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Non-zero, but small neutrino masses

From oscillation experiments:
normal hierarchy inverted hierarchy
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From oscillation experiments:
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From tritium decay and cosmology:
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KATRIN exp. probes degenerate mass region!

Now disfavored by cosmology.
Direct limits m (v.) < 2eV/c?
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The B--spectrum of tritium decay
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Poxnmay, présentée par M, Joam Perein
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Versuch einer Theorie der g-Strahlen. I°).
Von E. Fermi in Rom.
Mit 8 Abbildungen. (Emngegangen am 16. Januar 1934.)
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The B--spectrum of tritium decay
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The current state of the art: MAC-E Filter

KATRIN: The largest MAC-E filter ever built pushes all boundaries to the extremes!
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New techniques and isotopes beyond KATRIN

MAC-E resolution scales Irreducible final state Electron transport:
with Bmin «<area distribution in 3HeT* source #detector
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New techniques and isotopes beyond KATRIN

MAC-E resolution scales Irreducible final state Electron transport:
with Bmin «<area distribution in 3HeT* source #detector
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New techniques and isotopes beyond KATRIN

MAC-E resolution scales Irreducible final state Electron transport:
with Bmin «<area distribution in 3HeT* source #detector

New techniques across field boundaries are needed!
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New isotopes: ¥’Re, 1%3Ho Tritium
163 : H . . ..
Ho microcalorimeter Project 8: Cyclotron radiation
K. Blaum, Tue 11:00 AM emission spectroscopy with
A. Rischka and R. Schussler, Tue 5:40 PM

(atomic) tritium
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Cyclotron radiation emission spectroscopy

B field
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Cyclotron radiation emission spectroscopy

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

e Source gas transparent to microwave radiation

e No e transport from source to detector (gas scattering)

B field
—
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Cyclotron radiation emission spectroscopy

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

e Source gas transparent to microwave radiation

e No e transport from source to detector (gas scattering)

e Highly precise frequency measurement
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Cyclotron radiation emission spectroscopy

Novel approach: J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)
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Cyclotron radiation emission spectroscopy

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

e Source gas transparent to microwave radiation

e No e transport from source to detector (gas scattering)

e Highly precise frequency measurement

B field
——
f:fc,0:1 eB _ leB 1_Ekin_|_ FExin 2+
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————
4 x 1078 for AEyin=100eV
Pe 1 2 €t .
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[
7
P(17.8keV,90°,1T) = 1fW Small but readily detectable

P (30.2keV,90°,1T) = 1.7fW  with state of the art detectors
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Frequency and energy resolution of CRES

Energy vs. frequency resolution:

Ekin

AFyi, ( mGCQ) Av,
= (1+ ==
Ekin Ve
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Frequency and energy resolution of CRES

Energy vs. frequency resolution:

=11 €
* Ekin

Ve

AFEyi, mec? \|Ave
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~ 28 for e  at T, endpoint 18.6 keV
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Frequency and energy resolution of CRES
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Frequency and energy resolution of CRES

Energy vs. frequency resolution:
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~ 28 for e  at T, endpoint 18.6 keV
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Ve
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Frequency resolution vs. observation time:
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Frequency and energy resolution of CRES

Jackson, Classical Electrodynamics

|
Energy vs. frequency resolution: \L\
AEwkin Tnec2 AVc At ]
Ekin _<1+ Ekin)_ H

~ 28 for e  at T, endpoint 18.6 keV
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Frequency resolution vs. observation time:
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Phase | setup and results
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Phase | setup and results

RF Swch Ben L 21 Atagter
- I.
~.....<x> - [-- .]_*A‘L > Vicuum FesdPeough
= i “B Long RF Cable
} Cryogene Recever

Low ¥ sequency Stage Hgh F reguency

ﬂﬁdﬁi[mmm;@&ﬂw j

’{ MX}N ’\,M¢4><}—<>(}—/

/ 5 b= o

e Cryogenic waveguide cell and amplifiers
e RT heterodyne double mixing stage

M. Fertl PSI 10/18/2016

UNIVERSITY of WASHINGTON 9



(zH/Mme) Alisuep |enoads Jamod

~ @O ) <

UNIVERSITY of WASHINGTON 9

PSI 10/18/2016

W
e
-
n
Q
) -
-
C
g
Q.
-
e’
¢}
n
¢}
n
g
-
al

L) 0 o
s @ @
~ ~~ ~

(zHIN) ZHD - Aduanbau4
93e)s 3uixiw auApoualay jo indinQ




Phase | setup and results

sudden onset of power
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Phase | setup and results
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Phase | setup and results

energy changing gas collisions
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Phase | setup and results
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Phase | setup and results

Region of interest near the 30.4 keV lines
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Phase | setup and results
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The Project 8 Phase Il waveguide cell
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The Project 8 Phase Il waveguide cell

0.396" WG

e Circular waveguide - Larger active volume e [T
e Circulator and cryo termination - 3dB more signal, better control
of the microwave background

e Tritium compatible waveguide cell - CaF, windows - | 0.170"
WR42

0.420” (10.7 mm)
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The Project 8 Phase Il waveguide cell

0.396" WG

e Circular waveguide - Larger active volume e [T
e Circulator and cryo termination - 3dB more signal, better control

of the microwave background
e Study optimal shape of magnetic trap - 5 instead of 3 traps

e Tritium compatible waveguide cell - CaF, windows - | 0.170"
WR42

0.420” (10.7 mm)
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The Project 8 Phase Il waveguide cell

0.396" WG

e Circular waveguide - Larger active volume e [T
e Circulator and cryo termination - 3dB more signal, better control
: 0.420” (10.7 mm)
of the microwave background
e Study optimal shape of magnetic trap - 5 instead of 3 traps
e 5 off-axis ESR magnetometers - B field stability measurements

e Tritium compatible waveguide cell - CaF, windows - | 0.170"
WR42
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ESR magnetometer

New diagnostics tool for Project 8
Rel. B precision 0.3 ppm measured
Rel. B stability 40 ppb/hr measured
B field drift has negligible influence
on Phase Il energy resolution

5 sample ESR magnetometer with BDPA (thanks to P. Hautle)

L |

preliminary

2 T T

white noise

Ampituce (ad)

3
TYI

bl

Allan Standard Deviason (nT)

—d

1 | : i " il A4 4 4 4 as3 " i s s ssal

26870 26880 26 26900 26§10 26920
requency (MHz)

10
Time < (hr)
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83MKr conversion electrons in Phase Il

17.6 keV electrons, realtime x20
o g

lower energy =

,Ml il J\" \N'{‘\“ TS MH‘W%)}\ ‘WJQ ')N» ’ H ‘&'VJWJW‘

" i W‘W‘W‘* k"‘\W W j‘*" v il “*”

85 MHz
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83MKr conversion electrons in Phase Il

17.6 keV electrons, realtime x20
o g

lower energy =

,Ml il J\" \N'{‘\“ TS MH‘W%)}\ ‘WJQ ')N» ’ H ‘&'VJWJW‘

" i W‘W‘W‘* k"‘\W W j‘*" v il “*”

85 MHz
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Project 8 Phase IlI+1V: Free space radiation

Phase 11l (2016-2020)

* 10 cm3 eff. T2 source volume (1 yr)
+ Sensitivity goal: 2 eV (90% CL)
 Study of phased antenna array

« Commissioning MRI magnet

16 elements

16cm

Y
T > 1= (x y) = (0 om, 4 cm)

S — —
M. Fertl PSI 10/18/2016 UNIVERSITY of WASHINGTON 13




Project 8 Phase IlI+1V: Free space radiation

Phase 11l (2016-2020) Phase IV (2017-2022+)
* 10 cm3 eff. T2 source volume (1 yr) - Large-scale experiment
- Sensitivity goal: 2 eV (90% CL) * Atomic tritium source
- Study of phased antenna array * IH, sub-eV sensitivity
« Commissioning MRI magnet * Trapped atomic tritium
100 ﬁuw—uw-—wm-—um—wm—uuwu*—i ‘ "
~; 3\ " S §
E '3 \\\ T 310" em” -
’2 : /.Z, N ) - g
16 elements § °’3 T, 3x10 "em ‘~-~ B 3
g o ? Ty 3x1;)/‘2 cm'; T °’2
§ o } Atomic T, l-_x-l’oucm" H
) - - - ’O‘E"&;:\;e vol?me. m." ; “ <
[ > x I=(xy)=(0cm, 4cm) S — —
S — T
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®He: High energy CRES for chirality flipping
Interactions

Goal: Measure Fierz interference term “b” in ®He decay to better than 103!

Pe Do m) o 120’ —|Cx + |Gy )~ R(2Ca (Cr +Ch))

dw:dwo (1‘|‘CL_ : _+bFierZ_ ~
E. E, E. 32(Cal” + | + |C 2|Cal* + |Cr|* + |Ch

“Fierz” measurements: X. Huyan, J. Wexler, E. Scott
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dNdE

®He: High energy CRES for chirality flipping
Interactions

Goal: Measure Fierz interference term “b” in ®He decay to better than 103!

Pe Dy m) o 120’ —|Cx + |Gy )~ R(2Ca (Cr +Ch))

dw:dwo (1‘|‘CL_ : _+bFierZ_ ~
E. E, E. 32(Cal” + | + |C 2|Cal* + |Cr|* + |Ch

Fixed frequency range 18-24 GHZ — Scan B field to scan e” energy

10"

10 8=1T7

B=21
—B8=41
B=61

0 1 2 3 4 5 6

“Fierz” measurements: X. Huyan, J. Wexler, E. Scott

M. Fertl PSI"T0718/2016 UNIVERSITY of WASHINGTON 14




dNdE

®He: High energy CRES for chirality flipping
Interactions

Goal: Measure Fierz interference term “b” in ®He decay to better than 103!

Pe Do Me
dw =d 1 +a— = + bFiers 0
w wo( +aEe E,,+ F Ee)

__12|Cal" — |Cr|” +|C5[ b~ ﬂce(22CA(C7T;rC7’T)) :
32[Cal” +|Cr|” + |03 2|Cal” +[Cr[" + [Cr

Fixed frequency range 18-24 GHZ — Scan B field to scan e” energy
o and to study systematic effects:
10 81T e.g. event acceptance vs energy

mallest orbit

Largest orbit at 2 tesla

~

0 1 2 3 4 5 6

WKim

“Fierz” measurements: X. Huyan, J. Wexler, E. Scott
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dNdE

®He: High energy CRES for chirality flipping
Interactions

Goal: Measure Fierz interference term “b” in ®He decay to better than 103!

dw =d 1 R bierz_
w w0(+aEe EV+F B,

Pe Dy m) o 120’ —|Cx + |Gy )~ R(2Ca (Cr +Ch))
32(Cal* +|Cxl* +|C I 2|Cal” + Crl* + O

Fixed frequer Expand CRES to high energy range.

10° Detailed MC studies are ongoing for ®He.
MC shows statistics for o(b)<103in 1 day @ CENPA.
Complete new class of systematic effects!

10

“Fierz” measurements: X. Huyan, J. Wexler, E. Scott

M. Fertl TTTTPSIMT0718/2016 UNIVERSITY of WASHINGTON
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dNdE

®He: High energy CRES for chirality flipping
Interactions

Goal: Measure Fierz interference term “b” in ®He decay to better than 103!

e D m 2 _ 1o + L R (2Cx (Cp + C!
dw — duwg (1+a&-p—”+bﬂm_e) o 12O (G IR RO (CrtCh)
Ee Ly Ee 32|Cal” + O] + |4 2O + |Crf? + |1

Fixed frequer Expand CRES to high energy range.

<10° Detailed MC studies are ongoing for ®He.
* MC shows statistics for o(b)<103in 1 day @ CENPA. -
¢ Complete new class of systematic effects!
4 Sl Pacific Northwest
°o' 1 2 3 4 5 6 7 o\ Argonne
“Fierz” measurements: X. Huyan, J. Wexler, E. Scott ==
M. Fertl PSI"T0718/2016 UNIVERSITY of WASHINGTON
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The Project 8 collaboration

E.C. Finn, M. Guigue, A. M.Jones, N. S. Oblath, J. R. Tedeschi, B. A. VanDevender

Pacific Northwest National Laboratory, Richland, WA

A. Asthari, R. Cervantes, P.J. Doe, M. Fertl, E. Machado, W. Pettus, R. G. H. Robertson, L. J.
Rosenberg, G. Rybka, M. Wachtendonk,

University of Washington, Seattle, WA

J.A. Formaggio, E. M. Zyas
Massachusetts Institute of Technology, Cambridge, MA

L. de Viveiros, B. H. Laroque, B. Monreal
University of California, Santa Barbara, CA

K. M. Heeger, J.A. Nikkel, L. Saldafia, P. Slocum ~ The Project 8 collaboration is supported by:
Yale University , New Haven , CT e US. Department of Energy, Office of Science, Office of

. Nucl Physi
Th. Thimmler N“c_e""l s)'SICS o
Karlsruher Institut fuer Technologie, Karlsruhe, Germany §'IRaUONAT SCINCe FouRGation

S. Boser, Ch. Claessens,
Universitat Mainz, Mainz, Germany

S. Doeleman, J. Weintroub, A. Young
Harvard-Smithsonian Center for Astrophysics,

e Institutional Computing at Pacific Northwest National
Laboratory

e University of Washington Royalty Research Foundation
e Massachusetts Institute of Technology Wade Fellowship

e Laboratory Directed Research and Development Program
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The collaborations

CRES on °He
collaboration forming

Gy B XIT B |l| = HIRMAQ%',?:?
.z IS B Yale ‘ Postdocs Y

MR T ™PSI"0/18/2016  UNIVERSITY of WASHINGTON 16



Summary and Outlook

Project 8
e Phase I: 1%t observation of cyclotron radiation from a single electron
e Phase |: Successfully measured 83™Kr spectrum using CRES
e Phase Il: Taking commissioning data with 33™Kr to prepare for
molecular tritium gas
e Phase Il and IV: planning and design ongoing in parallel

CRES on ®He: Fierz interference term “b” beyond 103 seems promising

Thank you!

M. Fertl PSI 10/18/2016 UNIVERSITY of WASHINGTON 17



CENPA is hiring post docs

https://www.npl.washington.edu/cenpa-jobs

Post Doc positions open for
®He CRES spectroscopy
OvBp decay with Majorana
RF axion search with ADMX

The University of Washington Center for Experimental Nuclear Physics and Astrophysics
(CENPA) has immediate openings for postdoctoral appointments for work on one or
more of the following experiments: the Axion Dark-Matter eXperiment (ADMX), which is
a RF-cavity search for axion dark matter in our galactic halo; a éHe beta decay
experiment that is searching for non-standard-model currents in weak decays; and the
Majorana Demonstrator, which is testing the Majorana nature of the neutrino.

M. Fertl PSI 10/18/2016 UNIVERSITY of WASHINGTON 18



Back up slides
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The PMNS matrix elements

Oscillation experiments depend on PNMS matrix and mass differences:

“solar” mixing angle “atmospheric” mixing angle

1 0 0 cosfy 0 sinfze¥cr cosf, sinf, 0 1 0 0
0 cosfyz sinfsg 0 1 0 —sinfy, cosfl, 0 0 % 0
0 —sinfes cosfyg — sinf3e%cr 0 cos #13 0 0 1 0 0 et

M. Fertl Lexington 09/30/2016 UNIVERSITY of WASHINGTON  2Q



The PMNS matrix elements

Oscillation experiments depend on PNMS matrix and mass differences:

“solar” mixing angle “atmospheric” mixing angle

1 0 0 cos b3 0 sinfze¥cr cosf sinf, O\|/1 O 0

0 cosfyy sinflg 0 1 0 —sinfy cosfis 0 0 % 0

0 —sinf; cosfas —sinfy3e*%cr cos B3 0 0 1 0 0 et i

. . \ » »
LARGE mixing angles M oy, -y, -, }
b= | S|
923 ~ 450, 913 ~ 90, 012 ~ 34° e

k J - [ I~
0 F A, Nuosion, Ack HEP, 2016, 141 0
M. Fertl Lexington 09/30/2016 UNIVERSITY of WASHINGTON
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The PMNS matrix elements

Oscillation experiments depend on PNMS matrix and mass differences:

“solar” mixing angle “atmospheric” mixing angle

1 0 0 C05013 0 sin 0138—“(“" 005012 sin 012 0 1 0 0

0 cosfyy sinflg 0 1 0 —sinfy;, cosfl, 0 0 % 0

0 —sinfes cosfyg — sinf3€%cr cos 013 0 0 1 0 0 et
[ ~ normal hierarchy  inverted hierarchy
LARGE mixing angles M oy, -y, -, m’

b= | B
923 ~ 450, 913 ~ 90, 012 ~ 34° e

-

k ) - [

0 0

From: A. Nuccioti, Advances in HEP, 2016, 1-41
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The PMNS matrix elements

Oscillation experiments depend on PNMS matrix and mass differences:

“solar” mixing angle

“atmospheric” mixing angle

M. Fertl

0

1 0 0 cos b3 0 sinfze¥cr cosfy, sinf, 0\]/1 O 0
0 cosfyy sinflg 0 1 0 —sinfy cosfis 0 0 e 0
0 —sinf; cosfas —sinfy3e*%cr cos B3 0 0 1 0 0 et 3
[ ~ normal hierarchy  inverted hierarchy
LARGE mixing angles m ey, mmy, - m’
A € M r N
TINY mass differences e —— I_.:_ +m}
AR o ao YT ' Solar ~7 x 10°eV[
923 ~ 45 ,913 ~ 9 ,912 ~ 34 Atmospheric  —————— il
2 2 2 -5 ~2 % 10 3eV?
Amyy =my; —mi~8x1077eV 210 el Atmospheric
|Am§2\ = m% — m% ~2.5x 1073eV m; 4 . - - ~2x 10 "eV*
X |‘nlar ~7 x 10 eV >
J my - L —— - 111

0

Lexington 09/3

From: A. Nuccioti, Advances in HEP, 2016, 1-41

0/2016 UNIVERSITY of WASHINGTON
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The PMNS matrix elements

Oscillation have no sensitivity

Oscillation experiments depend on PNMS matrix and m: to Majorana phases
“solar” mixing angle “atmospheric” mixing angle x
1 0 0 C05013 0 sin 0138—“(“" 005012 sin 012 0 1 0 0
0 cosfyy sinflg 0 1 0 —sinfy;, cosfl, 0 0 % 0
0 —sinf; cosfas —sinfy3e*%cr cos B3 0 0 1 0 0 et i
~ normal hierarchy  inverted hierarchy
LARGE mixing angles M oy, -y, -, m’
TINY mass differences mE - —— —— 1]

ISolnr ~7 x 10" eV

923 ~ 45 ,913 ~ 9 ,912 ~ 34 Atmospheric  —————— il
2 2 2 -5 ~2x 10 eV?
Ale =mjy —mi ~8x1077eV Atmospheric
J— 2 o 3 » ’.:
!Am%Q‘ — m% — m% ~2.5x 1073eV m; -1 2Xx10"eV

) s |Snlar ~7 x 10 7eV?
mj == .

>
I —n—"l}

0 0

From: A. Nuccioti, Advances in HEP, 2016, 1-41
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The PMNS matrix elements

Oscillation have no sensitivity

Oscillation experiments depend on PNMS matrix and m:

“solar” mixing angle

“atmospheric” mixing angle x

to Majorana phases

1 0
0 COS 023
0 -—sin 023

0 cosfy3
sin 023 0
cos f23 — sin f3e'cr

0 sinfze¥cr

1 0
0 cos b3

COS 012 sin 012
—sinfy, cosf,
0 0

o\l/1 o
olllo & #
1/1\0 o0

t' !lgl

[LARGE mixing angles

TINY mass differences

923 ~ 45°
2 9
Ams, = m;5

!Am%Q‘ = m%

,013 = 9°,015 =~ 34°
—m2~8x107%eV

—m3 ~25x107%eV

~

A

b
m; -

2
')') —

) le -

No sensitivity to absolute mass scale

M. Fertl

Lexington 09/30/2016

/

0

normal hierarchy

m-

)
' -y, -y,

Atmospheric
,
~2x 10 %eV?

ISnlar ~7 % 10 eV?

—VI?

-,

inverted hierarchy

m”

A

...

J:Solar ~7 % 10"°eV]

N

Atmospheric
~2x 10 %eV*

N

2
b 111

2
l—"ll

Y
b 1113

0

From: A. Nuccioti, Advances in HEP, 2016, 1-41

UNIVERSITY of WASHINGTON
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The Standard Model of Particle Physics in one
picture

Are these the only
interactions in nature
(besides gravity)?

What are the
neutrino masses?

How do neutrinos
obtain mass? Leptons

M. Fertl PSI 10/18/2016 UNIVERSITY of WASHINGTON 21



The Standard Model of Particle Physics in one
picture

Are these the only
interactions in nature
(besides gravity)?

What are the
neutrino masses?

How do neutrinos
obtain mass? Leptons
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Beta decay electron spectrum

With neutrino mixing and nuclear recoil for Thyc:
AN _ Ggmy cos® Oc
dE, 2m3h7

|Mnuc|2 F (Z7 Ee)peEe Z |Uei’2 (Emax - Ee)

X \/(Emax - Ee)2 - m2' : @ (Emax — Ee - mui)

V1

For unresolved neutrino mass splitting:

m (ve) = \/Z U, o2 m?

Spectrum of certain nuclei can be used
to search for chirality flipping interactions

M. Fert| PSI 10/18/2016 UNIVERSITY of WASHINGTON 22



Beta decay electron spectrum

For T: mB—O 0 eV mp=0.2

With neutrino mixing and nuclear recoil for Toue: =" 77 ]
dN  GEm} cos? O 9 9 - :_
= = Mnuc F Z7 Ee) peEe Uei Emax — Ee [ < s [
JE. 537 Muue|” F(Z, Ee) p zijl " ( ) . 10t

X \/(Emax - Ee)2 - mzi -0 (Emax — Ee - mui) ::

/: . 0 | _. i 1_J

For unresolved neutrino mass splitting: Csx10f 0205 024

2 9 . ]

m(ve) = Uei|” m; N st T Rt N FUTPPTPTIN e SR

( e) \/Z| e,Z| ¢ )(u 03 0.2 0.1 0

f"; E, (V)

Nucciotti, Advances in High Energy Physics, Vol. 2016, 9153024

Spectrum of certain nuclei can be used
to search for chirality flipping interactions
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Beta decay electron spectrum

With neutrino mixing and nuclear recoil for Thyc:

dN  GEmS cos® O¢
dE. 2m3h7

|Mnuc|2 F (Z7 Ee)peEe Z |Uei’2 (Emax - Ee)

X \/(Emax - Ee)2 - m2' : @ (Emax — Ee - mui)

V1

For unresolved neutrino mass splitting:

m(ve) = \/Z U, . m? (o
1 EO

N(Eg) (au,)
f

For T: mB—O 0 eV mp=0.2

2 l() vvvvvvvvvvvvvvvv T TTTTTTTTTTY ﬂfrﬂfrﬁ
: -
- 4
8 4
- 4
o . |
o & ' : |
: 5x 10° |- i
1] I
1x 10" : )
o y -
s 8 1
- e |
L 4
. L 4
\ a |
: 0 T A 1 1 i i i 1 1
" 0.205 -0.2 3
10° = e Fan
- : |
) +
H 1
b 4
o <
= -
= -
L N 4
04 03 0.2 0.1 0
Eg - E, (eV) <

Nucciotti, Advances in High Energy Physics, Vol. 2016, 9153024

Spectrum of certain nuclei can be used
to search for chirality flipping interactions

M. Fertl PSI 10/18/2016
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Beta decay electron spectrum

For T: mg=0.0 eV mp=0.2

w
2x 10 TP T T TY T TT YT TTTYy

With neutrino mixing and nuclear recoil for Thyc:

dN  GEm} cos? O 5 2 : ;
- = Mnuc F Z) Ee eEe ei Emax - Ee [ c V& L )
dEe 27T3h7 | | ( )p z@: |U ’ ( ) l l():"__ yx 10 : i
X \/(Emax - Ee)2 - mzi . @ (Emax - Ee - mui) :: 5.
> : 0 — 14
For unresolved neutrino mass splitting: sx 10°F 0205 24
2 9 : i
m (Ve) = Uei|” m3 3 N RN TP TR -SSR
(Ve) Z| ei| - ™M; BR ~ 5_E L az L i ]
1
Ey Eg - Eq (eV)
Nucciotti, Advances in High Energy Physics, Vol. 2016, 9153024
Tritium
Q (Ta) = 18.59201(7) keV Spectrum of certain nuclei can be used

Super allowed transition to search for chirality flipping interactions

T1/2= 12.32 \
BR (leV) =2 x 1013

Myers et al, PRL 114, 013033, 2015
M. Fertl PSI 10/18/2016 UNIVERSITY of WASHINGTON 22



Anti-electron neutrino mass limits from
tritium beta decay experiments

T, B~ decay kinematics
Super allowed transition
T12=12.32y
BR (1leV)=2x 1013

'

0.1
Inverted hierachy

Beta decay mass / eV

Normal hierachy

0001 0.01 0.1
Mass of lightest state (m; or m3) / eV

M. Fertl

PSI 10/18/2016
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Anti-electron neutrino mass limits from
tritium beta decay experiments

T, B~ decay kinematics
Super allowed transition
T12=12.32y
BR (1leV)=2x 1013

. . .
>
S
-mu -1
. . .

0.1

Inverted hicrachy

Beta decay mass / eV

Normal hierachy

0001

Mas MH also from v oscillations:
G. Brunetti, Tue 4:20 pm
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Anti-electron neutrino mass limits from
tritium beta decay experiments

T, B~ decay kinematics
Super allowed transition
T12=12.32y
BR (1leV)=2x 1013

0.1
Inverted hicrachy

Beta decay mass / eV

Normal hierachy

0.001
0.001

Mas: MH also from v oscillations:
G. Brunetti, Tue 4:20 pm

M. Fertl

Tritium Source Transport Section Pre- and Main Spectrometer Detector

Tritium decays, releasing an electron
and an anti-electron-neutrino.
‘While the neutrino escapes
undetected, the electron starts its
journey to the detector.

1 &

source: www.katrin kit.edu

Electrons are guided The electron energy is analyzed At the end of their

towards the spectrometer by applying an electrostatic journey, the electrons are
by magnetic fields. retarding potential. counted at the detector.
Tritium has to be pumped Electrons are only transmitted Their rate varies with the
out to provide tritium free i their kinetic energy is spectrometer potential
spectrometers. sufficiently high. and henc an

4 R

e Window less gaseous T, source (10! Bq)
o MAC-E filter technique scales like area

e Column density limited, T, final states

¢ Sensitivity: < 200 meV (90% CL)

First light in October 2016!

PSI 10/18/2016

UNIVERSITY of WASHINGTON 23



Highest precision measurements ...

... often follow A. Schawlow’s advice:

“Never measure anything but frequency”

M. Fertl PSI 10/18/2016 UNIVERSITY of WASHINGTON 24



Highest precision measurements ...

... often follow A. Schawlow’s advice:

“Never measure anything but frequency”

Hydrogen 1S-2S Electron g-factor
0=4.210" 0=2.8101%
Hansch et al., 2011 Gabrielse et al., 2008

M. Fertl PSI 10/18/2016

Electron mass in u
c=2.9101

Sturm et al., 2014
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Highest precision measurements ...

... often follow A. Schawlow’s advice:

“Never measure anything but frequency”

Hydrogen 1S-2S Electron g-factor Electron massinu
0=4.210" 0=2.8101% 0=2.910""
Hansch et al., 2011 Gabrielse et al., 2008 Sturm et al., 2014

New frequency based measurements also for:

Anti-electron neutrino mass New chirality flipping interactions?

M. Fertl PSI 10/18/2016 UNIVERSITY of WASHINGTON 24



The cyclotron frequency in a nutshell

Feb. 20, 1934. E. O. LAWRENCE
METHOD AND APPARATUS FOR THE ACCELERATION OF IONS
2 Sheets-Sheet 1

High
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Filed Jan. 26, 1932
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The cyclotron frequency in a nutshell

Feb. 20, 1934. E. O. LAWRENCE 1,948,384 CYCIOtrO nm Oth n:

METHOD AND APPARATUS FOR THE ACCELERATION OF IONS

Filed Jan. 26, 1932 2 Sheets-Sheet 1
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The cyclotron frequency in a nutshell

Feb. 20, 1934. E. O. LAWRENCE 1,948,384
METHOD AND APPARATUS FOR THE ACCELERATION OF IONS
Filed Jan. 26, 1932 2 Sheets-Sheet 1
L7291 27
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M. Fertl

Cyclotron motion:

e Only charged particles
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The cyclotron frequency in a nutshell

Feb. 20, 1934. E. O. LAWRENCE 1,948,384 Cyc I Ot ro n m Ot i O n .
METHOD AND APPARATUS FOR THE ACCELERATION OF IONS
Filed Jan. 26, 1932 2 Sheets-Sheet 1
F759.1. F7Tu

e Only charged particles

r

High N\ (ol FIell 1 hﬂ? . . . . . .
& . O * |n non relativistic limit a ratio of
. \\ . .
v\ L precisely measured constants
Tt 1 RN —_F f 1 eB
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HEH 27-‘- me
S3Y
F
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The cyclotron frequency in a nutshell

B o i s o ez’ Cyclotron motion:
F7Hg.1. FTx .
e e Only charged particles
) N\Mogretc il fata e e L. . . .
g AR e |n non relativistic limit a ratio of
N\t L3 .
v\ L precisely measured constants
LA A 1 At / 1 eB
Iy nd ) C,O PR S —
HEH 27-‘- me
S 81 e Energy dependent (Lorentz factor)
=
fc,O 1 eB
fc — —

v 27 Me + By /c?
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The cyclotron frequency in a nutshell
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The cyclotron frequency in a nutshell

Feb. 20, 1934. E. O. LAWRENCE 1,948,384 Cycl Otro n m Otio n .
.
METHOD AND APPARATUS FOR THE ACCELERATION OF IONS
Filed Jan. 26, 1932 2 Sheets-Sheet 1

791

e Only charged particles
¢ |In non relativistic limit a ratio of
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The cyclotron frequency in a nutshell

Feb. 20, 1934. E. O. LAWRENCE 1,948,384 Cyclotron mot|0n.
L At e Only charged particles
4 In non relativistic limit a ratio of
A precisely measured constants
I c O -
:— ' 27-‘- me
S5y e Energy dependent (Lorentz factor)
T T T f fC,O ]. €B
§2s | T magnetic ficld ¢ 27T Me + Erin / c2
5'27 Kr cor I 1 / \
3 .
526 Limits the cyclotron Measurement of
o as accelerator kinetic energy!
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Axial motion: side band generation

Harmonic magnetic bottle introduces a degeneracy between kinetic energy and pitct
angle!

£ = eB 1+cot29
© m+ Eyn/c? 2
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Axial motion: side band generation

Harmonic magnetic bottle introduces a degeneracy between kinetic energy and pitct
angle!

;- eB 1+(:01:29
C_m—l—Ekin/62 2

Axial electron motion — Modulation of cyclotron frequency — Side band generation
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Axial motion: side band generation
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Axial motion: side band generation
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The microwave detector

e Cryogenic preamplifiers (50K physical temp.)
e Double stage frequency mixing (24.2 GHz, 0.6 GHz to 1.2 GHz)

»RF Switch Box s Bulkhead Adapter

== Vacuum Feedthrough

-~ Long RF Cable

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- Cryogenic Receiver---------é
;ﬁ333333333333333'?3?3.'?535 ''''''''''''''''''''''''''''''''''''''''''''''''''''''''' LowFrequency Stage s oo High-Frequency Stage -
1 T

600-2060 MHz
Oscillator

M. Fertl PSI 10/18/2016 UNIVERSITY of WASHINGTON 27



A cyclotron radiation emission spectrum
of 3™Kr conversion electrons

Frequency (GHz)
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Asner et al., Physical Review Letters, 114, 162501 (2015)

M. Fertl PSI 10/18/2016 UNIVERSITY of WASHINGTON 28



A cyclotron radiation emission spectrum
of 3™Kr conversion electrons

Energy Histogram (bin width = 0.3 eV) (9359 acqs)
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CRES spectrum of 83™Kr conversion electrons

world
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Asner et al., Physical Review Letters, 114, 162501 (2015)
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CRES spectrum of 83™Kr conversion electrons

Region of interest near the 30.4 keV lines

(bins are 0.5 eV wide) worid
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SC]CI]C Viewpoint

Cvyelotron Radiation from One Electron
- e an Vopmn Cawves ’

Patriek Huber
Center for Newtrino Phyvics, Virginds Polytochnic Institste and State Unéversity, Blecksburg, VA 2J06],
east U/SA

Publeshed April 20, 2015
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Electrostatic spectrometer with magnetic
adiabatic conversion (MAC-E) technique

70 m long, 10 m diameter vacuum tank

—— * \NINdOW |esS gaseous tritium
source (10'°Bq)

Tritium Source Transport Section Pre- and Main Spectrometer Detector
‘ . . e g . * Molecular T,
L P ’ :'"-. o O e e . ° e Anticipated mass sensitivity:
MT ' L wen /T — <200 meV (90% CL)
e W @ P — W e Resolution scales like the

"-. == e area of the analyzing plane

_______

N

source: www.katrin kit.edu

Tritium decays, releasing an electron Electrons are guided The clectron energy is analyzed At the end of their

and an anti-electron-neutrino. towards the spectrometer by applying an electrostatic journey, the electrons are
While the neutrino escapes by magnetic fields. retarding potential. counted at the detector.
undetected, the electron starts its Tritium has to be pumped Electrons are only transmitted Their rate varies with the
journey to the detector. out to provide tritium free if their kinetic energy is spectrometer potential
spectromaters. sufficiently high. and hence an
integrated

First light in October 2016, tritium operation starting in early 2017!
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Electrostatic spectrometer with magnetic
adiabatic conversion (MAC-E) technique

70 m long, 10 m diameter vacuum tank
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| speccrometes sufcndy hh. pediencs e to scale beyond MAC-E sensitivity

First light in October 2016, tritium operation starting in early 2017!
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KATRIN: MAC-E-TOF

Nicholas Steinbrink'?, Volker Hannen', Eric L Martin?,

Neutrino mass sensitivity by MAC-E-Filter based \
. . . R G Hamish Robertson’, Michael Zacher'
time-of-flight spectroscopy with the example of and Christian Weinheimer'
New Journal of Physics 15 (2013) 113020 (29pp)

KATRIN
Received 6 August 2013

e £ =0,0 OV ¥
'/\ —mw P e0,20V7

N\ e—mezaipev? g
[\ But requires individual
- electron tagging!

\ as a function of the measurement interval below the endpoint £, (difference between lowest
retarding potential and the endpoint £, using E, = 18,575 keV). Compared with the reference
value of KATRIN, oy (m] ) = 0.018eV?/c* (see figure 13 curve (b) for measurement interval

]
of 30¢V), a statistical improvement of up 1o a factor 5 is possible in the optimal case (figure 13
) (1)), equivalent to a factor of more than 2 in statistical sensitivity of m. It can be shown
(compare the difference in figure 13 between curves (b) and (c) w.rl. point (2)) that this
y improvement factor is essentially not caused by neglecting the background but by intrinsic
advantages of the method itself. A total improvement factor needs to take the systematics

count rate [arb. units]

Figure 6. Effects on the TOF spectrum for different neutrino masses at a high
retarding potential (18 570eV) with endpoint E, = 18574.0eV. The scaling of

the y-axis is arbitrary.
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The sensitivity reach of KATRIN

o(m.?)
T R RS o(m 2),,.~ 0.018 eV?

Statistical
Final-state spectrum
T~ionsin T, gas

o(mj2),,= 0.017 eV?

Unfolding energy loss
Column density
Background slope

HV variation

Source (plasma) potential
Source B-field variation
Elastic scattering in T, gas

Kathrin Valerius, HEPHY Colloquium, Vienna, Jan 2016
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The sensitivity reach of KATRIN

o(m?)

Statistical

Final-state spectrum

I~ionsin T, gas

Unfolding energy loss
Column density
Background slope

HV variation

Source (plasma) p(_‘ttﬁ'ﬂ”’l
Source B-field variation
Elastic scattering in T2 gas

O—»O

Any T, experiment suffers from irreducible
excitation of ro-vibrational initial and final states

Kathrin Valerius, HEPHY Colloquium, Vienna, Jan 2016

M. Fertl

Lexington 09/30/2016

Relative probability

o(m 2),...~ 0.018 eV?

c:(m\z)syst= 0.017 eV?

1 A | 1 1

N

1 0 1

Binding energy (eV)

~N
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The sensitivity reach of KATRIN

o(m?)

Statistical
Final-state spectrum
T~ionsin T, gas

-

Unfolding energy loss
Column density

—_—

o(m 2)..~ 0.018 eV?
o(mj2),,= 0.017 eV?

Background slope

HV variation

Source (plasma) potential
Source B-field variation
Elastic scattering in T, gas

Kathrin Valerius, HEPHY Colloquium, Vienna, Jan 2016
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. ’ Source demonstrator:
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noise band width < 0.2 mK
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(S. Grohmann et al., Cryogenics 55-56 (2013) 5)
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The sensitivity reach of KATRIN

o(m?)

Statistical
Final-state spectrum
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Unfolding energy loss
Column density
Background slope

o(m 2),,.~ 0.018 eV?

o(mj2),,= 0.017 eV?

HV variation

Source (plasma) potential
Source B-field variation
Elastic scattering in T, gas

Kathrin Valerius, HEPHY Colloquium, Vienna, Jan 2016
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