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The Pakh to
Neutrino Mass

(and maybe relic neutrinos,
too)



L*M , Lb’ Neubrino mass measurements have a
‘: ' ; ) h. . h . d .
! ;rl 4t W long history i physics, predating

the Standard Model ibself.

It should therefore be no surprise
that our quest to understand this
fundamental property continues;
both for its own right as well as its

theorebical metiaaﬁoms‘



Measuring
Neubrinoe Masses
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The Neubkrino
Mass Scale

Ruled out by B-decay experiments

Next goal of future B-decay
experiments
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The neubrino mass scale remains one of the
essential “unknowns” of the Standard Model.

Knowledge of neubtrino masses can have a
significant impact on many different arenas,
ncluding cosmology, the mass hierarchy,
sterile neukrinos, and even relic neukrino
detection,

m, > 2 eV (eV scale, currenk)

Neubrinos ruled oubk as darie makbker

m, > 0.2 eV (degeneracy scale)
Impa-c?: on Cosmotogv and o8B reach

m, > 0,05 eV (inverted hierarch;;}
Resolve hierarchy if null resulk

m, > .01 eV (hormal kéemrch:;}

Oscillakion Limik; F»assibie CvB dekection



Direck Probes

Electron Energy
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A kinemakic determination of the neutrine mass

model dependence on cosmology or hature of mass



T&ahmiques for the 21st Cev\%u,rv

Spea&rowopv
(KATRIN)

Magnetic Adiabatic
Collimakion with
Electrostatic Filkering

State~of-the-Art techinique

Cator&me&rj
(HOLMES, ECHO

&
NUMECS)

Teakmiqu,e hight‘j
advanced.,

New experiment(s)

Ptahhed ko reach
~eV scale,

- — 18Dy 41,

@‘requ@\ty
(Project )

fZaciLo-ﬁe.que.n{:-j
spectroscopy for beta decay

R&D phase (new resulks)




MAC~E +~ilker
Te&kméque

KATRIN

Spectroscopic: MAC-E Filter

electrode
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solenoid .
= /5

source

S Bmm
Uo

adiabatic transformation of e momentum

Inhomogeneous magnetic quiding field.
Retarding potential acts as high-pass filker
High energy resolution

(AE:/E: = Bmm/Bmax = 093 E’.\i)




10" Bq “Windowless”
gaseous T2 Source

° High resolution Detector

Tritium retention electrostatic filter System
system (High Field)
(107 tritium flow reduction) (3G low field)

(High field)

|v|e |Je |v|e |Je

10" e/ second —j —————— -/'—'———H———ji 1 e/ second

Adiabatic transport ensures high retention of phase space for decay
AV Bmin

F = Bmax — 0.93 eV

Energy resolution scales as the ratio of minimum / maximum fields



Rear Calibration Tritium retention system
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Spectrometer e
COMM&SﬁE«OME,Ms 2 48 Precision high
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voltage system
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High precision | | 77 Full detector
electron gun system

Spectrometer and detector system fu,i.tj integrated.,

Allowed for test of transmission function and background levels.




transmission probability

"} 4 Ug=-186kV, 6=(833+03)meV %

Transmission Funckion

x Ug = -0.2kV, 6=(80.3 +0.2) meV

o A X 9 SLVER TV

normalized rate (mcps/m°)

|

200
E.-qU.¢ (meV)

At -18.6 keV, better than
100 meV resolution

Sharpest transmission function
for a MAC-E filter

Background Rates

g
o

¢ warm baffle | |
+ cold baffle

radius in analyzing plane (m)

Background rate of order Hz
(radon-dominated)

Greater reduction of
backgrounds to come

Commissioning showed excellent behavior of MAC-E Filter response.

Next commissioning (now) should show greater background suppression.
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Final-state spectrum
T~ tons i Tz gas
Unfolding energy Loss

- 1 Columin deusi.&v
‘8’ 0.99 Background slope
& HY variation
E 098 Pobtential vartation in source
= \m B-field variation in source
@ 097 Elastic scattering in Tz gas
m.=095eV
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Neubtrinoe Mass Groals

Discovery: 350 meV (ot 86 )

Sensitivity: 200 meV (at 90% C.L.)
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Cain we [ou,sh
further?

¢ Cawn Airect measurementks Fmsh
to the Uhverkted héara\rtkv scale?

|0 meters across

¢ To do 30, &hev must have better

<

scaling Law.

10! mbar vacuumg
2

Ruled out by B-decay experiments

KATRIN Sensitivity
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N. Steinbrink et al. New J.Phys. 15 113020(2013)

Time of Flight &
KATKIN

e In principle, it is possabte ko

improve the statistical sensitivity of
KATRIN bv combining iks enerqgy
resolution with a tine-of-flight
measurement.

o
w

¢ By tagging the electron as it travels
to the detector.
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¢ The improvement is substankial, over WY /T - =
tn the statistical

TOF [ns]
[ ] [ ] [ ] [ ] [ ] qU
sensibivitu, However, no realistic
:j s

method to taqg the electron in the e syt
KATRIN experiment appears possible. . L ‘ I—Lﬂ

o A gated pulse is possible, but yields t

equévatev\& skakiskical semsi&ivi&:;.
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New Lsidd=on the blocle:
Eleckron Cap&ure



Advantages
.

Challenges

Calorimetry

-

electro-thermal
link G

thermometer
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| particle absorber
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o
E

T 7T T TTT

T

y 90% CL [eV]

—_—

N

m_ statistical sensitivit

lllll L1 11 lll 1 1Ll ll 111

1 IIIII”I L L III

I IIIIIII 1 Illll"]

-0 Q=28keV
-0 Q=26keV
b-d Q=24 keV
—y Q=22keV

L L L L L1l

1

llllll 111 lll 11 llllll 1 llllllll

1013 1011 101?

total s

Source Activity

Nev > 1014 to reach
sub-eV level

® Advantages:

Source = detector
No backscattering
No molecular final state effects.

Self-calibrating

10" 10" 10" 10

tatistics Nev

Detector Response

AErwHm < 10 eV
Trisetime < 1 US

® Experimental Challenges:

Fast rise times to avoid pile-up
effects.

Good energy resolution &
linearity

Sufficient isotope production




The HCH C} " VRise Timfe: 134 ns— | AE;W._.M _ 7.6.eV @ § -
EoX per et

o o
o

O
o
(%}

Counts per 0.5 eV

Magn. Flux ®g [®)
N
o
o

o
o
.

| SR ———— —

: 586 588 590 592 5094
Time t [us] Energy £ [keV]

Technology:

¢ The £ECHo experimem&
uses metallic magnetic
calorimeters to achieve
goals,

@ Fask rise bimes and
good energy
resolutions and

| 184pp ) Liheariﬁj demonskrated.
NI| \ MII

| ]
LA 4 . » hd A

i ] .' 05 10 15 20 © Endpoint measured at
Metalllc_Magnetlc Energy £ [keV] 2.50 + 0.0% eV,
Calorimeters

Counts per 2 eV

thermal link

thermal bath




?T’O}j eck ¥ - “Never

measure
anything but
frequency.”

Coherent radiakion emikked
can be colleckted and used
to measure the energy of
c&es&rm:&ivei.v. @ Use t::jt:to&rcah

§raquenﬂj to extract wWo e

eleckron enerqy. CL)(’}/ ) = —

Y :K—I—me

@ Non-destructive
measurement of
electron enerqu.

Frequency Approach

SH — SHet + e + 1,

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



Electron Energy

Umi;quﬁ

Beta spectrum

Advantages | .

® Source = Debtector

(ho need to separate the v

electrons from the britium) ‘ Cyclotron Frequency

15 20 25
kinetic energy (keV)

w()_ eB
- K+ m,

® Frequency Measurement
(can pin electron energies to
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well-lenown nfre.quev\{:'j
skandards)

Events/Day

® Full Spectrum Sampling
(full differential spectrum
measured at once, large
leverage for sEabE,LE,Ej and
skakistics)
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Beta (frequency) spectrum
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(Free) Radiative Power Emitted

eahnd
Challenges

® Power Emitted
Less than 1 fW of power
radiaked (depehds on antenna

geomeﬁr'j) ts challenging. magnetic_field Magnitude
093 094

Simulation of electron motion in magnetic bottle

RARLT I, S »

& Confinement Period
One needs time ko malke
sufficiently accurate " econs low-anergy lecuon
measuremenk (> 10 us). | U TR [
Employ magnetic bottle for '

trapping.

Power (arb. units)

® Full Spectrum
The full spectrum is available.
Fortunately, linearity of

—

{ . | - . . . . |
&.6 258 26 26.2 264 26.6 268 27 27.2

: Frequency (GH2)
f requency space helps separate 100,000 tritium decays in 30us

reqions of interest.

Simulation of beta (frequency) spectrum



Inikial Demonskrakion: ¥2Kr

0.9459 T magnetic field 86d 83Rb

(3
17824.35%0.75 eV
83 myr . . 9 ) i ‘4‘conversion
Kr conversion electrons electron
l 1.83h 8mRr 1/2-

Tritium endpoint

)
S
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o
N
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154ns 83Kr 7/2+

)
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stable 83Kr 9/2+ .
atom K-10n
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Conversion electrons at
17.8, 30 and 32 keV.
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Phase I : Use mono-enerqgetic source to determine single
electron detection,

Use of standard gaseous ¥3Kr source allows quantification of
energy resolution and linearity,




Basic Lajau%
of Phase I

& Gras/Eleckron Sstam
Provides mono-enerqgetic
electrons for signal detection.

® Maghel System
Provides magnetic field and
trapping of electrons.

& RF Debtecktion/Calibrakion Sjsﬁem
Detection of microwave sighal.

Vacuum Pump
Fill Lines
Electron Detector
Mirror Control -
femp Sensors

+ Source Controd

- Receiver

1 Warm Amplifiers

Electron Source

.. Cold Amplifiers
--- Main Magnet

Antenna

Magnetic Mirrors

Electron Detector

--- Cooling Liquid Space




The Electkron Source

Initial Demonstration Source: 83mMKr

86d 23Rb

: Zeolite

17824.35+0.75 eV
conversion

o electron e / / 5 l()EBCJiFWE;

1.83h 8mKr 1/2-

154ns 83Kr 7/2+
9.

stable 83Kr 9/2+ .
atom K-10n

Conversion electrons at
30 and 32 keV also exist.

Momeﬂene_rga&t gaseocus eleckron source

Collaborakion taking a F@hased approach to understand the scaling and
systematics of the experiment.

Firsk pho\se (single electron detection) requires single elecktron detection,

Using #3"Kr (¥3Rb implanted in zeolite beads) as source




The AFParaEus

Copper waveguide

Kr gas lines

Magnetic bottle coil

Gas cell

o|iyoud deny p|ai4-g

Test signal injection port

Waveguide
Cut-away

Photo of apparatus

Cyclotron &requem:j coupled directly to standard waveguide at 26 GHz, located inside
bore of NMR 1 Tesla magnet.

Magnetic bottle allows for trapping of electron within cell for measurement.




‘Prq}ea& ¥ “Event Zero”
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http://lanl.arxiv.org/abs/1408.5362

First detection of single-electron cyclotron radiation,

Data taking on June &th, 2014 meedia&etj shows &rapped electrons,



Project ¥ “Event Zero”
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Electron scatters of gas, losing
energy and changing pitch angle
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http://lanl.arxiv.org/abs/1408.5362

First detection of single-electron cyclotron radiation,

Data taking on June &th, 2014 meedia&etj shows &rapged electrons,



Image Recomstruction # Energy Resolution

Ratios Lines Events

-~
&
-
o

-
=] .
-
o

Frequency / MHz

oS

Frequency / MHz
oS

Frequency / MHz
&

o
&
o
L" .
o
o

6 8 10 12 14 16 " 0 ; y ; . ; 3 . 16

Time / ms Time lime / ms

clusters above threshold turn into... tracks, which in turn become...

Cyclotron Radiation Emission Spectroscopy (CRES) allows extraction of many
details from trapped electrons (energy, resolution, confinement time, etc.)

Reduces to an image analysis for event characterization.




‘T‘rap Pe pev\d@.wte‘:

30 keV Frequency Shift 18 keV Frequency Shift

%2 I nat 3.457395/4
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Be[aev\ciewce on Erap parama&ers well understood.,

Can be used to determine baseline field strength.




Image Recomstruction # Energy Resolution

Frequency (GHz)
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FWHM ~ 140 eV
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Already improving...
(FWHM ~15 eV)

Event reconstruction from image reconstruction allows detailed analysis

(energy & scattering all extractable)




Image Reconstruction & Enerqgy Resolution

® Data

— Simulation

N
o

Electron loses energy due to
scattering

o
Signal-to-noise ratio (linear)

-y
o

Frequency - 24 GHz (MHz)

(&)

Frequency Difference (Hz) Time (ms)

Peak at ~14 eV

consistent with
e’ Hj scattering

Event reconstruction from image reconstruction allows detailed analysis

(energy & scattering all extractable)




A Phased Amproack

Given the novelty of the Prq}ee:&, we are pursuing a Phased approach
toward neubrine mass measurements:

Timeline  Scientific Source  R&ED Milestone

Goal ])()NE'-
Phase 1 z0lo-z014 Proot of ¥3mKyp  Single electron detection
prénaipm;
Kr spectrum
Phase 11 RO14-2016 T-He mass T Tritium spectrum;
difference calibration and error
studies
Phase I11 R016-201% 0.2 eV scale T,
High rate seusi&ivi?zj
Phase IV ROL1¥+ 0,08 eV scale T

We have commenced Phase I, we are desighning Phase 11



Sensiﬁv&%v to
Neutbtrinno Masses

© There are distinct advantages that are
specific to frequency-based
measuremenks:

¢ You get the entire spectrum (and
background) ot once.

¢ The background is extremely small:

¢ There is wo dekector.

¢ There might not even be any
surfoces.

¢ Cosmic ray inkeractions and
radiocactive backgrounds are
interacting with a gas, very Little
target material.

Events/Day

Beta Decay
Frequency
Spectrum

271 272 273 274 275 276 277 278 279 28
Frequency (GHz)

AN | ‘ o
dEe — 37’t(EO - Eé)[(EO —_ Ee)z - 772,5] 1/2

Mass semsitivity depends on:
Target activity (volume x c&emsiﬁnj)
Background
Field homogeneity

Lifetime of electron in trap (demsi&v)

Final states, doppler shifts, temperature




Moving Beyond the
Degeneracy Scale rotational

so far involves the use of gaseous

o Most effective britium source achieved ,
\

molecular Erikium,

vibrakional

e Method will eventually hit a resolution
“wall” which is dictated by the
rotational-vibrational stakes of T.. This
places a resolution Limit of ©.36 eV,

-
o

oo

Inherent
0.36 eV
Pu,re) akomic britium or other iso&o[ae “FE«V\QL state
with equivalent yield. am @;OLT‘E«MS
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¢ Ohe needs to eibther swikch to (ex&remetj
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o The trapping conditions necessary for

electrons also lends ikself for atomic
2 4

. energy [eV]

trapping of atomic tritium
(R. &. H. Robertson)




Trapping of Atomic Tritium

Similar design to
amﬁimkjcirogem

Mirror coils

Electrodes d 40 1 .
Vacuum wall rappng

Cryostat wall
Solenoidal field for

uniformity

Pinch coils for axial
confinement

Ioffe multipoles for
radial confinement

= *= Cooling Potarizeci
] ‘1— ] Fribium dowin ko ~ 1K
=F=a § _s 5 —

2 =R g g -} o LW -
-200 -100 0 100 200 | is hecessary (and the

Axial postion, z (mm) .
main challenge)
ALPHA Collaboration: Nature Phys.7:558-564,2011; arXiv 1104.4982

In order to achieve akomic brikium purity, it is necessary to cool and trap poi&riz.ed
atomic tritium tn both a radial and axial magnetic trap (Ioffe-Pritchard traps).

Technique quite similar to hydrogen BEC (MIT) and anti-hydrogen trapping (ALPHA).

Densities low, so recombination is highly suppressed.




Projected Sensitivity (Molecular & Atomic)

L0 Stjsﬁemo&ws neclude:

Statistical uncertainties
(1 year run)

PRELIMINARY

and optimistic
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Systematics include final state interactions, thermal broadening,
statistical uncertainties, and scattering.




Neukrine Cap%ure

Kihema&i«cattﬁ allowed

Threshold-less process with bekta emission abk 2m, above bhreshold




Neukrine Cap%ure

Kurie Functions

Isotope

Qs
(keV)

Decay type

Half-life
(sec)

Ov; * Uy,
(10~*1 cm?)

18.591
66.945
60.63
39.4
33
2.64

5
5
5
5
5
5

3.8878 x 108
3.1588 x 10?
4.952 x 1013
3.2278 x 107
2.0512 x 1014
1.3727 x 1018

7.84 x 104
1.38 x 1076
2.39 x 10— 10
5.88 x 10—4
2.58 x 10— 10
4.32 x 10~ 11
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Fig. 5.
(left panel) or m2, < 0 (right panel) case

— M3=0.00 eV
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010 1 (ev) 00

0.00

The fine structure spectrum near the endpoint of the '3Ho EC-decay in the m?,)l >0
17

Hos been studied for a number of tarqgets (3H, 163Ho, 1¥7Re).

ALL require vast quantities and su,perb precision,

One experimental effort, Ptolemy, specifically aimed at relic neutrino detection.




Radiative Emission of Neubrine Pair (RENP)

Spontaneous emission (EPR) Super-radiant emission (EPR)

— Dirac, NH
— Majorana, NH
Dirac, IH
- Majorana, IH

S
~
3
3
O

Radiative Pair Emission

photon energy w (eV)

An interesting idea from Yoshinmura et al to use atomic de-excitation to Llook at the neutrino mass spectrum,
Leverage the effect of collective phenomena (super-radiance) to enhance decay rate.

One can use Paull suppression (from relic neutrinos) of decaj ko also detect relic neutrinos,




Degeneracy and Beyond...

Spea&romopv
(KATRIN)

Technique PROVEN., Stake-
of-the-art.

Experi,memf: soown tko

commence with 0.2 eV reach.

Integral measurement with
TOF possibility.

Catorima&rv

(HOLMES, ECHO & NuMECS)

Techni,qu,e advanced.,
News expertmeh&(s)
Flanned to reach

~1 eV scale.

Statistics & systematics
next hurdle,

- — 18Dy 41,

ﬁrequ@wy
(Project )

Teahmique DEMONSTRATETD,.

Potential of scalability
and expi.orés»\g akomic
sources bto inverted scale.

Next to establish the
scalability of the technigue.
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Thank you for
your abtention



