Weighting
Neubrinos

SLAC Sumamer Instibtube
Auqust 14th 2018

Z‘Joseph A. Formagqgio
MIT




Neubrino mwass measurements
have a long Ms&wry L
physics, pred&&%g the
Standard Model itseld.



We have learned owne thing
it Ehis kEime.

“Grrande” s ruled out.

And so s “Zero”.
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Camilieri, Lisi, Wilkerson Ann. Rev. 57 (2008).
Fogli et al, arXiv:1205.5254 (hep-ph)

sin® (26013) = 0.093 -

Reactor & Long Baseline

-

sin (26012) = 0.846 + 0.021
Am3, = (7.53+£0.18) x 107° eV?

)

Solar

sin” (2093) = 0.99970 00

AmZ, = 0.00244 + 0.00006 eV?

J

Atmospheric

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

As such, oscillation
measurementks
Ftaae a Lower Limit
own the neubrine
mass scale,




Measuring
Neubrinoe Masses

Oscillakions now mwalee a

g?re.cii,t:&&om upon obther
measuremenks,

Ruled out by B-decay experiments
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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



Cosmological Measurements



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



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 istance scales
CMB Polarization ) — | Lyman &




Temperature Map

CMB Polarization

12

rm

100 meV

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

Galaxy Surveys

Weak lensing




Neubrino ‘ijsé;&s I ey
& Cc::-smc;)togv S| A

o Two primarv {:osmaiogj measuremeinks
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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

|5



o e 8 [ Planck+WP+highL
?LAN(«K QQSM&S P/jEZkJrWPJrh:ihLJrBAO

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

: Planck Results XVI

Mosk conservakive daka
combinations see ho evidence for
neubrino masses.

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




Neubrinoless Double
Beka "Dec:av

OvBB Measurements



What would a
Posi&w@. stgial
mean?

A Lok, Q@:&uaiij, since the
Skandard Model cownserves B-L.

¢ Demonskrate thalt neubrinos
are Majorana fermions.

o Shed Light on the neutrino
mechainism

¢ Probe into the causes for the

(N, Z) — (N — 27 Z — 2) - e 1 e matter ankti-matter asvmmeh?

i Ehe universe




S&mpi.@. LA
F?rmc:&pi.e. .

® Clean Sighature
Sum of electrons is ab a
single eherqgy

® Know where to look
Occurs at endpoint of the
allowed cleat:av, well-
separated from bulk BBwv.

® Particle detection
(we know how to detect
eleckrons well)

counts [a.u.]
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Source = detector Source # detector



J. Detwiler
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® Background Suppression
The key to success in all

Background free
- = = 0.1 counts/ROl/tly
--------- 1.0 count/ROI/tly

®Ge T,,, 90% Sensitivity [years]
)

. . 10%° = ~. = 10.0 counts/ROI/try
these expe.mmem&s LS -
R‘ O d 3 .O 1024_ | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | L1111l
bm‘: grounh SMF»’F,'?E{SSL é 107 107 107 1 10 10° 10°

Exposure [ton-years]

R 76Ge example, but similar sensitivities for other Ovpp isotopes.
® Isotope Abundance

Often krading high @ value

Background free

for poor abundance gy |
1/2:| o gﬁ ‘ Iabundance ) Source MaSS . Tlme

Background limited

& Rarity of Process
Rarest process (yet) to be

measured. [

1/2:| o< 8# ) Iabundance )

Source Mass - Time
Bkg - AE
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(ANMORE, L\JCIFER)

DA (X0, NEXT) SNO+
NMAROJANA, KAMLAND ZEN
SUPERNENMO CANDLES
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With so many choices, how does any onhe experi,mev\& stand ouk !?

23



Ionizatkion: GERDA

obthers Lonization detectors:
MAJIORANA, SuperNEMO

o ¥7% enriched 7Ge detectors
(erystals) in Ligquid argon

e 14.6 kq of ¥6% enriched
e (& p-type semi-coax
detectors from H-m & I1GEX).
(4.5 eV FWHM @ Q)

¢ 3 kq of ¥7% enriched BEGe
enriched detectors (& I
detectors) ; :

¢ Single-site, multi-site pulse
shape discrimination
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Ti2>21x105y (90% CL) 7%Ge 1900 1950 2000 2050 2100 2150 2200

energy [keV]




electro-thermal
link G

Phownons:
CUOKE

thermometer
AT - AV

particle absorber
E—- AT

e Towers of 11 kq of
130Te (34% wnat.)
bolometers

o Array of 52 Sxsxs cn® R e
Te0: crystals held at =
16 e e o e oo 173

© FWHM of 5.1 keV § 3 l + _015;‘

. | H Hﬁjw Hr -ILJﬁS:
AT

Reconstructed Energy [keV]




S. M. Bilenky & C. Giunti, Mod. Phys. Lett. A 27, 1230015 (2012)
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Current Llimiks essential rule out long-standing claim for observation of
the neutrinoless decay mode i *Gre.

Next generation will push into the thverted Sacle
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Beta Decay Measurements

28



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 cgsmology or hature of mass



Neubrinos from
Radicactivity

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

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

® The mwabrix element related to
the initial and final states of
the dm::av.

Fermi Function

dN

Transition Parity change?

Superallowed , + No

Allowed

ISt Forbidden

Unique |** Forbidden

2nd Forbidden

3rd Forbidden

Spin of states govern type of exchange
E.g.: 0 — 07 is superallowed

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

Matrix Element

Phase space i




The v
Maghetic
Spe&&rumeém

Berqkvist consbructs first
Eritium source exparimem&
tn Stockholm,

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 Alamos

e Robertson, Bowles,
Wilkerson and others at
Los Alamos devise the first
gasecus britium source
experimeu& to circumvent
earlier issues seen with
solid stake sources,

o Their Limit of 27 eV rules
out a previous signal for
neutrino mass, Sets stage
for gaseous sources i
future desiqns.

32

m Mainz

m Tokio

® Troitsk (step)

A Zurich

electrostatic

specirometers

spectrometers

1986 1988 1990 1992 1994 1996 1998 2000
year







Currenk T e&knaqu@.s

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 experimenfz(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
~
~><)

/ <
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 raio of minimum / maximum fields
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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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Tritium Source &
Pumping

Main Spectrometer



Sp@.{:&ra meber

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

. Eﬂ""ﬂ !m_* ;

:
W

00
.
P

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

x Ug = -0.2kV, 6=(80.3 +£0.2) meV
"} 4 Ug=-186kV, 6=(833+03)meV %

Transmission Funckion

o A X 9 SLVER TV

|

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

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 round of commissioning meant to study background levels.




a(m,2) q | 0.01 V2

Projected
Stakistical
SQM S E,& E,VE,& v Final-sktate spec?:rum

T- tons I Tz gas

Unfolding energy Loss
Column density
Background slope

HV variation

Pobential variation in source
B-field variation in source
Elastic scattering in Tz gas

¥ Ruled out by B-decay experiments

1t
: . 4 ~
KATRIN Sensmwt)'/ Neukrino Mass Groals

P

>

Y

§ 03

= Discovery: 350 meV (ak 85 )

g 0.1 L

§ Arie kSe.sr\si.&E,\/:',F:-J: 00 meV (ak 90% C.L.))
003}

S !

R,

®

001 |

_ ‘ Data taking to
00033 99% CL (1 dof) | R
107 0.01 0.1 1 commwence i 2016,

Lightest Neubrino mMass (eV)
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Cain we [ou,sh
further?

¢ Cawn Airect measurementks Fmsh
to the nverted ordering 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

o
w

o
[a—

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

44



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

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




New resulks! SHIPTRAP

laser-ablation preparation trap measurement trap position-sensitive : image of the radial motions of the trapped
ion source MCP detector ions on a position-sensitive MCP detector

production of cooling & centering of excitation of imaging of radial Y-axis
63Ho* and "®3Dy* ions i '®*Ho* and "®*Dy* ionsi radial ion motions jon motions

to determine v, /Q
: trap-center image

magnetron-motion". /
I . . - phase image .

phase image

ity BB 0 70 B | cyclotron-moti:y

L

superconducting magnet

Calorimetry

W electlricry]-kthcermal AR N _' ' ’ “ Latest resulks
{ i e o Iy | | 1 with Penning
thermometer , < , s ' i ‘a | Eran shou
AT - AV " AN 3 19 Ml T meroved
’ ‘ Py ' resolution on
 particle absorber il - Sl = the Ho-Dy mass

E—- AT
difference.

163HO +e” — 183Dy>l< + U, /PhysRevLett.115.062501




Their
Predecessor

MARE

MARE provides the first g decay
measurement of ¥7Re using calorimetry

1.0F | { I I I I é
8 ool R Mg 1

Calorimetry 59

Heat sink (contact pads)

/ Al bonding wires 17um @ x 2mm

Epoxy joint

Thermistor

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

energy [keV]




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

o o
o

O
o
(%}

Magn. Flux ®g [D,)
Counts per 0.5 eV

o

o

-d
N
o
L]

| 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

Counts per 2 eV

thermal link

thermal bath 144pp Lche_o\m&j demonstrated.

NIl -

AN 4

J
e L '._uilS.

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




The HOLMES
Exymimem&

HOLMES
(Italy)

transition edge
sensors / MKIDs

Technologies:

—

L
g = e a, T
R

30 um

NuMECS
(USA)

Glue __

transition edge sensors

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



Signal Simulation

. Power vs Time, Frequency
Unique

simulation

Advantages

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

N
L
2
-~
Q
%
=
O
>
O
-
@
>
o
v
(.

simulation

Time (ms)
m many overlapping
@ ﬁf‘ﬁqu@.h@j Measuremenk R electrons | Iowenergy elerons
(can pin electron energies to % ‘ |I
well-lkknowin ﬂfrequewcv 3 i
standards) : ]

17572 eV

® Full Spaﬂ%ruw\ SamFLLv\S ‘
(full spectrum measured at 1
| |

v ol .
once, Lm’ﬁ}@ le crage '{:C}T &6 258 26 262 264 266 268 27 272

of . . . Frequency (GH2)
S&Qb‘i‘«&‘j and S&QELSELK?S) 100,000 tritium decays in 30us

P—

tritium endpoint

-

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
=

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 resotuﬁ?zm 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 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.
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Project ¥ “Event Zero”
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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

Clear detection of single eleckrons from their emitted cyclotron Afrequemcv.

ALl predicted features present (sudden onsel, energy loss, scattering Loss)
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Image Recomstruction # Energy Resolution
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FWHM ~ 140 eV FWHM ~15 eV

(and improving)

Event reconstruction from image reconstruction allows detailed analysis

(energy & scattering all extractable)
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o The quest for neutrino
mass has a long and
very rich history, filled
with remarkable people
possessing remarkable
E,Mgemm&j.

¢ We are bj o means
done. Oscillations
provide a Fredw&wh Ehat
can and should be
tested.

o Frontiers in beta decay,
neubrinoless double beka
de«r::a\j and r:osmotogv
can how all feed into
Ehis remaricable
measuremnent,
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Thank you for
your abkention




I'm sorry, we are out of time

(Backup slides)
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Eurelka mowmwent

First detection of single-electron cyclotron radiation,

Data taking o June &th, 2014 immediately shows trapped electrons.
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Projected Sensitivity (Molecular & Atomic)

L0 Stjsﬁemo&ws neclude:

Statistical uncertainties
(1 year run)

PRELIMINARY

and optimistic
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Volume 25 s
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Atomic T, 1x10 “atoms/cm? |
IIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 rcrrrrn

107 10” 10° 10" 10° 10 1% wu:e:rf:okmﬁj it resolution
- 3 L] - id
Effective volume, m distribution

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




Backgrounds in experiments

Experiment aﬂoizilll:/%]) Bkg (cnts/ROI -tT-y) (mem)
CUOREOQ 130Te 32/11 300 5.1 keV ROI T
EXO-200 136Xe  170/76 130 88 keV RO g
GERDA | 5Ge 16/13 40 4 keV ROI §

Kazg;‘;g‘e[’je” 136Xe  383/88 210 per t(Xe) 400 keV RO T
CUORE 130Te  600/206 50 5 keV RO T
GERDA I 5Ge 35/27 4 4 keV ROI 3

JIMORMNA - 76Ge  30/24 4 4 keV ROI 5
NEXT 100 136Xe  100/80 9 17 keV ROI l

SNO+ 130Te  2340/160 45 per t(Te) 240 keV RO

*FV = 0vBp isotope mass in fiducial volume (includes enrichment factor)
T Region of Interest (ROI) can be single or multidimensional (E, spatial, ...)
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