ragazzi di via Panisperna. |

In his paper,
Fermi already sketches
out how to do this.



https://it.wikipedia.org/wiki/Ragazzi_di_via_Panisperna

The Basic Idea...

Start with a radioactive
isotope
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Start with a radioactive
isotope
(My favorite, tritium)

Then measure the outgoing
electron’s energy




The Basic Idea...

I e X100 T
20 ‘ —m, = O0meV
3 - 107" — m_ = 1000 meV
= x — -
2 1x10™
O i | | |
-2 -1 0
0 10000 E, = 18575 ~ .
electron energy E in eV E EO In eV
Start with a radioactive . . .
isotope Then measure the outgoing Really zoom in at its
electron’s energy maximum enersgy

(My favorite, tritium)

The information about the neutrino mass comes from the

distortion of the decay energy spectrum.




We are going to see this graph a few times,

SO it is worth a minute...
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We are going to see this graph a few times,

SO it is worth a minute...

This shows the electron
neutrino mass
(what we measure)
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We are going to see this graph a few times,
SO it 1s worth a minute...
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which neutrino is
“lishtest”, there is an 10°
ordering ambiguity

_Inverted ordering
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(Or they might be all
about the same)

Normal ordering
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We are going to see this graph a few times,
SO it 1s worth a minute...
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EBeta decay measurements
-rule out above this line

Beta decay
measurements
(& cosmology)
squeeze what’s
allowed.
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The v 2 Magnetic
Spectrometer

L75Q 4L80Q

Fig. 20, Kurie plots of data from runs [ -[Il. The data exhibited have been subjected to a very
slight correction for distortion in the measured spectrum. The theoretical curves have been
fitted to the data in the way discussed in connection with fig. 18.

Nuclear Physics B39 (1972) 317—370. North-Holland Publishing Company

A HIGH-LUMINOSITY, HIGH-RESOLUTION STUDY OF THE
END-POINT BEHAVIOUR OF THE TRITIUM g-SPECTRUM ().
BASIC EXPERIMENTAL PROCEDURE AND ANALYSIS WITH

REGARD TO NEUTRINO MASS AND NEUTRINO DEGENERACY

 Bergkvist constructs first tritium source KarlErlk BERGKVIST

Research Institute for Physics, and University of Stockholm, Stockholm, Sweden

experiment in Stockholm. Resived 23 Septemer 197

{Revised 13 December 1971)

detector
magnet yoke

 Double focusing spectrometer; first to fully L
tackle energy resolution, energy loss and final ARRANMENT N7 N et CORRECTOR

atiminating influencef s g ' AT reducing operture

states coherently:. it | -

inner grids ot

IE1 ; ¥ -
:L::’::::r md::;:?tg :rnrth ;:"_.'.'._'.':i _i:i_i.i_i; " ,, nagative voltaoge
source

equipotentiol lines for
voltage distribution central circle in T2

* Achieved best limit of the time (my < 55 eV). s

curved B-lines

Fig. 3. Basic components of electrostatic-magnetic spectrometer employed in the present inves-
tigation of the end-point region of the tritium g-spectrum.




L.os Alamos

* Robertson, Bowles, Wilkerson
and others at LL.os Alamos
devise the first gaseous tritium
source experiment to
circumvent earlier issues seen
with solid state sources.

experimental results

e Their limit of &7 eV rules out a |
previous signal for neutrino | - Ttk s
mass. Sets stage for gaseous o
sources in future designs.

electrostatic

spectromelters

1986 1988 1990 1992 1994 1996 1998 2000
year




Mainz & Troitsk




18.5 keV
1172 12.3 yrs

163Ho
2.83 keV
1172 4570 yrs

2.5 keV
1172 4.5 Gyrs

- = - !

115N

o . | 155 eV
— 1172 4.4x1014 yrs

Choice of Sources

135Cs
— 440 eV ,‘
1172 1.5x109 yrs ‘




[sotope Spin-Parity Half-life Specific Activity Q4  Branching ratio Last eV Source Mass
y Ba/g eV
‘Hy Yt 5 Bt 123 3.6 x 104 0.57 29x 107 20x1077
5Tn 95t = 3,1 4.4 x 1014 0.26 147 1.2 x 1075 5.0x 1077 7.5 x 107
135Cs 72T — 1Y~ 1.5 x 108 6.8 x 107 440 (0.04 —16) x 107% 22 x107% 0.4 - 217
I8TRe %1t — ¥~ 4.3 x 101 1.6 x 10° 2470 1.0 1.2 x 10719 57

163Ho 7%~ — 54— 4750 1.8 x 1010 2858 ~ 10712 ~1.0x10°

135Cs and 119In look attractive for their low endpoint and because decays can be tagged.
But they suffer from minuscule branching ratios.

Other new ultra-low 3/EC targets, such as "6As and 155TDb, currently under study.
Issues with 18“Re make it impractical.

Tritium and holmium are the top candidates of study for now.




[sotope Spin-Parity Half-life Specific Activity @4  Branching ratio Last eV | Source Mass
y Bq/g eV
Ha Yt — Bt 123 3.6 x 10 0.57 2.9 x 10713 2.0 x 1077
15Tn 95+ — 3,1t 4.4 x 1014 0.26 147 1.2 x 107 5.0 x 1077

135Cs 727 = 1~ 1.5 x 10° 6.8 x 107 440 (0.04 —16) x 1076 2.2 x 10~ %
I857Re 36+t 5 14— 4.3 x 101 1.6 x 10° 2470 1.0 1.2 x 10719
163Ho 7~ — 54~ 4750 1.8 x 101 2858 ~ 10712 |~ 1.0x10°

Amount needed
to see 1 event
per day in last eV

135Cs and 119In look attractive for their low endpoint and because decays can be tagged.
But they suffer from minuscule branching ratios.

Other new ultra-low 3/EC targets, such as "6As and 155TDb, currently under study.
Issues with 18“Re make it impractical.

Tritium and holmium are the top candidates of study for now.




Calorimetric
= (Cryogenic Bolometers)

Electromagnetic Filtering
MAC-E Filters)

Frequency-Based
(Cyclotron Radiation Emission
pectroscopy)
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Electromagnetic Filtering
(MAC-E Filters)

Calorimetric
(Cryogenic Bolometers)
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(Cyclotron Radiation Emission
Spectroscopy)
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Using micro-calorimeters doped with
radioactive material to measure endpoint.

(They use 163Ho instead of tritium)
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(They use 163Ho instead of tritium)
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Electromagnetic Filtering
(MAC-E Filters)




Electrostatic

potential (U) :

-
-
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'0

High Magnetic Low Field High Magnetic
Field (Bs) Ba Field (Bs)

Magnetic Adiabatic Collimation w/
Electrostatic Filtering

(only electrons with enough energy can overcome potential barrier)



Spectrometer

T

Tritium Injection and O TN N N RN RN RN
Retention System /171Y, )&W\
y /TN

BElectron
WL ¥ detector

17777777177

K ‘*vvvvv,vv

1011 e- / second 1 e/ second

High Magnetic Low Field High Magnetic
Field (Bs) Ba Field (Bs)

Magnetic Adiabatic Collimation w/
Electrostatic Filtering

(only electrons with enough energy can overcome potential barrier)



In order to et high energy
resolution, you need a large ratio
of magnetic fields.

But magnetic field lines are
conserved, so the tighter you
squeeze on one end, the larger
they are on the other.

How much bigger®
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www.nature.com/nphys / February 2022 Vol. 18 No. 2

nature physics
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Remember that plot I showed you earlier?

.
S
N S TR T NS 2o o S T e o= oo e o S B P N g
- = \‘ - - . . - . Y - > _ | . - = - -

KATRIN already limits
the electron neutrino

ma.ss to 800 meV/c?
New

G technologies
Will reach ~300 meV/c? ] 10— 299

by 2025.

But what if it’s lower?




Frequency-Based
(Cyclotron Radiation Emission
Spectroscopy)




Inspiration:

“Never measure anything but frequency!”

Arthur Schawlow, co-inventor of the laser
and 1981 Nobel Prize winner



Cyclotron Radiation
Emission Spectroscopy
(CRES)

Use radiation from
cyclotron motion to
measure energy of electron.

Frequency of radiation

v

Kinetic enersgy

fc,O _ 1
y 21 Me + Fyin/c?

¢ e
> . \\‘

A ' { R
| Schawlow O, Heaviside < B. Monreal and JAF, Phys. Rev D80:051301
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Cyclotron Radiation
Emission Spectroscopy
(CRES)

Use radiation from
cyclotron motion to
measure energy of electron.

Frequency of radiation

v

Kinetic enersgy

fc,O 1

Je = y :27Tme—|—Ekin/62

e °y

A ' { R
| Schawlow O, Heaviside < B. Monreal and JAF, Phys. Rev D80:051301



Cyclotron Radiation
Emission Spectroscopy
(CRES)

Use radiation from
cyclotron motion to

measure energy of electron. Microwave

radiation

Frequency of radiation

v

Kinetic enersgy

fc,O _ 1
o 21 Me + Fyin/c?

Y e
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| Schawlow O, Heaviside < B. Monreal and JAF, Phys. Rev D80:051301



(CRES)

Cyclotron Radiation é
Emission Spectroscopy ’

Use radiation from
cyclotron motion to

measure energy of electron. Microwave

radiation

Frequency of radiation

v

Kinetic enersgy

fc,O _ 1
o 21 Me + Fyin/c?

Y e
> . \\‘

A ' { R
| Schawlow O, Heaviside < B. Monreal and JAF, Phys. Rev D80:051301



Advantages of CRES

Frequency measurement

Transparancy to microwave radiation :
Microwave

radiation

Differential spectrometer
Compatible with atomic tritium

Low background

B. Monreal and JAF, Phys. Rev D80:051301



Advantages of CRES

Frequency measurement

Transparancy to microwave radiation :
Microwave

radiation

Differential spectrometer
Compatible with atomic tritium

Low background

B. Monreal and JAF, Phys. Rev D80:051301



Advantages of CRES

Frequency measurement /

Transparancy to microwave radiation , Microwave

radiation

Differential spectrometer
Compatible with atomic tritium

Low background

B. Monreal and JAF, Phys. Rev D80:051301



Advantages of CRES

Frequency measurement /

Transparancy to microwave radiation , Microwave

radiation

Differential spectrometer v
Compatible with atomic tritium

Low background

B. Monreal and JAF, Phys. Rev D80:051301



Advantages of CRES

Frequency measurement

Transparancy to microwave radiation :
Microwave

radiation

Differential spectrometer

SN N NN

Compatible with atomic tritium

Low background

B. Monreal and JAF, Phys. Rev D80:051301



Advantages of CRES

Frequency measurement

Transparancy to microwave radiation :
Microwave

radiation

Differential spectrometer

Compatible with atomic tritium

SN N N NN

Low background

B. Monreal and JAF, Phys. Rev D80:051301



A moment to acknowledge the Project 8 collaboration...
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Rare moments in physics

*Brent VanDevender as he watches 0.2 keV CRES electrons come in.
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Deep-trap frequency - 25 GHz (MHz)

920 915 910 905 900
1.0-] M Shallow-trap data N
— ] — Shallow-trap fit result I
How did we do? § o4 mm ooy e 5
¢ _e 1 —- Deep-trap fit result i
© 0,6 :
83mK r v :
C g4l )
Spectrum £ ] |
S 0.2-: ‘ /" _
E}nergy PeSO].Ution On 83mKP: 1.66 ev 0.(1)7'5:)‘0:-."l | ll'léOOl o ll?';OOI 17800 o 7;;;()0' o l18000
Reconstructed kinetic energy (eV)
3 B 4
(That’s a frequency measurement %3 :
I S O
of 3 parts per million) 2.1 . .
q) T T T T
DC17500 17600 17700 17800 17900 18000
Reconstructed kinetic energy (eV)
E —— Frequentist intervals
175 - + Lierature
20071 . Best-ft result )
150 o 150 ) /
- o 57 /
125- = O / //
‘UE’ 100_: —-1507 - ’ :'.' / "bo
. oy o = . 2_ ,"‘ el
First CRES mass measurement: Tst Tritium 8 ] Rl /
1 ¥  Tritium data " T T
] » 18500 18600
1801 < 1 ' 1 ---- Bayesian best fit .
B 55 ev SpeCfrum. 50-. 1o Bayesian quantiles iEqd PO {6V)
E —— Frequentis! best fil '_z
25 -~ Literature £ H
1 H & 1o Bayesian credible interval i
(And no baokgrou:nd Seen !) O—: &y 1o frequentist confidence interval Mm

] ] ) | ) ) ] ] | ] ) ) ) | ) ) ] ] | ) ) ) ] l‘l ) ) ) | ] ] ] ] |

16500 17000 17500 18000 18500 19000 19500
Reconstructed kinetic energy (eV)







\

Project 8 Phase 11
Spectrometer
(To scale)



What next%



' X W AN \ v
\ ' \ W\ A \
% \ T 31l B\ \
) - )Y AN ¥ W
.(ﬂll Seeas \ \ Y
/ 1 o - ariines \l ,._..,. »
\ e e
\ e \
W\ ( . o WY
-4 = \ = W
SN | 4 = W
’ .. [ : HE
\\ 4 7 o : =
y =
/ Z = "
'.. — — =
<y —
= ) =

W

W

AW
\ ./

N

\V

IA LN /,4‘_55:_

1!, ._.__,.,, , ... .
A T 4 A Y
B

More* (1)

What next%

*ChatGPT’s version of “large cavity”



?

FUTURE

s
=
)
e
=r
S
e
|

Atoms

More* (1)

What next®

*ChatGPT’s version of “large cavity”



Greater volume and efficiency can be
gain if we switch to low freq. cavities:

Open-ended cavity with
appropriately loaded Q

Atom trapping magnet at
cavity walls

Solenoid to provide CRES field

Pinch coils provide electron
trapping

More (!)
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The problem with molecular tritium... £
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Goals:

Multipole Magnet

B Sensitivity to mg < 40 meV/c?
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H Measure neutrino mass or
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Envisioned Phase 111 Experiment

(Ask me for details)
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Towards the neutrino mass “floor”;

finally fulling Fermi’s prediction




mg (meV)
5&
IR

Mainz, Troitsk—\
Groals:

P

- KATRNGoa) — /S~ oensitivity to mg <40 meV/c<

— Systematic Limit with T,
= Inverted Ordering Measure neutrino mass or

— Project 8 with T (Goal)
exclude inverted hierarchy

10°

| Normal Ordering
10

oimultaneous sensitivity to

I 1 1 | ll;lo | L1 11 1|1|(|)2 | L1 11 1111|03 I L1 1 1 111104 aaCtive and Steri]_e neutPinOS
Mass of lightest mass eigenstate (meV)

— I lllll|

Towards the neutrino mass “floor”;

finally fulling Fermi’s prediction







This is truly an exciting time to study
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And fun new ways to learn cutting
edge techniques.




Thank you for your time.
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