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Paths to the Neutrino Mass Scale

L
.. ..

B-decay
Cosmology Search for Ov3f3 & slactron capture
2
Observable M, =3 .y Mg = >, U2 m;] m% = > |Ugi|* m?
Present upper limit ~0.1-0.6eV ~0.1-04¢eV 2eV
Potential: near-term 60 meV 50 — 200 meV 200 meV
(long-term) (15 meV) (20 — 40 meV) (40 — 100 meV)

- Majorana nature of v,

. lepton number violation i : e
Multi-parameter 2 Direct, only kinematics;

Model dependence . - BSM contributions no cancellations in
cosmological model .
J other than m(v)? incoherent sum
- Nuclear matrix elements Valerius

Karsten Heeger, Yale University CERN, October 9, 2019



Neutrino Mass Constraints

Cosmology measures 2. m,
Double beta decay measures ‘ZUS,- m,-|

. 1/Z
Direct searches measure (Z ) m-;;)

my measurable both by laboratory
experiments and cosmology
a critical test of consistency

Standard model of cosmology
Standard model of particle physics

Karsten Heeger, Yale University

Direct mass searches

Double beta decay

CERN, October 9, 2019
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Neutrino Mass Constraints

Cosmology measures

2.m,

Double beta decay measures ‘ZUE,- m,-|

Direct searches measure

1/2
2 2
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Neutrino Mass Constraints

A R f A I V ’ . g
Cosmology measures > . m. g A 7, B :Mainz+Troitsk
o % Ovpp: KL-Zen, GERDA, Exo, Cuore...
Double beta decay measures ‘ZUE,- m,-| B % 3 : CMB+LSS
/ > g —' =
: 1% 0 i i — NO
Direct searches measure (ZIU,?,-I m?) = / : o
10-3_111“11 : s B s W B
my measurable both by laboratory 10° 1
experiments and cosmology tprroror @ rrwm—zm  Tp T (z
a critical test of consistency SO D S NN NI
s F E:
=
£ 10-2;— = 10%: E g
10 1 107 1072 10" 1
> (eV) m, (eV)
"consistency would be spectacular confirmation!" Mezetto
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Neutrino Mass Constraints

A R f A I V ’ . g
Cosmology measures > . m. g A 7 B :Mainz+Troitsk
b % Ovpp: KL-Zen, GERDA, Exo, Cuore...
Double beta decay measures ‘ZUE,- m,-| B % 3  : CMB+LSS
/ > B — 3
: 1% 0 i i — NO
Direct searches measure (ZIU,?,-I m?) i / : o
10-3 Ll s B s W B
my measurable both by laboratory 10° 1
experiments and cosmology tprroror @ rrwm—zm  Tp T (z
a critical test of consistency SO S S S S
< 10" 5 107 = g
v
£ 102 = 10%: E g
102 % 0l . _ 108 —— el Bl %
10 1 107 1072 10" 1
s (eV) m, (eV)
“Inconsistency would be major discovery” Mezetto
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Future of Cosmological Neutrino Bounds

Example Forecast:
EUCLID + Planck + Simon’s Observatory

mm) Uncertainty of optical depth to reionization

ACDM
+wg oo+ dark energy equation of state (e.o.s.)
4§ 2

Beyond ACDM | S 2 |
+wy, ~ + curvature of space
+Wp, Wy ' ;. ‘ W
+€ 2, wo, Wq + time-dep. dark energy e.o.s.
0 10 20 30 40 50

a(M,) [meV]

Mertens
A. Boylea, E. Komatsua, JCAP 2018
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Complementary Neutrino Mass Limits

Mainz & Troitsk limits (95%CL) nu-fit v3.1

— NO
: — 10
. o |
inverted mass ordering 100 - |
: |
r— |
o |
= KATRIN | .
> sensitivty (90%CL) ; B/EC decay experiments
o |
© |
o 1071 - :
< 1 Project 8 |
Em. |l sensitivty (90%CL) :
L - :
- gL E
normal mass ordering 150 "
102 - ) g8 =
: O T o
——
1071
>m; [eV/c?]
_
COsmOlOgy S. Boeser with input from www.nu-fit.org
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Complementary Neutrino Mass Limits

L

g 1:llllll T T =5 e 1o Fo : ——— T T T T - Ao
©  f_normal massordering_ ] F'inverted massordering 731 ¢
- ~ approx. current reach b .
3 1 PP ¢ 710 > | OvPP decay experiments
10°°F i = 7z
E = (€))
B o
l 5 =
1072 - 8
B 0
- = ; O
H LR = .
. 5 10 B/EC decay experiment
s 3 i limits correlate with the
| "'1'0_2 - "'1“(')_1 — 1 | "'1'8_2 "'1"0'_1 — 1 107 exposure scale required
" for a definite observation
M. Agostini, et al., Phys. Rev. D 96, 053001 mﬁ [eV] mﬂ [e ]

e of OvBP in IMO scenario.
B-decay/EC experiments
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Pauli, 1930

- Y R PP PY AU SN SRPLF I S 3

‘Absohrift/15.12.56 W

Neutrinos and Beta Spectrum

ia Jrunpe dar Hadicaktiven bol der
su Tabingen.

first evidence of neutrino from
continuous beta spectrum

her, Hochachla Aizrdich, i« Des. 1930
Uloriastrance

tadicaktive Damen und Herren,

Wia dar Usbarbringer dissar Zellan, den ich Inldvollst
ansuhbren bitte, Ihnan des nEharen sussinsndersetsen wird, btin ioh
Ch . k angesichts der "felaschen®™ Statlatik dor Ne und Li-6 Eerne, sowie

adWIC ! 1 91 4 des kontimilerlichel botu-Spektrums sauf olnen varswaifelten Auneweg

varfallen um depn "Wooheelsats®™ (1) der Statistik upd den Enargienats
s retien. Mhmlioh die MGglichkeit, es k&nmtsn elaktrisch nsutrale
Tellohen, H.e ioh Neutronen nesnan will, in den Kernen existieren,

welshe den Spin 1/2 haban und das Ausschlisssungaprinsip bo!'Olm und
‘whel von Idchtquanten musserdan noch dadirch wonterscheidem, da

N — N+ e some nuclei gat it Lichtguscnindigeait Laufw, Do Hasse dar Neutrons 3 hypotheSIS

i , von m-sulbm rosmenordmung wis dis Elektroneosmsse ag

s nioht grosser als 0,0] Protooamamsec~ Dam kontimi
emlt e/eCtronS' Spektrum wire dann vnrst.;ndlioh unter der Atmalme, dass beim
boha~Zarfal)l mit dem Elektron jeweils noch ein dNeutron ewittiert
wed, dwrard, dass dle Sumne der Enorglen voo Neutron und klektron
konstant 1lst.

N R 12 it 20 x10%
V'.(,elc c¢Tron volts)

FiG. 5. Energy distribution curve of the beta-rays. i

3 Energy
E. Fermi, Zeitschrift fur Physik 1934

Karsten Heeger, Yale University CERN, Octol



Neutrino Mass and Tritium Beta Decay Endpoint

Finite neutrino mass modifies the decay electron spectrum!
With for Thucand

ldealized situation: dN G%m o2 90
1. Super-allowed B--decay of isolated atom Wsm nuc
2. Single neutrino mass state

ZE pe E _|_me Z‘Um’ max_
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State-of-the-art Technology for T2: MAC-E filter

Magnetic Adiabatic Collimation with Electrostatic filter
A. Picard et al., Nucl. Instr. Meth. B 63 (1992)

1 1eUmuIvyy

B Magnetic Adiabatic Collimation & Electrostatic Filter: adiabatic conversion E, — E,

electron from

source
detector
cyclotron path US UO Integral measurement with
w— // u=E, /B =const. retarding electric field:
lectron ield line
5y /// ; o ,0nly count decay electrons

above threshold !
Karsten Heeger, Yale University CERN, October 9, 2019 12



Neutrino Mass from Tritium Experiments

Tritium spectrometers have been

workhorse of endpoint .
measurements for decades 1 .
—/0F } '
Complicated molecular
: —40
final states and _
iIncomplete de-excitation 5 —Bik
. — ]
has yielded non-real .
mass values R "
_ = DO
More recent improved
theory calculations — 1201 I
can correct select sk |
previous results | i TR TR TRY TERY
L. Bodine et al. PRC 91 1990 1995 2000 005 20
035505 (2015) -

Karsten Heeger, Yale University

CERN, October 9, 2019
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KATRIN Overview

Windowless Gaseous

Tritium Source cryostat

O
=
)
o)
O
y
O

differential

Main Spectrometer
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KATRIN tritium scanning — fitting of spectrum

S\

Karlsruhe Institute of Technology

m fit of integrated experimental | signal‘ ar'n'p'li'tude AS .
energy spectrum ~10"
to theoretical model with & | neutrino
4 free parameters Q mass square
S
— 'y 2
- leave parameters A, and E, 2 100! m7(ve) background rate Ry,
unconstrained § | —
‘shape-only” fit | f-
| 2 WU 1B
® merged data set 40 30 20 -10 0

- combine all 274 scans:
excellent stability of all
fitted R-decay endpoints E, (¢ = 0.25 eV)

= “stacking“ of events at mean HV set-point endpoint
(excellent reproducability: RMS = 34 mV) energy E,

Drexlin, TAUP 2019

Karsten Heeger, Yale University CERN, October 9, 2019 15



KATRIN Integral tritium [3-decay spectrum

AT

thlttt fThlgy

+ KATRIN data with 1 o errorbars X 50
- 1t result

m High-statistics R-spectrum X
- 2 million events in
In 90-eV-wide interval
(522 h of scanning)

- excellent goodness-of-fit
=21.4 for 23 d.o.f.
(p-value = 0.56)

Count rate (cps)

B bias-free analysis 18535 18555 18575 18595 18615

- blinding of FSD 2 S | 'Stai.l-état'. and slyst'.'f
- full analysis chain first on

MC data sets 5 .

- final step: unblinded FSD 18535 18555 18575 18595 18615
for experimental data

Residuals (o)
-

Retarding energy (eV)

B v-mass and E,: best fit results

Drexlin, TAUP 2019

m2(vy) = (1.0 (1):2 ) eV2 (90% CL)

Karsten Heeger, Yale University 16



Direct Neutrino Mass Searches

1000 ¢ i e
: T ] igfIti‘._";i'
- A :}?“ '
i \ B :ﬁ —:0.6‘ o=
- ~ o ol e
100 g | e
- Mainz (2005, final result) Troitsk (2011, re-analysis)
i m(ve) < 2.3 eV (95% CL) m(ve) < 2.05 eV (95% CL)
B C. Kraus et al., EPJ C40:447 V. N. Aseev et al., PRD 84:112003
s F
= g (£ 3 N
E - tritium (°H) - \}\A presént limits (2 eV)
- [3 spectrosco
@ L B sp HY IS I v ruled out as DM
= - N O N
[ A Best sens. m Vg b
o1 L upcoming (KATRIN: 200 meV) degeneracy scale _
- future approaches (40 meV) hierarchy scale
0.01 1 1 l 1 l 1 l } t t } :

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Schloesser

Courtesy J.F. Wilkerson/R.G.H. Robertson Year

Tritium experiments define the mass limit. Where will we be in 20307

Karsten Heeger, Yale University CERN, October 9, 2019 17



Challenges for Sensitivity Beyond KATRIN

L o Uit V3.1 Source intrinsic limitation:
. — NO Irreducible excitation of ro-vibrational initial
— 10 .
100 - i and final states of T2 molecule.
_ : |
@\ )
= KATRIN :
2 sensitivty (90%CL) |
= i .
o 1071 - i .
? Project 8 /:/
Em. sensitivty (90%CL) :
___________________ EosEsII
3
153 Technical challenges:
| € Co . : :
102 - | §§ 1. Statistical nature of e- scattering in gas column
. 2. e can be scattered into angular acceptance cone

: 10~ e 10° of the MAC-E filter
mj [eV/c?] 3. Rydberg atoms as background source

S. Boeser with input from www.nu-fit.org

Karsten Heeger, Yale University CERN, October 9, 2019 18



Project 8: Cyclotron Radiation Emission Spectroscopy of T2

1. Start with an
enclosed volume

2. Fill with tritium
gas

3. Add a magnetic
field

Karsten Heeger, Yale University

55 S S

' -
' “
. .
. .
. -
.
L)

-

B. Monreal and J. Formaggio, Phys. Rev. D80 051301 (2009)

CERN, October 9, 2019

4. Decay electrons
spiral around
fleld lines

5. Add antennas to

detect the
cyclotron
radiation

19



Project 8: Cyclotron Radiation Emission Spectroscopy of T2

Novel approach: J. Formaggio and B. Monreal, Phys. Rev. D 80:051301 (2009)
e Cyclotron radiation from single electrons

\®}
\O

Y e Source transparent to microwave radiation .
% e No e- transport from source to detector 8 e
. ) &
M e Highly precise frequency measurement 2 \
;';27 \\ -89 mKI' conversion electrons: |
f L fc,O . 1 eB ,§26 \
Sy 2T me + Fuin/c? ~
5 10 20 30 40 50
Electron kinetic energy / keV
AB pe
P (Bnym, 0) = 2 ¢ B2 (B2 + 2 Exinmc?) sin? 0
( kin, 77, ) — 47T€0 3 Ao kin + kin T C ) S1I
v,
P(17.8keV,90°,1T) = 1fW Small but readily detectable with
P (30.2keV,90°,1T) = 1.7fW state of the art detectors

Karsten Heeger, Yale University CERN, October 9, 2019 20



Project 8 in a waveguide with magnetic trap

Tritium compatible CRES cell

"

1T

Energy resolution vs. frequency resolution

AEkin L AVC _
Eiin Ve To cryogenic
~ 28 |for 18.6 keV electron amplitier +
heterodyne
Av, _ mixing stage +
AEkin ~ 0.2eV — y ~ 4 x 10 signal digitizer
C

v. ~ 27 GHz — Av. ~ 11 kHz

83mKr and T,

supply line
Frequency resolution vs. observation time
1
Ave X tobs 2> > tobs = 1418
/s

¥ 8 ¥ =F W Y

— Need for a magnetic (no work) trap!

&)
Y

Pearson Education Inc

Karsten Heeger, Yale University CERN, October 9, 2019 21



Project 8: Single Electron Detection

First Detection of Cyclotron Radiation from single keV electron

Frequency — 24 GHz (MHz)

(92 83mK

> ; :
290 o scattering off residual gas: R

D i . e

c energy loss & change of l

: pitch angle 2500 |

788 %

8 2000}
/86 O

C
784 £ o 2% PRELIMINARY

8 § Krypton line from
789 o M ~ 1000! tritium-ready system

*~-> 1 fW synchrotron energy loss
780 P o s P00 18.0 keV
278 ‘< ->onset o = initial 3mKr electron E; (30 keV) I
- 0 " _—J )
0 20 40 60 80 100
O 1 2 3 4 5 Start Frequency - 25875 (MHz)

Time (ms)

Karsten Heeger, Yale University CERN, October 9, 2019 22



Project 8 - A Staged Approach

© Phase —|: 2010-2016 — proof-of-principle
test measurements with 83mKr
CRES observed for first time

® Phase — Il: 2015-2019 - tritium 50—

CRES demonstrator -
first tritium data 2018

several days of runs £ 30

-

fitted R-decay endpoint: 8 20

E, = (18.526 £ 0.09) keV -

new 2019 campaign to .
begin soon (100 d) 16.5

Karsten Heeger, Yale University CERN, October 9, 2019

15cm

multiple trapping coils

- = | itted model

:) rel i m i r' a ry = Endpoint value

= Endpoint fit resulr = 18 526 — /- 0.09 ke

B 20138 |2 data

.

2] 18 573 keV

B ; l .

-

17.0 17.5 18.0 18.5 19.0

enerqy (keV)
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Project 8: A High Precision Measurement

17.8 keV 83mKr peak

—  Data
120 -
Preliminary scattering . - '
—— model with hydrogen: | | Preliminary model includes
> 100- Intrinsic line width and Gaussian
9 go- Instrument resolution
T
§ 60 * Line width: 2.8 £ 0.1 eV (FWHM)
e
a 40- .
O e Instrumental width: 2.0 £ 0.5 eV
20 - (FWHM)
17.55 17.65 1775 17.85 17.95

Energy (keV)

Karsten Heeger, Yale University CERN, October 9, 2019



Project 8 Phase ll: First Observation of Tritium Events

T, energy spectrum

ol | | | i |

- = Fitted model

FIrSt T2 EleCtrOn Event P re' I m l r‘ a ry ——  Endpoint value [2]= 18.573 keV

922 — e s — A0 — Endpoint fit result = 18.526 +/- 0.09 keV =
= =- | : 10 BN 2018 T2 data
921— ‘ 2 . _
= X = . =i 30 122 ! i
= 3 S 2
N 920— 8 =
0 = = ~
s o ®) ~
R - 2 ~ 20 = =1 -
N 919 = =
G = = = BT
& o1sf == £
é. 918; - = g 1() ~ L A -
8 - " g ~
g L = " =SSR |
“ 916 _ i 16.5 17.0 17.5 18.0 18.5 19.0
o - : =2 :
== S o e - > 3 I | I | | |
915— - = - = - PO o I -
=~ E ' 2 1k + -
=1 1 1 1 I | Gt Ga] V]| J =1 L4 | R LI Jo=l. 5 l--IJ b T | J =y} l—l | Y LJ | o ES R B0 I ‘ ‘
0 0B 1T T i D el R g~ e g 0- I I | I_Jl | 'I I I I-
Time (ms) o -1~ l -
9 I I | | I |
3 16.5 17.0 17.5 8.0 18.5 19.0

Energy [keV]
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Project 8 - The Future

©® Phase - lll. ... —alarge volume demonstrator
based on multi-antenna array in MRI
tritium spectrum for m(v,) ~ 2 eV

O Phase - |V: ... — towards an atomic tritium source
R&D for an atomic tritium source (loffe trap)
goal: inverted mass hierarchy for m(v,)

+
selector -
A L S /?/?l
cracking cooling - |
low-field
seekers

Karsten Heeger, Yale University CERN, October 9, 2019

1T Solenocid

TN RN S B S S SR . .

B=3T .

- MR GENER IR SN I GENER W m——

17T Solenoid

decay volume

27



Project 8: Phase Il

> |Inwards-looking antenna array watches electrons radiating
cyclotron power in free space

MRI Mag"e

Karsten Heeger, Yale University CERN, October 9, 2019
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Project 8: Phase Il

> Single electrons resolvable in simulation

18.6 keV e-

’Ei 0.05
> 0.04
0.03
0.02
0.01

0
-0.01
-0.02
-0.03
-0.04
—O.Qa_""""""""" e

05-0.04-0.03-0.02-0.01 0 0.010.02 0.03 0.04 0.05
X (M)

Illlllllllll'llll

Summed array power (W/Hz)

see also:

A. Ashtari Esfahani et al.
arXiv:1907.11124

Karsten Heeger, Yale University CERN, October 9, 2019 29



Atomic Tritium

> Sensitivity beyond inverted hierarchy requires atomic tritium

10 | I I | I
Atomic T
i

> < T, molecule
E rotation
E \f -~ _
= 6 . O
O
o
Q / Vv
P 4
E \ vibration
O
oY

2

0 [ l l

oo a = & ¥ 0 . H. Robertson

Relative Extrapolated Endpoint (eV)

Karsten Heeger, Yale University CERN, October 9, 2019
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Phase IV Concept

> Use magnetic moment of atomic species to guide and trap
— Unpaired electron of atomic T (or H, D) gives it magnetic moment

17T Solenoid

0.03 K Tritium Atoms —é «
3k

: J

( 2,

3

Viagucial = 10 m

B=1T

—

B3T

. o . A. Lindman
A: Atomic tritium production C

B: Transport and preparation
C: Trapping and measurement

Karsten Heeger, Yale University CERN, October 9, 2019



Towards the Future - Next Discoveries

Mainz & Troitsk limits (95% CL) nu-fit v3.1
— NO

! — 10
109 A :
] {
— i
o~ i
[
d | KATRIN |
% sensitivity (90% CL) :
@ et s D = -4
> |
© [
o 1071 l
o , I
| 1 Project 8 I
é:. |1 sensitivity (90% CL) |
o H
= I=
| 2 3 =
(@]
107 1 I g I
i : Do o
——— ] . : _ :
101 100
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10_2 lll AN
LE NN
\\
1074 TTSsal_______oe==T
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& 107°.
1084 e
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- TRISTAN /// Hiddemann 95 [ Troitsk 17
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Mheavy (KeV)

Karsten Heeger, Yale University

MH Sensitivity
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Planning for discovery experiments!

CERN, October 9, 2019
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IMp — decay [eV/c?]

Towards the Future - Next Discoveries

MH Sensitivity D |
i e O Gune sensitn y 7 years (staged I
PRANUECEES x| EE. Sma] S EE. =mm 3o\ o
10° i 2 i i . L 08¢
[ kaTRN : e % W\ © 0.6 :
| | \ -
o1 | “There are two possible outcomes: if the result |\ §025
" confirms the hypothesis then you’ve made a VY A
' _ " Y0 5 10 15 20
«1 | measurement. If the result is contrary to the " Energy (keV)
hypothesis then you've made a discovery”, OVBR
10_2'“3\T|] . .
"~ Enrico Fermi.
1074 -
- =2 |
o] T — | 8% |
(- 0| < Voo N

Mheavy (keV)

Planning for discovery experiments!

Karsten Heeger, Yale University CERN, October 9, 2019 33



Summary

We have demonstrated Cyclotron Radiation Emission Spectroscopy as a
novel techniqgue with a promising future in a next-generation neutrino
mass experiment

Phase | achieved few-eV resolution of 8mKr spectrum
» Approaching natural linewidth of 83mKr source

— Phase Il tritium data taking ongoing
» Challenges of continuous spectrum measurement being met

R&D underway towards scaling CRES technique, atomic tritium for next
generation endpoint measurement

Karsten Heeger, Yale University CERN, October 9, 2019
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Project 8 Collaboration

OrATERR Case Western Reserve University
- — Laura Gladstone, Benjamin Monreal, Yu-Hao Sun

Harvard-Smithsonian Center for Astrophysics
- Sheperd Doeleman, Jonathan Weintroub, André Young

Johannes Gutenberg-Universitat Mainz

— Sebastian Boser, Christine Claessens, Martin Fertl, Michael Godel,
Alec Lindman

Karisruher Institut fur Technologie
— Thomas Thummler

Lawrence Livermore National Laboratory
- Kareem Kazkaz, Lucie Tvrznikova

Massachusetts Institute of Technology
— Zachary Bogorad, Nicholas Buzinsky, Joseph Formaggio, Evan Zayas

Pacific Northwest National Laboratory
7 - Mathieu Guigue, Mark Jones, Benjamin LaRoque, Erin Morrison, Noah
sific Northwest Oblath, Malachi Schram, Jonathan Tedeschi, Brent VanDevender,
- Mathew Thomas, Maurio Grando

; g / ?

Pennsylvania State University

— Luiz de Viveiros, Timothy Wendler, Andrew Ziegler This work was supported by the US DOE Office of Nuclear
University of Washington Physics, the US NSF, the PRISMA+ Cluster of Excellence
W — Ali Ashtari Esfahani, Raphael Cervantes, Peter Doe, Eric Machado, at the University of Mainz, and internal investments at all
o L Elise Novitski, Walter Pettus, Hamish Robertson, Leslie Rosenberg, collaborating institutions
Gray Rybka

Yal e Yale University
— Karsten Heeger, James Nikkel, Luis Saldana, Penny Slocum, Pranava
Surukuchi, Arina Telles

P8 slides on behalf of collaboration

Karsten Heeger, Yale University CERN, October 9, 2019 35






