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i’ ‘ : i Neubrino mass measurements have a

J!! ;;«,Jp, i L long history in thvsifis, predating
k the Standard Model ikself.

It should therefore be no surprise
that our quest to understand this
fundamental property continues;

both for its own right as well as its
theoretical metiaaﬁoms‘



With oscillations
ﬂfi,rmbj in place, we
ab Lleast
understand thak
the neubtrinoe has a
WSS

As such, oscillation
measurements
FL&C@. a Llower Limit
on the neutrine
mass scale,
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As such, oscillation

4 I
S (823) = 0.386 £ 0.022 Ftac:e a lower Limit

. /

measuremenks

mass scale.

Data/prediction (null oscillation)

Atmospheric

LIE ll;m GeV-)
Camilieri, Lisi, Wilkerson Ann. Rev. 57 (2008).
Fogli et al, arXiv:1205.5254 (hep-ph)




Measuring
Neubrinoe Masses
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The Neubkrino
Mass Scale
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The neubtrine mass scale remains one of the
essential “unknowns” of the Standard mModel,

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



The Neubkrino
Mass Scale

Ruled out by B-decay experiments
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The neubrino mass scale remains one of the
essential “unknowns” of the Standard mModel.

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

m, > 2 eV (eV scale, current)

Neubrinos ruled oubk as darie makbker



¢ The neutrino mass scale remains one of the

Tlﬂ,e NQM&T&MQ essential “unkinowns” of the Standard Model.
Mass Scale

¢ Knowledge of neutrino 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, current)

|
Ruled out by B-decay experiments | Neubrinos ruled out as dark makber

Next goal of future B-decay
experiments m, > 0.2 eV (degeneracy scale)

Impac:i: on c:osmotogj and 0V B B reach
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¢ The neutrino mass scale remains one of the

Tlf\ﬁ NQM&T&MQ essential “unkinowns” of the Standard Model.
Mass Scale

¢ Knowledge of neutrino 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, current)
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Ruled out by B-decay experiments | Neubrinos ruled out as dark makber

Next goal of future B-decay
experiments m, > 0.2 eV (degeneracy scale)

Impac& on c:osmotegj and 0V B B reach

m, > 008 eV (nverted hierarchy)
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¢ The neubtrino mass scale remains one of the

Tlf\é NQM&T&MQ essential “unkinowns” of the Standard Model.
Mass Scale

¢ Knowledge of neutrino 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, current)
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Ruled out by B-decay experiments | Neubrinos ruled out as dark makber

Next goal of future B-decay
experiments m, > 0.2 eV (degeneracy scale)

Impat:iz on cosmotogj and 0V B B reach
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Direck Probes
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electron

SH = 3He* + e + Ve

Beta ‘be&av

A kinemakic determination of the neutrine mass

No model dependence on cosmology or nature of mass



Direck Probes

Electron Energy
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Beta ‘be&:&v

A kinemakic determination of the neutrine mass

model dependence on cosmology or hature of mass



T@.@hmiques for the 21st Cev\%u,rv

Spea&romopv
(KATRIN)

Magnetic Adiabatic
Collimakion with
Electrostatic Filkering

State~of-the-Art techinique

Cator&me&rj
(HOLMES, ECHO

&
NUMECS)

Teakhiqu,e hight‘j
advanced.,

New experiment(s)

Ptahhed ko reach
~eV scale,

- — 163Dy* + 1,

ﬁrequ@wy
(Project )

fZacii,o-ﬁe.que.nﬁj
spectroscopy for beta decay

R&D phase (new resulks)
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MAC~E +~ilker
Te&kméque

KATRIN

Spectroscopic: MAC-E Filter

electrode
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solenoid /
/e,

source

S Bmin
U

adiabatic transformation of e momentum

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

(AE/E: = Bmm/Bmax = 0953 E’.\i)




|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
AE Bmin

0.93 eV
E ~ Bum o °°¢

Energy resolution scales as the ratio of minimum / maximum fields



The KATRIN S@.Eu,p

ol e g

!

10" Bq “Windowless”
gaseous T2 Source

(High field)

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

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

0.93 eV
E ~ Bum o °°¢

Energy resolution scales as the ratio of minimum / maximum fields



The KATRIN S@.Eu,p
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10" Bq “Windowless”
gaseous T2 Source

e®
(High field) Tritium retention

system
(107 tritium flow reduction)

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

Adiabatic transport ensures high retention of phase space for decay

AE Bmin

e 0.93 eV
E ~ Bum o °°¢

Energy resolution scales as the ratio of minimum / maximum fields



The KATRIN S@.Eu,p
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10" Bq “Windowless”
gaseous T2 Source

® : 1
| High resolution
(High field) Tritium retention electrostatic filter

system
(107 tritium flow reduction) (3G low field)

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

Adiabatic transport ensures high retention of phase space for decay

AE Bmin

— = 0.93 eV
E ~ Bum o °°¢

Energy resolution scales as the ratio of minimum / maximum fields



The KATRIN S@.Eu,p

10" Bq “Windowless”
gaseous T2 Source

e®
(High field) Tritium retention

system
(107 tritium flow reduction)

He

I+ ;-1 ;uu;uu;uuu

High resolution
electrostatic filter

(3G low field)

|Je IJe

F 1]

Detector

System
(High Field)

He

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

Adiabatic transport ensures high retention of phase space for decay

AV D I Bmin
E B Bmax

— 0.93 eV

Energy resolution scales as the ratio of minimum / maximum fields



I . Peey = 200 mbar
4h measurement ] laser power = 5W

acq. ime =250 s ® Provides ¥ 2 x 1o Bq of activity (wikh
tntium punty > 95 %

W
o
- -

KATRIN specification. tritium activity extruded from sstem).

® Monitoring of britium purity, pressure &
temperature.

temperature Tgy [K]

w
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N
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Intensity (arb.)

HT

1 el o

| ﬂ th | ® Temperature stability of +3.6 mK recently
vapour pressure sensor 1 78 VUULL
noise band width < 0.2 mK | R D ochicved (x10 better than specification).
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Field- Compensation Air Coils

® A 10 m diameter analyzing spectrometer with 1:2000 energy resolution (023 eV)

® Extremely stable high voltage of main vessel,

® Few “ppm precision divider and monitoring spectrometer.

Detector

\

Iy

Y A il D et A PO P I
e[ AMeY Lo} [SREOI (01 WY o) o¥| I

T
=
A

il

.. V.l.."
L- N

T

Y |
Transport
Tritium Source &

Pumping

.-““ i1 117
[




Sp@.{:&ra meber

‘:OMM&SﬁE«OME,MS | Precision high
WU voltage system
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High precision Wi / Full detector
electron gun system

Summer 2013 saw “first Light” from the KATRIN,
Spectrometer and detector system fully integrated.

Allowed for test of transmission function and background levels,




transmission probability

Transmission Funckion

X UIL = -0.2 kV, c=(803+ 02) meV
+Ug =-186kV, 6=(83.3+0.3) meV

100 200
E.-qU.¢ (meV)

At -18.6 keV, better than
100 meV resolution

Sharpest transmission function
for a MAC-E filter

Background Rates

N
o

¢ warm baffle| |
+ cold baffle

normalized rate (mcps/m°)

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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?TQ}QC&QC& o(m,?) ? | 0.01evz
SQMS&&EV&&? Statistical

Final=-state s[pat&ru,m
T~ tons i Tz gas
1 Unfolding energy Loss
- Columin deusi.&v
g 0.99 Background slope
& HY variaktion
E 0.98 Pobtential vartation in source
— B-field variation in source
- 097 Elastic scattering in Tz gas
096 =_1 . 1 . | A ] . L
66 68 70 72 74
electron energy +18.5 keV [eV] e ~

Neubrino Mass roals

Discovery: 350 meV (ot 50 )

S ) o))
Ty T

Semsitivity: 200 meV (at 90% C.L.)
\ J

Daka &QM*LM.Q ko
0““0.51 B ] o 11.51 B 12” | 25 B 13 commweince E«V\ 201&«

Full beam time (year)

O = NW
TITTTTET TRy

Discovery potential (o)



Cain we [ou,sh
further?

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

¢ To do 30, &hev must have better

scaling Law.

Beka Decay Mass {eV)

KATRIN Sensitivity
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99% CL (1 dof)
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Lightest Neubrino Mass (eV)

|0 meters across

<

10-"" mbar vacuumg
2

-
o

(o]

o]

e KATRIN
o Mainz
o Troitsk

X
>
[0)]
-
o
| .
(]
Q.
>
b —
= 4
L0
()
0
(@]
| .
Q.

N

o ==
200 400 600 800 1000 0 2 4

column density pd [10" cm™1 exc. energy [e\/]

Sours:e column Rovibrational states
density at max of THe*



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.

¢ By tagging the electron as it travels
to the detector.

¢ The improvement is substankial, over
tn the statistical
sensi&wi&j. However, no realistic
method to taqg the electron in the
KATRIN experiment appears possible.

o A gated pulse is possible, but yields

equévatev\& skakiskical semsi&ivi&:;.



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.

¢ By tagging the electron as it travels
to the detector.

o The improvement is substantial, over ' AR ST
in the stakistical o
sensi&wi&j. However, no realistic
method to taqg the electron in the
KATRIN experiment appears possible.

o A gated pulse is possible, but yields

equévatev\& skakiskical semsi&ivi&:;.



I63Ho + e'ul» |63DY>I< + Ve

163Dy" w= 163Dy + E.C,

New kid on the blocle:

Eleckron Cap&ure




I63Ho + e'ul» |63DY>I< + Ve

163Dy" w= 163Dy + E.C,

New Lsidd=on the blocle:

Eleckron Cap&ure
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New ssied=on bhe blocie:

Eleckron Cap&ure



Challenges:
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Advantages
.

Challenges

y 90% CL [eV]

—

—

m_ statistical sensitivit

el ed el aawl el sl b d A
7 6 5 4 3 1 10
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Source Activity Detector Response
Calorimetry

Nev > 1014 to reach AErwnm < 10 eV

j { electro-thermal sub-eV level Trisetime < 1 NS
link G

® Advantages: ® Experimental Challenges:
thermometer

S Source = detector Fast rise times to avoid pile-up

| , effects.
' particle absorber

No backscattering
E—- AT

Good energy resolution &
No molecular final state effects. linearity

1%Ho + e — %Dy* + v, Self-calibrating Sufficient isotope production




Challenges:

Advantages
.

Challenges
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Source Activity Detector Response
Calorimetry

Nev > 1014 to reach AErwnm < 10 eV

j { electro-thermal sub-eV level Trisetime < 1 MS
link G

® Advantages: ® Experimental Challenges:
thermometer

A el Source = detector Fast rise times to avoid pile-up

- » effects.
' particle absorber

No backscattering
E— AT

Good energy resolution &
No molecular final state effects. linearity

1%Ho + e — %Dy* + v, Self-calibrating Sufficient isotope production




The HCH C} " VRise Timfe: 134 ns_ | AErwv-cM _ 7.6.eV @ 6 —
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Technology:

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

@ Fask rise bimes and
good energy
resolutions and

| 144pm J LiV\EO\T‘LEj demonstraked.

\ ; N "-1. 1 . Lo '.A__-‘ll S y .
i ] | 05 10 15 20 © Endpoint measured at
Metallic Magnetic Energy £ [keV] 2.50 + 0.0% eV,

Counts per 2 eV

thermal link

thermal bath

Calorimeters




The HOLMES
Exyerimem&

Technologies:

C
|IO;1r1

Superconducting Resonators

, Ir
Al wires y

'

p—

Transition Edge Sensors

isRRaEm

MARE-HOLMES

¢ MARE (Phase I) explored various technology approaches,
such as Transition-Edqge Sensors (TES) and Microwave
Kinetic Inductance Detectors (MKIDs).

®© Successful extraction of Ho™ ions for metal production
and implantation onto detectors.

¢ Successful funding received for one thousand channel Ho
detector experiment (the HOLMES experimen&).



The NuMECS
Exgerimem%

Technologies:

A

Superconducting Resonators

. Au Ir
Al wires \ ;

—

Transition Edge Sensors

Counts(a.u.)

NuMECS
(First 2 years)

—
‘e
-

°

Ly |

J
1)
| N ] {.

107 10 10"

Pulse Height V]

New effort in the US (Los Alamos) for using transition-
edge sensor technology for electron capture
characterization,

Concentration on high purity **Ho production via
FRIB. Recent high purity production at the 0.1 mq level
and energy resolution (& eV @ & keV with *Fe
surroqate).

See position paper (Link here) for details.


http://fsnutown.phy.ornl.gov/fsnufiles/positionpapers/FSNu_Project8.pdf

The NuMeECS o
Exgmimem&

NuMECS
(Next 5 years)

Events per 0.10 eV bin

Example sensor— segment of
LANL-NIST gamma-ray array

Technologies:

X-ray energy (eV)

+—
|

Example spectrum in
target energy range for 1%3Ho ECS

® Cri,&ix:al.tj asses entire eleckron aap&ure mebthod and

Superconducting Resonators validate all Componemﬁ technologies.

Al wires Au Ir © Show scalability through a demonstrator experiment

} . with 4 x 1024 TES array of Ho-impiam&ed detectors
Glue *I MLE"\ (QF“--SQUIT? MM&LPLQXE«MS«

e

© Aim mass sensitivity of demonstrator to ~1 eV scale.
Transition Edge Sensors

See position paper (Link here) for details.


http://fsnutown.phy.ornl.gov/fsnufiles/positionpapers/FSNu_Project8.pdf

?T’O}j eck ¥ - “Never

measure
anything but

. U . ‘ frequency.”
Coherent radiation emibtbted e

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

fraque.nr:j to exbtract wo e B
electron enerqy. -

Y :K—I—me

@ Non-destructive
measurement of
electron enerqu.

B field ——

Frequency Approach *’\

SH — PHe™ 4+ e~ + 1,

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



Umiqu@;
Advantages

® Source = Detector
(Mo need ko extract the
electrons from the brikium)

¢ Frequency Measurement
(can pin electron energies to
well-kihown ﬂfrequewcv
skandards)

& Full Spectrum Sampling
(full spectrum measured at
ohce, large leverage for
stability and statistics)

Signal Simulation
Power vs Time, Frequency

simulation

simulation

Frequency Offset (MHz)

Time (ms)

rare high-energy many overlapping
electrons ' > | low-energy electrons

T
1

I

‘25.6 258 | 26 26.2 26.4 26.6 268 27 27.2
Frequency (GH2)

100,000 tritium decays in 30ps

Power (arb. units)

o= 1.565

17572 oV

tritium endpoint
-

1

“

Simulation of beta (frequency) spectrum



Inikial Demonskrakion: ¥2Kr

0.9459 T magnetic field 86d 83Rb

3
17824.35%0.75 eV
R3rnb(, . e slectr , ‘4‘conversion
I conversion electrons electron
| 1.83h 8mKr 1/2-

Tritium endpoint

)
N
n

)
S
S

S
W
-

154ns 83Kr 7/2+

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

o
o~
N

Conversion electrons at
17.8, 30 and 32 keV.
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y
=

5 10 20
Electron kinetic energy / keV

Phase I : Use mono-enerqgetic source to determine single
electron detection,

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




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.




Project ¥ “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 &rapged electrons,



Project ¥ “Event Zero”

N
o

Electron scatters of gas, losing
energy and changing pitch angle

==

—t
&)

.__7

Energy loss increases frequency

Frequency - 24 GHz (MHz)
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Onset frequency yields initial
kinetic energy

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
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Frequency / MHz

50 |
45|

6 8 10 12 0 ¢ D 12 14 16 0 2 4 6 8

Time / ms Time

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.




Image Recomstruction # Energy Resolution

Frequency (GHz)
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Reconstructed energy (keV)

FWHM ~ 140 eV

Event reconstruction from image reconstruction allows detailed analysis

(energy & scattering all extractable)




Image Recomstruction # Energy Resolution

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

Event reconstruction from image reconstruction allows detailed analysis

(energy & scattering all extractable)




Reconstruction & Energy Resolution
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Event reconstruction from image reconstruction allows detailed analysis

(energy & scattering all extractable)




Moving Beyond the
Degeneracy Scale rotational

so far involves the use of gaseous
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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)




Projected Sensitivity (Molecular & Atomic)

1o Systematics include:

Statistical uncertainties
(1 year run)

PRELIMINARY

and optimistic

—

o

|
T T T 11
N W Ao

11
T,, 3x10° molecules/cm? Final state interacktions

—

Thermal broadening

Scattering

A® “UWI| Ssew 1) %06

III
e

Background

Al
=
o
o~
>
&
=
C
O
=
A
> 0.1
)
©O
O
| -
©
©
-
©
=
Vp)]

el

. 12 B
Atomic T, 1x10 “atoms/cm?3
IIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII L ILLLLILLL

107 10" 10° 10" 102 1% uueerf:aim&v i resolubtion

Effective volume, m° distribution

Field Lmkomogm‘mi&v

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

See position paper (Link here) for details.



http://fsnutown.phy.ornl.gov/fsnufiles/positionpapers/FSNu_Project8.pdf
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Systematics include final state interactions, thermal broadening,
statistical uncertainties, and scattering.

See position paper (Link here) for details.



http://fsnutown.phy.ornl.gov/fsnufiles/positionpapers/FSNu_Project8.pdf

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.
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(HOLMES, ECHO & NuMECS)

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

~1 eV scale.

Statistics & systematics
next hurdle,
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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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