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“For the greatest benefit to mankind:
WW -

9015 NOBEL PRIZE IN PHYSICS
Takaaki Kajita
Arthur B. McDonald
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Lovisa Engblam:

The Nobel Prize
"Kind of unb... * 2

Il N. EiImehed. ® Nobel Media 2015

2015 Nobel Prize
in Physics

The Nobel Prize in Physics 2015
was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for
the discovery of neutrino
oscillations, which shows that
neutrinos have mass".

+ Read more about the prize

\ 4\

Cookie policy

New Physics
Laureate Takaaki

By i © 3oMan larreded The Royal Seedwh AlaSerry of SOetiet

They Solved the Neutrino Puzzle

Takaaki Kajita and Arthur B. McDonald solved the neutrino puzzle and

opened a new realm in particle physics. They were key scientists of two large
research groups, Super-Kamiokande and Sudbury Neutrino Observatory,

which discovered the neutrinos mid-flight metamorphosis.

Kajita: "Kind of
Unbelievable!"

An interview with Takaaki Kajita.
Hear how he reacted when he got
the call that he has been awarded
the 2015 Nobel Prize in Physics.

Kajita outreach talk: If neutrinos were massless they were traveling with c
— proper time does not pass any more, hence they cannot change

The mass of the neutrino - truly
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Does the Higgs give mass to the
neutrinos? - Actually Not in SM!

What are the masses of the known
neutrino types?

Are neutrinos their own antiparticles
(Majorana)?

More then three neutrino flavors
(sterile)?

Why did matter win over anti-matter?

Current best fit for Dirac CP-violating
phase maximal: ~ 270°

The mass of the neutrino - truly
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* Neutrinos 250,000 times lighter than electron

No simple extension of SM for 3 reasons:

* No right-handed neutrinos - no
Dirac mass term

e Lepton number symmetry of SM -
no Majorana mass term

e Only renormalizable terms

Neutrino mass lowest order perturbation
of BSM?

Seesaw mechanism: Neutrino mass
suppressed by heavy partner %y T

UNIVERSITAT
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The absolute neutrino mass

Cosmology

Observable M, = Zz m;

Present upper limit 0.12-1eV
Potential 15 — 50 meV

Multi-parameter

Model dependence o o0gical model

The mass of the neutrino - truly
helbing@uni-wuppertal.de | PATRAS 2018 | 4

Search for Ovf3f3

m,gaﬁ = |Zz Uz, mi|2

0.2-0.4eV

15 - 50 meV

Majorana v: LNV

BSM contributions
other than m(v)?

nucl. matrix elements
Incl. interferences

Truly !

B-decay
& electron capture

mﬁ = Z Ues|* m
2 eV
200 meV

Direct, only kinematics;
no cancellations in
incoherent sum

BERGISCHE
UNIVERSITAT

WUPPERTAL




Neutrino mass from cosmology

BB model: ratio #y/#m(v) — m<50eV Large Scale Structure

Planck Collaboration:
P. A. R. Ade et al., arXiv:1502.01589

O-_I e el

s — e e 1 numeric models
[ A — text | relic neutrinos
o, . === Planck TT,TE EE+lowP -3
ey 5 = === tlensing _ 336 Cm
2 o i B
9 4
% 3 Alternative: arXiv:1606.00634
o 2
= ACDM model ...
0 . very successful but
0.00 0.25 0.50 0.75 1.00

>m, [eV] 95% of universe not understood
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Fermi theory of beta decay

Fermi's Golden Rule: T, :27%|<f|H|i>|2- o(E,)

decay rate interaction matrix density of final states
y rat ) ty tat dn:%-p2dp-d§2
p(Ee,Ev,dsze,dm:(22)6-peEe-pVEV

E:=E,—m, : Kkinetic electron energy
E,=Q—E : maximal kinetic electron energy

recoil
for m,=0 and Q~E, for m,#0 and E ,_;#0
T —N dN 2
Pv= EV_Q E dE peEe(EO_E)Zi|Uei| \/(EO_E)Z_mZ(Vi)
dN p.E ( 0— E)2 p — —
dE ¢ // [ region close to endpoint p Vi
08 | ) . 2 p)
\/dN versus E : Kurie plot | .t m (Ve)_zi U m*(v))
dE i m(ve) =0 eV .
B , o e Observable:
= Q= abscissa | R Mass squared!
P et o - w1 100x better meas.
i VT See -1/10 x m(v)

The mass of the neutrino - truly
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Moore's law for direct neutrino mass

1000 F—
100 i rhenium (**’Re) |\l
= tritium (3H B calorimetry N T ae—
- . t( ) Troitsk (2011, re-analysis)
- B spectroscopy m(ve) < 2.05 eV (95% CL)
< 10k V. N. Aseev et al., PRD 84:112003
Q - =
= f
= B
3 i
wn
:g e e
- | Mainz (2005, final result) 7 ]
- | m(ve) <2.3 eV (95% CL) :\' KATBlN
o1 | C-Kraus etal.,, EPJ C40:447 § Design
: Goal
[magnetic spectrometers
0.01 | | | | | | | |

1950 1960 1970 1980 1990 2000 2010 2020

Year

The mass of the neutrino - truly

. . # UNIVERSITAT
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Recipe for
Improving
sensitivity

* Improve statistics

— Luminous beta source
(101t decays/s)

- Excellent energy
resolution (0.93 eV)

- Low backgrounds (even
at sea level)

e Improve systematics
- Extensive commissioning
- Molecular physics

- Column density
(activity, scattering)

The mass of the neutrino - truly
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Powers of Ten

5 x 10~> energy resolution
— spectrometer volume: 1400 m3
— 3.5 Tesla superconducting magnets

103 stability of tritium source density
— temp. regulation by dual phase Ne

102 isotope content in source

— laser Raman spectroscopy

— rapid circulation and purification system
10> non-adiabaticity in electron transport
— novel computational code KASSEIPEIA
— pulsed and pointing electron gun

10~-° monitoring of HV-fluctuations

— ultra-precision HV divider

— %™Kr energy standard

102 remaining ions after source

— dipole drift electrodes, FT-ICR

10-*4 remaining flux of molecular tritium
- 3 Kelvin cryopumping with Argon frost
107 dynamic range of rate

— electronics and DAQ

10~** mbar ultrahigh vacuum
— huge getter and turbo molecular pumps



KATRIN collaboration

KArlsruhe TRitium Neutrino experiment
- direct n-mass experiment: at Tritium Laboratory (TLK), KIT
- International collaboration ~130 members

from 6 countries: D, US, CZ, RUS, F, ES
- uniting the world s expertlse |n trltlum pneta decy!

UNIVERSITY of |
WASHINGTON %,

% CASE WESTERN RESERVE

EST. 1826
- - - o, I N - :rr}l 1l
B 19 institutions: % " ’\|

S!(IT m ] Hochschule Fulda ()
unlvers'tatbonn University of Applied Sciences & @

Karlsruher Institut fir Technologie

THE UNIVERSITY
of NORTH CAROLINA
at CHAPEL HILL

= Yy ]G‘U ﬁ.“j//l\‘%ﬁUNIVERSIDAD
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KATRIN beam line: 70 m

Source &
s / transport S
3H \ - '.': SN

monitoring TR
3He q | .
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: _ cryogenic i
differential oumping integral electr_on
triium  PUMPINg energy counting
source analysis

Recycling the tritium
Removing ions
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Tracking the beta-electrons

E >18.3 keV AE =0.93 eV

o "= e
H 1.‘ i‘| :-
' N e . @ 9
/ \ e- ® | e /

-
. ’
.

B decay 4..8

1010e-/s  } }
=. 1010 e- /s L 402 -
E=18.6keV | , 10%els

Q.

. /’.‘*—'77
The mass of the neutrino - truly 7 e
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MAC-E filter principle

Magnetic Adiabatic Collimation & Electrostatic filter

W= —L —const analysing plane

AE Bmin

eleC/—: \=> \ E Bmax
Q
solenoid / /qE

\
-

p = /— - _____‘—_\\). < A, -
source - '

\J

__/

\ /
Ur;.n A Brmax

The mass of the neutrino - truly
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Technical start of KATRIN: “1% light”: Oct. 14, 2016

Photo electrons over full 70m long beamline, but no tritium yet

Event Rate (cps)

BERGISCHE

. . J#2=%) UNIVERSITAT
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First tritium in KATRIN since 18 May

0.5% T atoms circulating in D, gas

* WGTS beam-tube gii:ii'

temperature S o

- Standard deviation less gizzzi
than 0.1% over 60 min &

10:00 10:10 10:20 10:30 10:40 10:50 11:00

Time
/gzoooo = Average rate = 18233.82 + 0.59 cps
© -
2195001~ Stability = 3.06 + 0.14 cps/hour
©
o

* Source and Transport &
System stability o

18000—

17500

17000

16500—

1 1 1 |
The mass of the neutrino - truly 00 03 06 09 12 15 18 21
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— Beam monitoring:
|, Whatl had thought of ...

‘|" Al Fluorescent screens to be flipped into

Vs = >~ GeV beams at moderate vacuum.
v -f""k\; ‘

.. what It actually Is B oot 0.mm)

detector board

Stepper motors 2 m long bellow /

& encoders

\ /

Electrons from source
with spiral motion

| —

Rate stability required: 0.1 %
Count rate with nominal tritium
density: 1 MHz per 1 mm?
Vacuum: 10~° mbar

Magnetic field: 1.2 Tesla
Temp.: -190° — +150° C

The mass of the neutrino - truly e L e ' ' NIVERSITAT
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temperature gaug

Hall sensor and
Detector board

Seeing the
3-electron

flux
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First trittum spectra

The mass of the neutrino - truly
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80 — Model (no fit) \
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What's next

« KATRIN is now put to work
— First full-beamline data, Oct. 2016
- First spectral measurement of radioactive source, July 2017
— First tritium since 5 weeks after ~ 20 year of preparation
- Measurements this fall with D, gas

— expect first neutrino mass data in early 2019

- 5 year measurement campaign for neutrino mass
« Additional programme:

— Sterile neutrinos at eV and keV scales

- Right-handed weak currents

* Next steps:
- KATRIN discovers neutrino mass — Stockholm ? , reconsider ACDM ?

- ... In the remote chance, it is not found ... KATRIN is not immediately scalable
— new ideas needed!

« ECHo
* Project-8

The mass of the neutrino - truly
helbing@uni-wuppertal.de | PATRAS 2018 | 18



Ratios of diff. decay rate -1

1.0

0.5

Sterile keV Neutrinos

Kinky spectrum

—~
>
s 2
1o
X O I 1 1 S
9€ (ms=10keV, sin?6=1075) / & (no sterile) — 1 E"’
|| § random values for [dr=10"" ]

Energy (keV)

The mass of the neutrino - truly
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KATRIN projected sensitivity

= ©keV-WP
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.+~ — Post, differential
---- Post, integral
— Pre, differential
---- Pre, integral
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N X-ray

. -~ DM overproduction
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Counts/0.01eV

10°

ECHo: ***Ho electron capture
with metallic magnetic calorimeters

163Ho + e — 163Dy* +v_ — 163Dy + y/e + v,

4

absorber

SQUID loop

thermal link

thermal bath

Energy / keV

The mass of the neutrino - truly
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Project 8 goal: Measure coherent cyclotron
radiation of tritium B electrons

General idea:
® Source = KATRIN tritium source technology :

uniform B field + low pressure T, gas
J
'

\\§

B electron radiates coherent
cyclotron radiation

w()—wﬂ— e
V=Y T K+m.

® Antenna array (interferometry) for cyclotron radiation detection

L

?

:

5000 —

0 L. | Las s las | | | ] | Lo

271 272 278 274 275 276 277 278 279 28
Frequency (GHz)

since cyclotron radiation can leave the source and %

carries the information of the -electron energy

B field——

T, gas

The mass of the neutrino - truly %
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Project 8: Single electron detection
from 83MKr

Frequency (GHz) 25
25.6 25.4 25.2 25 24.8 792
03_] T I T T T | T T T I T T T ‘ T T
> 025 0sf 790 20
% E 0.25F § ’;‘E‘
| [4F]
2 o2 S 788 2
-8 : 015 : :
9 - ‘ T 15 2
§0.15 o GO 786 3
<r
g C}' 8
e F ! i o 784 =
g - o 30 301 30.2 303 304 305 306 g 10 2
Q 0.05— 3 I
0 4% g 762 |-
0“|‘..|\.4.|‘..|.‘.|..‘|...\.J..|||‘..nnI.‘.l‘u' «n
16 18 20 22 24 26 28 30 32 34 5
Reconstructed energy (keV) 780
778

Time (ms)

First detection of single electrons successfull
but still a lot of R&D necessary
- Is a large scale experiment possible ?
- What are the systematic uncertainties
& other limitations?

The mass of the neutrino - truly
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Backgrounds
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2 Rn atoms:
- 28Rn emanates from NEG
- bg-rate: ~0.5 cps
countermeasure:
cryotraps in front of NEG
- 3 LN2-cooled Cu-baffles

v

The mass of the neutrino - truly
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H 1 /
“\\\\\\\\\\\ isotropic bg for

longer exposure

H* Rydberg atoms:
- desorbed from walls
due to 2%Pb recoil ions
- bg-rate: ~0.5 cps
countermeasures:
reduce H-atom surface coverage:
- extended bake-out phase
- strong UV illumination source

Can’t we use Axions?
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sensitivity on m_in meV (90% C.L.)

sensitivity on m_in meV (90% C.L.)

_Background and sensitivity

350_- non-optimized (558 mcps). i
300
] ] —_ i non-optimized (558 mcps) '%ﬂ i
250 ] DT P97 ——E -30ev ¢ 5
o -
_ | © —=—E, - 45eV E
200_. _ % 300_ —— EE} " 'E'U EV 'E. i
| TDR2004 (10 mcps) - > . -
g M//HI E
T T T T T unl E J M E
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350 A E,-30eV * - E '
c
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300 ‘ 151 2 207% s qomes FIUX tube compression
| E £ by increased B
pel F
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Spectral range = 0 100 200 300 400 500 600
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200e i
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0 100 200 300 400 500 600
background rate in mcps
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