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t!! M» ! Neubtrino mass
i measurements have a

long history in physics,
predating the Standard
Model ibself.




We have learned owne
thing i this time,

“Grrande” is ruled out.

And now, so is “Zero”,
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Firsk Evidence

A Craclke una the
Skandard Model



Neubtrino QOscillakions

& Frowm Mondaj’s lecture you learned that
oscillations are described bj a 3x 3
matbrix(the Maki-Nakagawa-Sakata-
Pontecorvo, or MNSP mixing makbrix):

o However, the picture simplifies f one of the
mixing angles is small...

1 0 0 cosf,, 0 e ®rsinf,| (cosf, sinb,
0 cosf,, sinO, |x 0 1 0 x|-sinf, cos0O,

0 —sinf,; cosb,y, —e"° sinf,, O cos; ) \ O 0

Ty

atmospheric,
long baseline

Ty
¥

reactor, accelerator solar, KamLAND OvGo

o Depends only on two fundamental parameter
and two experimental parameters (for a Paury = 1 — sin? 26 sin 2(
given neubrine species). 4L,




How ko Thinlk Aboub
Oscillations?

Production Detection

Oscillations are fundamentally a QUANTUM phenomena.

It is useful to cast ik in such a framework. For example, one
could cast it n the language of Quantum Field Theory



How ko Thinlk Aboub
Oscillations?

We can treat
the neutrino as
a propagating
fermion...

Production Detection

See J. Kopp, arXiv:0904.4346

Oscillations are fundamentally a QUANTUM phenomena.

It is useful to cast ik in such a framework. For example, one
could cast it n the language of Quantum Field Theory
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Thus the matrix
element picks up a
propagating term
that depends on
the neutrino mass
and coupling

Makrix elemenkt
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Thus the matrix
element picks up a
propagating term
that depends on
the neutrino mass
and coupling

ZM X Makrix elewienk

oy
/(27‘-])?462190@1) tp)+ip (Tp—Zp) EMQT‘SSJ conservabion




How ko Thinlk Aboub
Oscillations?

Thus the matrix
element picks up a
propagating term
that depends on
the neutrino mass
and coupling

ZM X Makrix elewienk

dip . L
tp—t (T —
/ 4 ePo (D=t H P (TD = Tr) Energy conservation

Couplings, F?rocim‘:ﬁc:}m wave function

Fermion Froyaga&or

Detection wave function




How ko Thinlk Aboub
Oscillations?

Use the Grimus-

U™ Stockinger

o theorem fto
simplify the

propagator term...

Let +/(p) be a three times continuously differentiable function on R, such that
1 itself and all its first and second derivatives decrease at least like 1/|p|? for
|p| — oco. Then, for any real number A > 0,

/pL ~
3 [Lj—oo iv/AL ~3
/d p p2+le I (VAR L o(L )




How ko Thinlk Aboub
Oscillations?

iM o Z UaiUEiei\/Ez_mQL

‘M‘Z X ZUazUﬁjU* Uﬁj@i(\/E2_m?_\/E2_m )L

1,]

Sum over all
contributing terms
(i.e. all mass
states!)

Result takes on
the more familiar
form...

Phase shift due ko masses

Oscillakion

Prababiu%ﬁ




How ko Thinlk Aboub
Oscillations?

Poincare Sphere

See P Mehta, arXiv:0901.0790

Y lvg)

Vo — wcos 20 w sin 260
w sin 26 wcos 20 — Ve

OR... you can cast things in terms of Pauli makrices (equivalent to
quantum optics)



How ko Thinlk Aboub
Oscillations?

1
T+

2 w sin 260 w cos 20 — Vi

( Vo — wcos 20 w sin 20 >

(e Here, o represents the
H = Ao, + Bo, +Co, + DI = 1ol + —— . . .
2 Pauli matrices and r is
a vector that points
along a Poincare

sphere

OR... you can cast things in terms of Pauli makrices (equivalent to
quantum OFEE,«CS)

Oscillakions Ehewn cast as a prc:rper&j Ehat Pauli mwakrices do wnot
commulbe
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With oscillations
f&rmtj in place,

we ab least
understand thak
the neubtrino has
A MASS

As such,
oscillation
measuremenks
ptaae a lower
Limit on the
neukbtrine mass
scale,
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sin (26012) = 0.846 + 0.021
Am3, = (7.53+£0.18) x 107° eV?

J

Solar

Data/prediction (null oscillation)

102
L/E (km GeV-')

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

sin” (26,3) = 0.99970-00%

AmZ, = 0.00244 + 0.00006 eV?

J

Atmospheric

Wikh
oscillations
firmly tn

pi.m:e, we ab
least
understand
that the
neubrine has a
A SS

As such,
oscillation
measuremenks
PL&«:‘@. a lower
Limik on the
neukbrine mass

scale.,
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2015 Nobel Prize in Physics

Takaaki Kajita
(Super-Kamiokande)

Arthur B. McDonald
(Sudbury Neutrino Observatory)



Measuring
Neubrino Masses

Oscillabkions now mwalee a

yre‘_dit‘:&om upon obther
measurements,

Ruled out by B-decay experiments
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Beta Decay Measurements



¢ The neutrino mass scale remains one of the

Thﬁ NQM%TE;MO essential “unknowns” of the Standard Model.

Mass Scale

¢ Knowledqge of neubrino masses can have a
significant impact on many different
arenas, including cosmoloqy, the mass
hierarchy, sterile neutrinos, and even relic
neubrinoe detection,
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The Neubrino
Mass Scale

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

Knowledge of neutrino masses can have a
significant impact on many different
arenas, including cosmoloqy, the mass
hierarchy, sterile neutrinos, and even relic
neubrinoe detection,

m, > 2 eV (eV scale, currenk)
Neubrinos ruled ocut as darie makter
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The NQM&TQMO essential “unknowns” of the Standard Model.

Mass Scale

¢ Knowledqge of neubrino masses can have a
significant impact on many different
arenas, including cosmoloqy, the mass
hierarchy, sterile neutrinos, and even relic
neutrinoe detection,

| m, > 2 eV (eV scale, current)
Ruled out by B-decay experiments | Neubrinos ruled oubk as darke makker

Next goal of future B-decay

experiments m, > 0.2 eV (degeneracy scale)

Impm:& on cosmoi.ogv and 6v88 reach
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¢ The neubtrino mass scale remains one of the

Tk@. NQM&TLMO essential “unknowns” of the Standard Model.

Mass Scale

¢ Knowledqge of neubrino masses can have a
significant impact on many different
arenas, including cosmoloqy, the mass
hierarchy, sterile neutrinos, and even relic
neubrinoe detection,

| m, > 2 eV (eV scale, current)
Ruled out by B-decay experiments | Neubrinos ruled oubk as darke makker

Next goal of future B-decay

experiments m, > 0.2 eV (degeneracy scale)

Impac& on Cosmoi.ogv and 6v88 reach

m, > 0,05 eV (inverted hierarchy)
Resolve hierarchy if null resulk
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¢ The neubtrino mass scale remains one of the

Tke NQM&TE‘MO essential “unknowns” of the Standard Model.

Mass Scale

¢ Knowledqge of neubrino masses can have a
significant impact on many different
arenas, including cosmoloqy, the mass
hierarchy, sterile neutrinos, and even relic
neubrinoe detection,
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Cosmological Measurements



The Era of
Precision
Cosmo 1,093

Cusmatogvj has
had a similar
&rajea&ary as

neubtrino pkvsacs,

from inception
ko Presem& d&j




Power spectrum P(k)

The Strategy

(a naive view)

p~a’ p~a“
4 Matter dominated Radiation dominated
large scales small scales

horizon size

Wavenumber, k

— (b(k) 1)



Power spectrum P(k)

The Strategy

(a naive view)

p~a’ p~a“
4 Matter dominated Radiation dominated
large scales small scales

2. My

horizon size

Wavenumber, k

Neutrinos come to affect the power spectrum,

pm&icutaﬂj ak small diskawnce scales
20



The Strategy

(a naive view)

WMAP Temperature Map

p ~ a3 ! p~a
4 Matter dominated I Radiation dominated
large scales | small scales
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Wavenumber, k

Neutrinos come to affect the power spectrum,

par&iautartj ak small diskance scales
CMB Polarization 20



The Strategy

(a naive view)

WMAP Temperature Map
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Neutrinos come to affect the power spectrum,

par&iautartj ak small diskance scales
CMB Polarization 20

Galaxy Surveys

Weak lensing




Temperature Map

CMB Polarization

50 meV

Ym =100 meV

0.01 0.1
k (h/Mpc)

Large scale structure tends to wealken

power spectrum at small wavelengths..
21

Galaxy Surveys
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Neubrino Physics R
&a COSMOL(}Sv : S m,=0 [\

* Two primary cosmology measurements

~~
~
~
A
=
-
-+
Q
(D
a.
)
~
v
=
O
(a

Ehak Linie dire&:ﬁj to neubrine thsws:

(1) Number of neutrino species

(2) Sum of neutrinoe masses 7 4 .
QOrh* = [1 4+ Neg—(—)3]|Qvh?
S 11
@ Both large scale structure (LSS)
and CMB anisotropies (CmB),
particularly CMB gravitational 0 Pu Z?V My i
lensing, can be used to measure ‘ Pcritical Pcritical

these qu&n&iﬁes.
22
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The Microwave
s wjﬂ e

24



The Microwave

24



PLANCK Resulks | T

— — = Planck+lensing+WP+highL

——  Planck+WP+highL (A_}

o The basic PLANCK analysis looks
abt & main cosmological
parame&e_rs. Neubrino masses are
added as extensions to that
model,

-

12 16 20
rm, [eV]

Source: Planck Results XVI

T

Planck TT spectrum

Most conservakive datka
combinations see no evidence for
neubrino masses,.

Cer&aimi.j tension exists wikth
certain parameters (SZ clusters,
Hubble constank, BICEPR) that
alter the fits or in some cases
favor finite masses.




PLANCK Resulks | Pranckrwe-ight+8A0

o The basic PLANCK analysis looks
at & main cosmological | /
parame&e_rs. Neubrino masses are
added as extensions to that

MOdﬁtq | |
0.4 0.6

¥ m, [eV]

Source: Planck Results XVI

T

Planck TT spectrum

Most conservakive datka
combinations see no evidence for
neubrino masses,.

Cer&aimtj tension exisks with
certain parameters (SZ clusters,
Hubble constank, BICEPR) that
alter the fits or in some cases
favor finite masses.




Neubrinoless Double
Reka “Der:av

OvBB Measurements

26



What would a
PQS&RV@. stghal
mean?

A Lot ac:&uai.t:j, since the

Skandard Model cownserves
B“Lﬂ

¢ Demonstrate that
neubrinos are Majomma
fermions.

e Shed Light on the
neubrino mechanism

(Na Z) — (N — 2, Z + 2) + e +e ¢ Probe into the causes for

the makter anti-makter

AT, — 9 asymmelry in the

universe




Simple in o BB-Ov |-
i ple — 0.8 -
Fv’T’LMﬁLF’ €.no = : BB=-2v
o [
ﬂ 0.6:- ]
S [
o 0.4f -
@) .
¢ Clean Signature 0_2; i
Sum of electrons is ab a :
0.0 g

single energy 00500 7000 1500 2000 2500

electron sum energy [keV]

® Know where to look
Occurs at endpoint of the
allowed ciet&:j, well-

separated from bulk BBwv,

b,

detector
® Particle detection Bl ~—— d’?
N\,

(we khnow how ko debect

eleckrons well) detector 6,

Source = detector  Source # detector



.bubk nobk n
Fraa&ae

® Background Suppression
The key to success in all
these experiments is
background suppression

© Isotope Abundance
Often brading high @ value
for poor abundance

& Rarity of Process
Rarest process (yet) to be
measured.

J. Detwiler

10%
— IH minimum m,:
— —— QRPA
B - - SM
109 = e IBM-2
-.- EDF

T T T T Y I Tt L

—

o
™
©

I IIIIIII| 11 |!1II|

—

o
™
o

Background free

- = = 0.1 counts/ROl/tly
--------- 1.0 count/ROI/tly
—.=-- 10.0 counts/ROl/tly

®Ge T,,, 90% Sensitivity [years]
2
[T ||||||

—

o
™
a

10*
10°7° 107 107 1 10 102 10°
Exposure [ton-years]

76Ge example, but similar sensitivities for other Ovpp isotopes.

Background free

O °
|: 1/‘3:| - 8ﬁ ‘ Iabundance ) Source MaSS . Tlme

Background limited
\/Source Mass - Time

0
|: 1/;:|0C8ﬁ€'1abundance' Bkg AE
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Beta Decay Measurements

31



Direct Probes

SH = 3He* + e + Ve

Reka ‘De{:&v

A kinematic determination of the neubrino mass

No model dependence on cgsmology or nature of mass



Direct Probes

Electron Energy

e
o
(\9]

count rat

4
| Al
15 20

kinetic energy (keV)

Bekba ‘be«t:&v

A kinematic determination of the neubrino mass

model dependence on cgsmology or nature of mass



Neubrinos from
Q&dm&ﬁ&&v&&j

© The phase space of the decay
(Le. how many different states
can occupy a particular
momenkum),

33



NQM% r EO‘MO s ‘frc’) m Transition Parity change?
Radioack EvLEv

Superallowed , + No

© The phase space of the decay

(i.e. how many different states I Forbidden
can occupy a Par&iautm
MOMQMEMM). Unique It Forbidden

2nd Forbidden

3rd Forbidden

Spin of states govern type of exchange
E.g.. 0 = 0" is superallowed

33



Neubrinos from
Q&dm&ﬁ&&v&&j

© The phase space of the decay
(Le. how many different states
can occupy a particular
momenkum),

Fermi Function

dN
dE

Matrix Element

Transition Parity change?

Superallowed , + No

|st Forbidden

Unique |*t Forbidden

2nd Forbidden

3rd Forbidden

Spin of states govern type of exchange
E.g.. 0 = 0" is superallowed

E — CXM[ FZ,E)p,(E+mNE, - EYS U (E, - EY - m

Phase space i




Neubrinos from
Q&dm&ﬁ&&v&&j

© The phase space of the decay
(Le. how many different states
can occupy a particular
momenkum),

¢ Corrections due to the
Coulomb field, or Fermi
function,

Fermi Function

dN

Matrix Element

Transition Parity change?

Superallowed , + No

|st Forbidden

Unique |*t Forbidden

2nd Forbidden

3rd Forbidden

Spin of states govern type of exchange
E.g.. 0 = 0" is superallowed

= = Cx|M[ FZ.E)p,(E+m!\E,~E) Y |U[ J(E, - EY - m]

dE

Phase space i




Neubrinos from
Q&dm&ﬁ&&v&&j

© The phase space of the decay
(Le. how many different states
can occupy a particular
momenkum),

¢ Corrections due to the
Coulomb field, or Fermi
function,

® The makrix element related to
the initial and final states of
Fhe dec&v.

Fermi Function

dN

Transition Parity change?

Superallowed , + No

|st Forbidden

Unique |*t Forbidden

2nd Forbidden

3rd Forbidden

Spin of states govern type of exchange
E.g.. 0 = 0" is superallowed

= CxM FZEyp (E + miXE, - )YV (E, - EF =

Matrix Element

Phase space i




Fermis Groldein 50
QML@. 10 Kurie Plot

30
K(E)
20

10

1 1.5 2 2.5 3 3.9 4
Ee [keV]

dp. dp 5
['s ~ = d ‘Hﬁ 2n0(Eg — E. — E,
d B /(2#) (277) | | ( 0 )

G2
Hyi|* ~ F(Z, E.) F!V 2| M2

G%’VudP

iy = F(Z, E.) Myil*pe Ee(Eo — Eo)/(Eo — E.)? — m?



Fermi's Crolden 50

QML@. 10 Kurie Plot
30
K(E.)
20
The effect of neubrino 10

mass is almost entirely
an effect due to phase
space.

1 1.5 2 2.5 3 3.9 4
Ee [keV]

dp. dp 5
dl s ~ = d ‘Hﬁ 2n0(Eg — E. — E,
B /(2#) (277) | | ( 0 )

G2
Hyi|* ~ F(Z, E.) F!V 2| M2

G%’VudP

iy = F(Z, E.) Myil*pe Ee(Eo — Eo)/(Eo — E.)? — m?



The w2
Maghetic
Spe&%rom&m’

Berqlkvist consbructs firsk
Erikium source experimem&
tn Skocikeholm,

Double focusing
spectrometer; first to fully
tackle energy resolution,
energy loss and final
states coherently,

o Achieved best Limit of the
time (m, < 85 eV ).

1 1 " I L - - EB
475Q 4LB80Q
Fig. 20. Kurie plots of data from runs [-LII, 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 3-SPECTRUM ().
BASIC EXPERIMENTAL PROCEDURE AND ANALYSIS WITH

REGARD TO NEUTRINO MASS AND NEUTRINO DEGENERACY

Kart-Erik BERGKVIST
Research Institute for Physics, and University of Stockholm, Stockholm, Sweden

Received 23 September 1971
(Revised 13 December 1971)

magnet yoke

SOURCE
ARRANGMENT
eliminating influence| \
of source width on
rasolution

|_CORRECTOR
reducing aperture
defact

, innar grids ot
electrode defining sorth fmgciivt voltage
potential in vicinity of
source

. L _79rwnded outer
equipotentiol linas for - grids
voltage distribution central circle in T2
on source mognetic field

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.



Los Alamwos

o Robertson, Bowles,
Wilkerson and others ot
Los Alamos devise the first
gaseous tritium source
experimem& to circumvent
earlier issues seen with
solid state sources,

¢ Their Limit of 27 eV rules
out a previous signal for
neutrine mass, Sebs stage
nfc:}r gasecus sources i
future desiqns.

36

m Mainz
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® Troitsk (step)

A Zurich

electrostatic

specirometers

spectrometers

1986 1988 1990 1992 1994 1996 1998 2000
year







Current T @.&hmiqu,es
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Collimation with advomnced. spectroscopy for beta decaj

Electrostatic Filtering
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MAC~E ~ilker
T&ﬁkméqu@.

KATRIN

Spectroscopic: MAC-E Filter

electrode

S

W DD Yy T

adiabatic transformation of e momentum

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

(AE/E: = Bmim/Bmcxx = 093 E.’;\})



The KATRIN ‘Semp

FEFFERREEEES

Ue Ue He He
10" e~/ second —j —————— -/1———%*'*———*/1 1 e/ second

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

i B — 0.93 eV

Energy resolution scales as the rollo of minimum / maximum fields



The KATRIN SeEup

d

e

e w wwwis

!

10" Bq “Windowless”
gaseous T2 Source

e®
(High field) Tritium retention

system
(107 tritium flow reduction)

Ue
10" e~/ second —j —————

EEmE R

" A 5

High resolution Detector

electrostatic filter System
(High Field)

(3G low field)

He He He

__/:__—H———Jb 1 e/ second

Adiabatic transport ensures high retention of phase space for decay

AV . Bmin
E  Buax

— 0.93 eV

Energy resolution scales as the rollo of minimum / maximum fields
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ALL components of the experiment,
ncluding the source, now own site
and being commissioned.

Main spec&rame&m commissioned
and provi,c'xes more pre«cisa
spectrometer of its kind.



a(m,?) q | 0.01 V2
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Caon we F?u,sk
further?

e Can direct measuremenks push
to the nverted ordering scale?

|0 meters across
>

® To do so, they must have better

<€

scaling law,

10-"" mbar vacuumg
2

Ruled out by B-decay experiments
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New kid on khe bloclke:
Eleckron C&p&ure
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163Dy" »= 163Dy + E.C,

New eide=on Fhe bloclke:
Eleckron C&p&ure
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l | Challenges:
Advantages P

.

Challenges
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Source Activity Detector Response
Calorimetry
Nev > 104 to reach AErwum < 10 eV

electro-thermal sub-eV level Trisetime < 1 US
link G

® Advantages: ® Experimental Challenges:
thermometer

Al AV 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

Self-calibrating Sufficient isotope production




Advantages
.

Challenges

Calorimetry

electro-thermal
link G

thermometer
AT - AV

particle absorber
E— AT

Challenges:

-t
o

%s I llllllll

y 90% CL [eV]

—

T llllll[

T

A}

m_ statistical sensitivit

lIlII 11 IllIlII

I IIIIIIII I llllllll I llllllll 1 IIIIIIII 1 IIIIIIII

Q=28keV

-0 Q=26 keV
&4 Q=24 keV
v Q=22keV

Lol

1

Lol

| Illlllll | IIIIIIl[ | IIlIIIlI | IIlIIIlI | IIlllllI

1010 1011

Source Activity

Nev > 1014 to reach
sub-eV level

® Advantages:
Source = detector

No backscattering

1012 1(‘)13. 1014 1015 1016
total statistics Nev

Detector Response

AErwHm < 10 eV
Trisetime < 1 US

® Experimental Challenges:

Fast rise times to avoid pile-up
effects.

Good energy resolution &

No molecular final state effects. linearity

Self-calibrating

Sufficient isotope production




Their
Predecessor

MARE

MARE providﬁts the first 3 ciatouj
measurenment of ¥7Re using calorimetry
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8 ool R Mg 1

Calorimetry

Heat sink (contact pads)

/ Al bonding wires 17um @ x 2mm

Epoxy joint

Thermistor

AgReQ, absorber
X-ray calibration source > : ! . . |
: 2.50

energy [keV]




The £CHo
Expeﬁmen&

Technology:

absorber

SQUID loop

thermal link

thermal bath

Metallic Magnetic
Calorimeters

Counts per 2 eV
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¢ The £ECHo e.x[oarime.u&
uses metallic magnetic
calorimeters to achieve
goals,

® Fast rise btimes and
good enerqgy
resolutions and
Llinearity demonskrated.,

© E:MO'\F?OE,ME measured ak
2.%0 + 0,0% eV,




The HOLMES
E‘nyerimem%

Technologies:

Superconducting Resonators

Al wires

Transition Edge Sensors

HOLMES
(Italy)

transition edge
sensors / MKIDs

NuMECS
(USA)

transition edge sensors




?1’0\} ect ¥ -~ “Never

medasure
anything but
Coherent radiation emitted frequency.”
can be collected and used
to measure the energy of
the eleckron n nown- . 1. Rabi A. L. Schawlow

d&S&TMﬁEiVQiﬁ. @ Use ajcto&ron
frequ,ehc:j to extract eB

electron enerqy. —
| K+m
e

@ Now-destructive

measurement of
electron enerqu.

B field —
T, aas

Frequency Approach %

SH — JHe™ + e~ + 7,

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



Signal Simulation

. ; Power vs Time, Frequency
Uanu,e.

simulation

Advantages

® Source = Detector
(o need to extract the
electrons from the brikium)

simulation

Frequency Offset (MHz)

Time (ms)

rare high- energy many overlapping
& !:'réiquay\@v Mea surem ek electrons low- energy electrons

(can pin electron energies to %
well-known frequency g
standards) £ |
i
® Full Spee&rum Samping %%;
full spectrum measured at §|

| ol

once, large leverage for T B

oj . : . . ' ' . . - Frequency (GH2)
s&&bt«ib&j and statistics) 100,000 tritium decays in 30ps

Simulation of beta (frequency) spectrum



The Apyomo&u.s

Copper waveguide
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Kr gas lines

Magnetic bottle coil

Gas cell

o|iyoud deny pjai4-g

Test signal
injection port

Waveguide

Cut-away Photo of apparatus

Cyclotron frequency coupled directly to standard waveguide ot 26 GHz, located nside
bore of NMR 1 Tesla magnet.

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




?roj&&& ¥'s “Event Zero”
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Phys. Rev. Lett. 114 (2015) 16, 162501 ' "

Cyclotron Radiakion Emission Spectroscopy (CRES) for single relativistic
electrons now experimentally demonstrated.



?roj&&& ¥'s “Event Zero”

N
o

Electron scatters of gas, losing
energy and changing pitch angle
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Onset frequency yields initial
kinetic energy
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Phys. Rev. Lett. 114 (2015) 16, 162501 ' "

Exhibiks all predw&ed characteristics:

— Ownset «freque_mf;j

— Energy loss due to cyclotron radiation — Quantum jumps due to inelastic scattering



® The quest for neutrino
mass has a long and
very rich history, filled
with remarkable people
possessing remarkable
ingenuity.

¢ We are by no means
downe. Oscillations
prcvid@. a Pre.dm&ch Ehak
can and should be
tested.

e Frontiers in beta decay,
neubrinoless double beta
ciecaj and cosmatogj
can how all feed into
Ehis remarkable
measurement,
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Thank you for
your attention




