Bekba ‘De&av

&
The Path ko

Neubrinoe Masses

Fermilab Neubrino
Seminar Series
March 12tk 2015

:’Jcsepk A. Formagqgio
MIT



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‘
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Data/prediction (null oscillation)

L/E |t;m GeV)
Camilieri, Lisi, Wilkerson Ann. Rev. 57 (2008).
Fogli et al, arXiv:1205.5254 (hep-ph)

sin? (613) = 0.0241 & 0.0025

Reactor & Long Baseline

-

sin® (012) = 0.307 £ 0.016

Am3, = (7.54 £ 0.26) x 107° eV?

~

J

Solar

-

-

sin? (0a3) = 0.386 + 0.022

Amis = (2.43 £0.09) x 1072 eV?

~

J

At

mospheric

With oscillations
nfi,rm{j in place, we
ab Lleast
understand thak
the neubtrinoe has a
WSS

As such, oscillation
measurementks
Ftac:e a Lower Limit
own the neubrine
mass scale,




Measuring
Neubrinoe Masses
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99% CL (1 dof)
1073 0.01 0.1
Lightest Neutrino Mass (eV) Beta Decay Measurements




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



The Era of
Precision
Cosmo 1,093

Cosmatosj has had a

similar Em\}ea&orj as
neutrino physics, from
Lhtep?:éom ko Preseh& d&:j



The Era of
Precision
Cosmo 1,093

Cosmoiogj has had a
similar &mjea&or:j as

neutrino physics, from
inaep&&om ko Preseh& d&v



The Trilu.m[z?k Oaf
Cosmatogv

e The combination of the
standard model of particle
physics and general
relativity allows us to relate
events taking place at
different epochs together.

¢ Observation of the
cosmological neubrinos
would then provide a
window into the 1 second
of creation

Microwave Background

400 kyr
z=1100

Nucleosynthesis

3-30 win
z=9 x10%

018 s
z=1x1010



¢ Inference about the existence of the relic
neutrino background comes from khowledqge

NQM&T‘&MO of the primordial photon background.

Tﬁecaupm«g

© As the universe expands (cools), neutrinos
Eransition from a stote where they are in
thermal equilibrium with electrons, to one
where they are decoupled from them,

Neukbrino
d@.«toupung OCEUrs

®

when kwo rakes

o ©

Particles colliding Universe cooling

are equ.od..,

16G%
N=<onuv>x~ 3F (97 +g%) T°
T

Annihilation Rate Expansion Rate




Tk@. S&T‘O&éﬂj Galaxy Surveys

(a naive view)

WMAP Temperature Map o ,«, 4 1
2P X
.‘.*:‘ ._“1
p~ a3 ! p~a*
A Matter dominated I Radiation dominated
large scales | small scales
| Weak lensing
|

2. My

Power spectrum P(k)
N\

horizon size

Wavenumber, k

() < (plr) )/

Neubrinos come ko atbect power SPQC&T‘MM,

par&iculﬁr abk s 31. istance scales
CMB Polarization ) — Lyman &




Temperature Map

00 meV

Large scale structure tends to wealken
power spectrum at small wavelengths..

CMB Polarization

Galaxy Surveys

Weak lensing
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Ehak Linke diret:&bj to neubrine Physi&:s:

(1) Number of neutrino species

(2) Sum of neubrino masses 7 4 .
Qrh? =[1+ Neﬂf—(ﬁ)ﬁ]mh2
® Both large scale structure (LSS)
and CMB anisotropies (CmB),
par&iautaﬂj CMB gravitational O _ Pu o Z?V My i
lensing, can be used to measure c Pcritical _ Pcritical

these quah&i&ies.



Planck Satellite:

|_aunched WYET H~th, 2009




The Microwave
S Rjﬂ e




PLANCK Resulks

o The basic PLANCK analysis looks
at & main cosmological
Parame&ers. Neubrinoe wasses are
added as extensions to thak
model,

o Most conservative data |
combinations see no evidence for 4000 |
neukbrine masses.,

2000 |

° Cer&aimtj tension exists with
certain parameters (SZ clusters,
Hubble constant, BICEPR) that
alker the fits or i some cases
favor finite masses.




Direck Probes

Electron Energy

e
o
(\9]

count rat

4
| Al
15 20

kinetic energy (keV)

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,

- — 18Dy 41,

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
~
~><)

/ <
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 Calibrakion Tritium retention system
Sjsfzem 101° e /s

Windowless ¢raseous Triktium Source
£ % 101 T,/s

WGTS:
¢ Injected tritium
source with “few

Curie QCELVE,&:?.

° Extremely stable
Pressure/ﬁempem&ure

Trikium Rebkenkion ‘Svs?&@m:

¢ Designed to reduce
Eritium flow bj lot4

-
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Spec&rama&ers:

° 1 eV resolution
Eransmission function,

. ¢ Inner wire eleckrodes
for background
reduckion.,

. ¢ Coils to shape_ Llow
field region.

» Detector:

! —— e ° ‘Fosi?:iow—dependen&

‘L\_ g bekta detector.

Rear Calibration Tritium retention system
Sjs&em 101° e /s
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Windowless Graseous Triktium Source Pre & Main spev:&romei:ers | Detector
5 x 10Y Ty/s 103 e /s 1 e /s




Rear Calibration Tritium retention system
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Windowless Graseous Trikium Source Pre & Main spectrometers | Detector
§ x 10 Ty/s 102 e /s 1 e /s




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

acq. time =250 s ® Provides ¥ 2 x 10 Bq of ogi‘:ﬁvi,&j (wi&h
trntium punty > 95 %

W
o
S

KATRIN specification. tritium activity extruded from sstem).

® Monitoring of britium purity, pressure &
temperature.

temperature Tgy [K]

w
o
N
3
Intensity (arb.)

D HT

vapour oressurosensor | i ain | ® Temperature stability of +3.6 mK recently
2 . | - A . of o .
noise band width < 0.2 mK | | Dl S ochicved (x10 better than SFemﬁcaEmm).

)| 5 v . v — ————p—
| 60 0 620 630 640 650 660 670 680
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Main Spectrometer
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Field- Compensation Air Coils

® A 10 m diameter analyzing spectrometer with 1:2000 energy resolution (093 eV)

® Extremely stable high voltage of main vessel.

® Few “ppm precision divider and monitoring spectrometer.

Detector
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Sp@.{:&ra meber

‘:OMM&SﬁE«OME,MS » Precision high
U voltage system

. Eﬂ""ﬂ !m_* ;

:
W

) 600
:
X

High precision | | / 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

"} 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.




?T‘Q}Q@EQC& o(m,?) ? lO.O? eVl2

SQMS E«%EVE«&? Skakistical

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
096 = . o« . 4 . 1 .
66 68 70 72 74
electron energy +18.5 keV [eV] ~ )

Neubtrinoe Mass Groals

Discovery: 350 meV (ot 86 )

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

9] |
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Daka &QM*LM.Q ko
01 B 05 B ] o ll.5l B 121 - 25 B 3 commweince E«V\ 201&«

Full beam time (year)

O = NW
TIT T T T T oo

Discovery potential (o)



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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0 0 3 /* 0.5 20° E .
SEOK: o KATRIN : I
* o Mainz

o Troitsk

Beka Decay Mass {eV)

001
i

0

0 200 800 0 . 2 4
0.003 L— e exc. energy [eV]
10™ el 01 Source column Rovibrational states

Liqhtest Neutrinoe Mass (eV) density at max of THe*

99% CL (1 dof)
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New Lsidd=on the blocle:
Eleckron Cap&ure



Advantages
.

Challenges

Calorimetry

-

electro-thermal
link G

thermometer
AT - AV

| particle absorber
E— AT

163HO_|_e— N 183D.y>x< + v,

Challenges:

o
E

T 7T T TTT
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y 90% CL [eV]
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m_ statistical sensitivit
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-0 Q=28keV
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b-d Q=24 keV
—y Q=22keV
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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

Abundant isotope production




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




The HOLMES
Exyerimem&
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Technologies: SRR | 30 um l
- N i
1 e : >: v - 1 - IlO;m

I .
{ :

9 PERE RPN

Pr———

. - » -\‘ . - A )
~ . | . LR
30 um ) { 7
( > D -
C s 5 > _ = = H
| ' '\ -l RS
— 1 »
p- 10 pm ' : o . : . — )
‘ - — . A y ~ 2

MARE-HOLMES

¢ MARE (Phase I) explored various technology approaches,

Superconducting Resonators such as Transition-Edqge Sensors (TES) and Microwave
Kinetic Inductance Detectors (MKIDs).

. { Il‘
'\] mres \ / . . -
i N, ¢ Successful extraction of Ho" tons for metal produchom

Glue ﬂ and implantation onto detectors.

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

Transition Edge Sensors




?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

o
2
=

ITTTT[ TTT[TTTT[TTTT[TTTT]TITT[T”I[

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)

SITTTTTOT
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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



Project ¥
Collaboration

J. Formaqqgio, D. Fursex, N. Oblath,

T. Thuemmler P. Slocum
(2 MOV\"\O&V\ME&TH‘\?*, D. ﬁjSEMjR Karlsruhe Institute of T echnology Yale University
Massachusetts Institute of Technology
Sheym‘d Doelmann B. LaRoquex, L. de Viverios, B. Monreal
Haystack Observatories University of California, Santa Barbara

M. Fertl, 3 Kofrons, R.GH. Robertson, L. Rosenberg, G. Rybka, M. Sternberg

University of Washington, Center for Experimental Nuclear Physics and Astrophysics

D.M. Asner, I Fernandes, A M. Jones, I, Ke.i.l.v, B.A. VanDevender

Pacific Northwest Naktional Lab
* indicates graduate student



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
=

o
N
N

154ns 83Kr 7/2+

)
el
S

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

o
S~
N

Conversion electrons at
17.8, 30 and 32 keV.

O
~~
>
Q
=
>
=
5
=
=
=
b
=
Q
>
O

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,




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.




M&gme&t Enviromment

Field Map 20140530 - Manual Offset
Hall Probe Offset: x=16.0mm, y=-1.43kG
1 | '

ESR Measurement

«  dpph_held
max at 57.8 mm
hall_probe
max at 59.3 mm |
X A

i A
20 40 60 80
insert_height [mm)]

Main field measurement

A normal-conducting coil provides a trapping potential for high pitch
electrons (magnetic bottle).

Up to ¥ mT trapping potential in an overall 1 Tesla field.

Trapped can be turned “on” and “off” for noise studies.




Maghetic Environment

Cyclotron Frequency
2.64e+10 26360410

~2.632e+10

2.628e+10

262408410

G
iy
@
o}
—
—
Q
o
5
O
o
—p
)

~2.620+10

2.62e+10

Magnetic bottle
cut-away Simulation of trapped electrons

(using our own Kassiopeia software)

A normal-conducting coil provides a trapping potential for high pitch
electrons (magnetic bottle).

Up to ¥ mT trapping potential in an overall 1 Tesla field.

Trapped can be turned “on” and “off” for noise studies.



What Does a Sighal Look Like?

Analysis Efficiency vs. Chirp Power |

xlO‘R_
—0.22;

0.2
(

vChlrp Length

[ 150um

B 100 um
Bl200um |
dvdt

1e8
3e8

o
10"

Thu Sep 26 11:26:57 2013

Simulated “Chirp” Signal Efficiency for finding candidates

Signal exhibits itself as a short duration pulse (“chirp”) in frequency

Signal is digitized in frequency/time space and scanned for clusters.

Sensitivity studies demonstrate excellent efficiency down to 1077 W for 50 us signals.




‘Prq}ea& ¥ “Event Zero”

792
790
788
786
784

782

Frequency - 24 GHz (MHz)
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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”

N
o

Electron scatters of gas, losing
energy and changing pitch angle

==
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Energy loss increases frequency

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

0 1

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,



Eurelka mowmwent

First detection of single-electron cyclotron radiation,

Data taking o June &th, 2014 immediately shows trapped 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
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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.
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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
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Already improving...
(FWHM ~15 eV)

Event reconstruction from image reconstruction allows detailed analysis

(energy & scattering all extractable)




Recomstruction & Energy Resolution

Peak at ~14 eV

consistent with
e” Hj scattering
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Event reconstruction from image reconstruction allows detailed analysis

(energy & scattering all extractable)




A&&emp&iug_) to
see the
thaverted
scale...




A Phased Approm::k

Given the novelty of the Prqjea&, we are pursuing a Phased approach

Foward neubrine mass measuremenks:

Timeline  Scientific
&oal
Phase I R010-2014 Proot of
prmaépt&;
Kr spectrum
Phase 11 R014-2016 T-He wass
difference
Phase 111 RO16-201% 0.2 eV scale
FPhase IV RO1¥+ 0,05 eV scale

Source

T2

T2

T

RED Milestone

Single electron detection

Trikium s[aecErum;
calibrakion and error
skudies

High rate seusi&ivi?zj

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,

-
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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.

See position paper (Link here) for details.



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

Direct probes on neutrino
mass measuremenks may
provide a robust test of
cosmology (and vice~-
versa ).

New resulks to come; new
Ee«:hmques come to the --

fold,

Let’s see what the next
decade brings.



Thanks for your
akttention!




