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Quantum Technologies for Neutrino Mass
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* QTNM Overview (this lecture): Ruben Saakyan and Seb Jones
* Neutrino Physics and QTNM
e (yclotron Radiation Emission Spectroscopy

- Quantum Electronics (Wed 11-Jan 9:30): Stafford Withington and Songyuan Zhao
 (Quantum Electronics
e Parametric Amplifiers

* QTNM Tutorial (Wed 11-Jan 11:30): Ruben, Seb, Stafford, Songyan

 Q&A: Everything you wanted to know... but were afraid to ask
 Example questions in lectures
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The question of neutrino mass
3H [-decay. State of the art
“Never measure anything but frequency...”
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QTN \Y PrOJeCt Electron enerav E (eV)
Outlook
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The Neutrino History

Existence first postulated by W. Pauli in 1930 to explain the

continuous shape of B-spectrum and “save” energy
conservation

Direct detection from a nuclear reactor source by Cowan &
Reines in 1956

Three flavours discovered. “Massless” according to initial
Standard Model formulation

Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zrich Cloriastrasse

ILiebe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich mldvollst
ansuhBren bitte, Ihnen des nfheren auseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der N und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf cinen versWeifelien iumieg
verfallen um den "Wechselgats® (1) der Statistik und den Energiesats
su retten. Mimlich die M3glichkeit, es kbnnten elekirisch neutrale
Teilchen, die ich Neutronen nemmen will, in den Kernen existierem,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘eheh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie

mit Lichtgeschwindigkeit laufen. Die Masse der Neutronen
u‘ von derselben Orossenordmng wie die Elektronenmasse sein und

s nioht grosser als 0,01 Protonenmasse.- Das kontimiierliche
m wire dann verstindlich unter der Annahme, dass beinm
boba~Zerfall mit dem Rlektron jeweils noch ein Neutron emittiert
aird, derart, dass die Summe der Energien von Neutron und Elektron
konstant ist.
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Number
beta rays

F

Radium-E (Bi-210)
spectrum

Expected
2-body decay

1.05 KE (MeV)

“At the present stage of atomic
theory we have no arguments
for upholding the concept of
energy balance in the case of

B-ray disintegrations.”



Most abundant particle of matter
in the Universe (330 cm™) that
we still do not know much about!

Mass assumed to be zero in SM
(for good reasons which was now
experimentally shown not to be
true (neutrino oscillations)

10/01/2023

Standard Model of Elementary Particles

three generations of matter
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Neutrino Oscillations

* Neutrinos interact as flavour eigenstates but propagate

as mass eigenstates

* Mixing between neutrino mass and flavour

. . ) . Ue1 Uez UeS
eigenstates is governed by a unitary matrix Vi) = Z Uai |Va) U=|Us Uz Us
' U7-1 U7'2 UT3

* The end observable effect is neutrino oscillations between flavours

simplified two-

Am3, L .
. — — sin? in2 [ =21~ th 2 2 2
neutrino case P(Ve = V) = sin26sin ( 4E ) B e e <‘!:l,>@

Neutrino Oscillations | ======) | Non-zero neutrino mass %ﬁ
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Neutrino Oscillations

Evidence from atmospheric, solar, reactor and

accelerator experiments
2015 Nobel Prize in Physics to T. Kajita and A.
McDonald

<

9015 NOBEL PRIZE

IN PHYSICS

7R g ?‘ A\

Tremendous progress in past decade, precise

measurements of three mixing angles and two Am?
Ambitious multi-billion-$ programme over next
decades (HyperK, DUNE)

However, neutrino oscillations only give mass
(squared) differences between neutrino mass
eigenstates, no information on absolute neutrino

mass

10/01/2023 QTNM, QTFP School Jan-2023 7
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Constraints from Neutrino Oscillations

Normal hierarchy

Inverted hierarchy
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Neutrino mass

e Only solid particle physics evidence for Physics
beyond Standard Model

* Smallness of mass suggests new mass generation
mechanism (not “straight” Higgs)
e Connected to new physics
* Matter-antimatter asymmetry (CP-violation)
* Lepton Number Violation
e Sterile-neutrino

Absolute neutrino mass is a key unanswered
question that connects it all.

QTNM, QTFP School Jan-2023 10/01/2023




How to access Absolute Neutrino Mass
//’*“—* ‘\w OvBpB-decay Cosnnﬂo§¥

B-decay

K\\_ mﬂa‘tak( o v :;:rni

 Measurement all three neutrino mass parameters allows Majorana
CP-violating phases to be constrained (otherwise inaccessible!) =
key for understanding matter-antimatter asymmetry of Universe

* Measuring mg in B-decay constrains mgg (0vBf) and X (Cosmology)

— next two slides

10/01/2023 QTNM, QTFP School Jan-2023 10
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* mg is sensitive to neutrino mass ordering

« Cannot be smaller than 9 meV (worst case scenario)

|

]
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To summarise:
N'_‘ I 1 I 1 I 1 || I
g -
> .
O, — Normal ordering
£ 107
: — |nverted ordering
102
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107° 1072

107 ,
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m/23 =mi + |Ugp|*Am3; + |Ugs|*Ams,
Am%,; > 0: Normal Ordering

Am%,; < 0: Inverted Ordering
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Model Independent Neutrino Mass Measurement

E. Fermi, Z. Phys. 88 (1934) 161 Energy conservation is only assumption!
' ol
. y ;i ‘Iri ) / %! \
Old ideal! = dE=Cp(E+me)(EO—E)\‘(EO—E)“(E)G(EO—E—mV)
=0 Y
_ 2 02 2 02 2 .2
o mpg = \/Ue1m1 t Ug,m; + Ugzms
Fig. 1.
Tritium B-decay is a “working _ vl (a) . 100[ o
horse” of these measurements € 1}/“\\ ;
— oy i \ ‘ T
Ve 3 0.8} \ ;o3
3H % \_I ! %
g 06} /B
‘g 04:7 \'\_' /l ‘g
3 s 1 ® g 2 x 10-12
He 02:, \'\\ j;l s
But other isotopes possible for : BE i : ——
calorimetric measurements % 6 10 16 20----=~- -3 2 = 0
energy E [keV] E-E; [eV]

10/01/2023 QTNM, QTFP School Jan-2023 14



Three methods of mg measurement

electro-thermal
link G

—
4 B R

thermometer
AT- AV

i e s XY ' < % % Z% % particle absorber
: ' - — ro—) E-AT
I' '“‘ - N;.zP.hxys. 18, 160-166 (2022) “-
Electrostatic filter CY.CIO.HOH Radiation Calorimetry
(retarding potential) Emission Spectroscopy
(CRES)

10/01/2023 QTNM, QTFP School Jan-2023 15



State-of-the-art: KATRIN Experiment

. . . . . - Source activity 10! Bq
Magnetic Adiabatic Collimation + Electrostatic Filter (MACE)

T, throughput ~ 40 g/day
JINST 11 PO4011 (2016) w " = = = ® m'®m ®E ®m ® @®m ® um i
LEN B Y Operation ?4/7, 60 days/run
; Necessary inventory >15 g

electrodes—>

// tra
s s : S Nat. Phys. 18, 160-166 (2022)
solenoid/) 2 o RN — solenoids 4
) SIS track b) : AN \ [ . i
' : 7 sl ] Spectrum for KNM1 data with
source - detector . +
B A 2 10! - 10 error bars (x50)
S ! Bmax BD 8 3
U=0Vv ! i U=0v U, o . ,
; ° £ | Spectrum for KNM2 data with
i = 10 error bars (x50)
: c 0
. 3 1071
_Umax : Bmin ®) .
o || ] | | | | a L B | | ] |} |} | am + + +
4 4 p §
v ‘—L‘—-L‘——h—‘——h—‘—-—Lu = . 1 T T T
¢ ¢ . . b d < [
= electron momentum (without electric field) = B 10 ' '
50 100

Retarding energy (18,574 eV)

. i -2 '
* Electrons emitted from source in region with high B field travel First sub-eV result, mg < 0.8 eV ¢ at 90%CL !

adiabatically along field lines to analysing region with low field B, Nat. Phys. 18, 160-166 (2022)
* Only electrons with sufficient energy pass the potential barrier at

the central plane with retarding potential, re-accelerated and Ultimate sensitivity 0.2 eV ¢

detected

10/01/2023 QTNM, QTFP School Jan-2023 16
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@ Forschtibgszentrum Karlsrahe/KIT Katrin

e Ultimate sensitivity ~ 0.2 eV
* MAC-E cannot be scaled up beyond KATRIN

10/01/2023 QTNM, QTFP School Jan-2023 17
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KATRIN Limit

T T T TT§T

KATRIN Sensitivity

Illll\l
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9 meV

Excluded by
Cosmology

1 Illllll

lllllll

|
107
Normal ordering
m1 < m2 < I’}’l3

Powerful constraints from cosmology but cannot replace lab measurements

Kinematic” measurement of B-decay spectrum is the only model independent method

Two clear sensitivity goals: 50 meV for 1.0. and 9 meV for N.O.

/

“Guaranteed” observation if technology demonstrated

QTNM, QTFP School Jan-2023

> [eV]

Adapted from M. Agostini et al, Phys.

Rev., D96(5):053001, 2017
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How to overcome present technoloav limitations?

Y
A. Schawlow: “Never
measure anything but ' 1 eB
frequency!” B field ( —
) 2
—_— 21 me + Fxin/c

BE e N s
= ; 10

Determine energy of electron emitted in 3H f-decay by measuring the frequency of EM radiation
generated due to electron’s cyclotron motion in magnetic field /

* Source transparent to microwave l{
radiation

* No losses due to e- transport from
source to detector

* Leverages exquisite precision in
frequency techniques

* Differential spectrum measurement )

Cyclotron Radiation Emission Spectroscopy (CRES) |

Concept put forward by Project-8 Collaboration

10/01/2023 QTNM, QTFP School Jan-2023 19



Cyclotron frequency / GHz

Cyclotron Radiation Emission Spectroscopy
(CRES)

Concept

1.0
i Z 08
: 'H—*Hete +V
phase delay loops — 2
] ampters S ooe|  Memerew —oHere Ty,
detectors @ (~5.7 keV)
transverse antenna array 8 04
L= th -
AL A A ﬁ/v‘l ﬁ‘/j /9’7‘J %J/%J 2
: endcap 3 o2 - ~
antenna € Qp = 18.6 keV = ~26 GHz
T, gas . .
source 00— ——==> n 1Tesla B-field
decay electron Energy (keV)
decay electron
transverse antenna array
SIS oy ey -
t S Superconducting magnet coils T T EENNENN
790 e
2790 £ 788
0.9459 T magnetic field =
26.5 N
. § 7m0 e
260 Proof of principle by 3 loss via cyclotron radia
23 . . 83m » El‘\efgy o
255 $3MKr conversion electrons PrOJeCt-8 using Kr § 784 e
. -+
250 T endpoint conversion electrons § S ¢ Scattering off the residual gas
i w
245 780 e
240 . ‘ | Electron is emitted
0 10 20 30 40 50 778
Electron kinetic energy / keV S e BT o e TS WSS e W e B Lo B P e, MO
0 1 ° ’ lot by Project-8
Time (ms) P Y !
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CRES Sensitivity and Challenges

1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll
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QTNM Tt

Mission Neutrino mass measurement from 3H f3-decay via cyclotron radiation
emission spectroscopy using latest advances in quantum technologies.

Strategy Phased approach: CRESDA* = CRESDA-Tritium = 100 meV = 50 meV = 10 meV

. * CRES Demonstrator Apparatus
CRESDA Strategic Goals

* Production and confinement of H-atoms, > 10'?2 cm3, scalable to 10?° atom X% yr exposures
e B-field mapping with < 1 uT abs precision and ~1mm spatial resolution
CRES of O(10keV) electrons scalable to ~m?® detection volumes with O(10ppm) energy

resolution and high detection efficiency

A

quantum
technologies

10/01/2023 QTNM, QTFP School Jan-2023 22



o CRESDA Schematics

beam source

\ Storage Ring Concept
05(“5 Source
v (m'q;(\ characterisation Stateseloct
\ ate-selector
?((6 / State selector  1njection region characterisation
=3 pr—
N e, TP I E &N =
) T PP

HFS-LFS
u-wave transfer
Ring
characterisation

Atom confinement
demonstration with Hydrogen

and Deuterium, applicable to
Tritium

--'::/ 90° magnetic
- hexapole guide

CRES Magnet Assembly: CMA

CRES region

10/01/2023 QTNM, QTFP School Jan-2023 23



Scalability of Storage Ring Concept

\
H/D atom \ ((\)05(‘{\‘)
beam source 6\;‘\5((\)
Source ? 1
characterisation
Y
— State selector

—

Ring ‘
characterisation

CRES region
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Future Outlook

(very tentative)

o Current project: 2021-2024
 Technology demonstration with Hydrogen and
Deuterium, scalable to Tritium (ongoing
collaboration with Culham)

pRskl

o Next step. 2025-2029

* Moving CRESDA to a Tritium facility (focus on Culham)
e Tritium phase demonstration

* O(eV) sensitivity

A g

[ S A ——

A

o ”"Ultimate” international project > 2029

* Consolidate technological breakthroughs (QTNM,
Project-8, KATRIN...) to build and operate a detector
with a phased sensitivity: 100 meV = 50 meV = 10 meV
plus sterile neutrino programme

QTNM, QTFP School Jan-2023 25
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What kind of frequencies are we interested in? How much power can we expect to detect?

1
Tritium endpoint electron has Ex =~ 18.6 keV = 2.980 05 x 10714y A RN R
N . f — 1 eB . B : b
Frequency of radiation given by = o Mo + Ek/02 % ?& ﬁ?/ ﬁ?/
If our decay electrons are in a 1 Tesla magnetic field we find: Ti537, v\"
1 1.60218 x 1079C-1T
- 279.109384 x 1031 kg +2.98005 x 10-14J/(2.997 92 x 108 m/s)?
~ 27 GHz

Therefore, we are interested in detecting microwaves with a wavelength of roughly 1 cm

Suitable for detection with either antenna(s), waveguide or resonant cavity

10/01/2023 QTNM, QTFP School Jan-2023



What kind of frequencies are we interested in? How much power can we expect to detect?
2 N2 arad
27r92f0 < sin“ 6
3cpc 1 — 52
Our endpoint electrons are mildly relativistic Y = 1 "I_ 2 = 1.0364 and B = 0.263

Total radiated power givenby P =

Pe
(9 is 'pitch angle' - angle between B field direction and electron momentum 9
B
1 eB
bh=- " =27.9925GHz and P =1.17fW forB=1Tandf =2

27T m

10/01/2023 QTNM, QTFP School Jan-2023 27



What kind of frequencies are we interested in? How much power can we expect to detect?

Radiated power vs. pitch angle

Pe 2 e?f2 32 sin?
6; FD = :3 1 [322 § 0.6]- =
6()C - © 0.45— .

B :

0: L ]

[N vl b by v
0 10 20 30 40 50 60 70 80 90
Pitch angle [degrees]

Those electrons with pitch angles close to 90° are the most detectable

Radiated power vs. B field (6 = n/2)

R T R R
1.6

1.4F
1.2

&= P B

i Small radiated power necessitates a strong magnetic field
22: as well as amplifiers with very low noise
0.2;—
0=z 04 06 08 1 2

Magnetic field [T]

Total radiated power [fW]

lIIIIIIIIIIII]IlIIIlIIIlIIIllII L1
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Cyclotron Radiation Readout in QTNM

10MHz Frequency
standard

3K environment

- o e e e e e M M M e e e e e e e e e e e e o om0
A

array

* C(Collectable power from electron cyclotron radiation is < 1fW

Antenna

Coupling
structure

LNF-LNC15_29B !

Quantum Amplifier

Parametric-amp or SLUG Cryogenic
HEMT amp. ]l

* State-of-the-art HEMT amplifiers noise temperature ~10K

systems

From devices to quantum noise
limited microwave detection

Low phase noise m’'wave

synthesiser

?

10 MHz Frequency
standard

L

Fast digitiser and
signal processing
module

* CRES requires amplifiers with noise < 1K 1
Quantum Amplifiers!

10/01/2023
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See Lecture
on Quantum

Flectronics
Wed at

11:30

-
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What sort of bandwidth are we interested in?

Cyclotron radiation frequency in a 1T B field

LI B B L e ey B

28

.1 eB _eB(E\"
- 2rm+ Ex/c2 21 \ c? 276

f, [GHz]

27.4f

Entire decay spectrum covers a frequency range of about 1 GHz erep

271|||1|||1|||||||||||||||||||||||||||_|
0 2 4 6 8 10 12 14 16 18

E, keV]
of _ _eBp -
dE O B=1T and kinetic energy = 18.6 keV
af 23 —1 1
Therefore 9 —3.18 x 10°°HzJd™ " =51 kHzeV

So to measure the last 200 eV of spectrum we require a bandwidth of roughly 10 MHz

Amplifiers and readout chain must be capable of operating over this bandwidth

10/01/2023 QTNM, QTFP School Jan-2023



How long do we need to observe our electrons for?

af
We have JE — 51kHzeV~" and require AE = 1 eV. Therefore Af = 51 kHz
1
lobs ™~ IN . tobs = 20 US
pe An endpoint electron with a pitch angle of 89° will travel a distance of
/0 Vtcosf =0.263c - cos(89%) - 20 us = 275m
B parallel to the magnetic field!

Solution: We need to contain our decay electrons within a 'no-work' trap so they can be
observed for the required amount of time

10/01/2023 QTNM, QTFP School Jan-2023 31



Source of (10-20
keV electrons to

simulate Tritium [3-

10/01/2023

CRES Magnet Assembly: CMA

—

____________________________________________________________________ /”’ N\\\
,d’ s\\ 4 1
~ ~, 1 . . .
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’ \ 1 - i
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: & | - - P —1 @-amp :
i O @ | o !
1 = | 1 1 H
i % ring electrodes ~ 2ntenna antenna | P !
i S | P! I
! T | o 1
! () o 1
1 s | o 1
i S | Pl I
le-Gun — . m | : : E
l = : —*w - I :
1 o 1

1
i ‘ — : E— ' b HEMT i
[ e-trap coils — —— [ ! 1
il | b i
1 1
: / . | ! 1
ppsition/alignme ring electrodes antenna antenna ‘ b i
nf stages [ [ I I : \ !
1 1
: L :
| T e
E - N
\ [ . - ( ®Down-conv| :
\ /ol ® !
\\ ! | o | [ 1
. -y | |
i ool |
e i
’: c | |
| ADC + DAQ )}

i @]
Not to scale CMA (Cresda Magnet Assembly) MW Receiver & N === 2/
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Magnetic trapping of electrons

Need to trap electrons to achieve required resolution and collect enough power

Lﬂ B‘ ﬁBmax
'No work trap' is magnetic bottle

AB_

Local minimum in magnitude of background B field

v
Ashtari Esfahani et al., Phys. Rev. C 99, 055501 (2019)
Only electrons with pitch angles above a certain value are trapped Pe i'
These trapped electrons climb up the magnetic field potential until eventually B

their pitch angle becomes 90° and they change direction

AB

Bmax

Trapping condition given by: Opot > arcsin 1 —
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IBI [T]

4.1 mm

0.999

0.998

0.997

0.996

0.995

Electron trapping

- ﬁ Bmax

AB

50 mm

5mT

|Tmad
; “Harmonic” Trap Ashtari Esfahani et al, Phys. Rev. C 99, 055501 (2019) "Bathtub" Trap
\ Different field configurations

v B field

. . . E 10051_ I __I

e , . , — AS5mT trapin a 1T background field gives Opot > 86° @ ' °F 7
3 E 1.004F- -
3 1 Trapped fraction AR 1008\ e e e E
g = Mirapped = Sin06, 90 = arccos | /1 — 1,002 E
- 7 Bmax - .
- = 1.001— -
- i3 Only 7% of electrons trapped with above parameters - L | E
0.1 -0.05 0 0.05 0.1 10 5 0 5 10
z[m] z [cm]
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Why not deeper traps?

4. mm

- ﬁ Bmax

< —— > AB
.
5mT ‘ IT
N\ B v B field
. “Harmonic” Trap Ashtari Esfahani et al., Phys. Rev. C 99, 055501 (2019) "Bathtub" Trap
* Trade-off between efficiency and resolution
* Cyclotron frequency depends on average B field experienced by electron
 “Deep” trap — more electrons trapped but poorer frequency(energy) resolution
«“ ” . Mean B field
* “Shallow” trap — better resolution but fewer electrons trapped
E 1.0435 ¢ .
Difference between .mln. and max. average B field equates to a o . E
frequency(energy) difference of 54 MHz(1060 eV) — - . :
1.0425 . -
Crucial that we use signal features to reconstruct electron pitch angle - .. ]
1.0421- . —
1.04155—: L

865 87 875 88 885 89 895 90
Pitch angle [degrees]
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* The 'final' neutrino mass experiment (ensuring a 'guaranteed o T R R
observation' of neutrino mass) will require: ]

* CR

CRES: targets and challenges

)
I

Energy resolution, AE ~ 0.1 eV

Production of atomic tritium source

Trapping and observation of 102° tritium atoms at one time for ~1
year

For atomic density of 101°m-3, could be realised with a 3 year run,
75% volume efficiency, 10% pitch angle efficiency and 44 m3

volume
Large volumes with high field uniformity and good acceptance

|

0.01 o

Standard deviation in m,2, eV?
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challenging ¢

Trap a range of pitch angles without degradation of AE

ESDA provides a pathway towards this final experiment
Demonstration of atomic trapping with H/D atoms
Detection of CRES signals from electrons around tritium endpoint energy
Testing of possible CRES detection options (antennas, waveguides, cavities)
Use of quantum-limited electronics to overcome weak signal power
High-precision magnetic field mapping
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A highly recommended Review
from which many plots of this
Lecture are taken:
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Possible Questions for the Tutorial Session (on Overview part)

Q1.1 Why inverted mass ordering is “favourable” for a positive neutrino mass detection? Why mg cannot be zero
in any scenario if my » 5 # 0, but mgs can be?

Q1.2 If Cosmology appears to deliver most sensitive absolute neutrino mass measurement why do we need other
methods?

Q1.3 What are pros and cons of the three methods mg measurement using f-decay?

Q1.4 Why KATRIN sensitivity is limited to 0.2 eV? What limits the sensitivity of the MAC-E method?

Q1.5 How do we know with “pitch angles” [-decay electrons are trapped in a magnetic bottle?

Q1.6 How is the sensitivity of the B-decay method of measuring the neutrino mass is calculated (back-of-the
envelope) ?

Q1.7 How can the B-field homogeneity be controlled/measured at a sub-ppm level?

Q1.8 Is a fully-fledged fusion centre necessary for a neutrino mass experiment?

Are there other options if CCFE not available?
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