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Birth of neutrinos

[-decay doesn’t seem to conserve energy!
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but it’s also the birth of another force, the weak
force!
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Iiebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhbren bitte, Ihnen des niheren auseinandersetsen wird, bin ich
angesichts der "falaschen" Statistik der N und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselsats® (1) der Statistik und den Energiesats
su retten. MNimlich die Moglichkeit, es knnten elektrisch neutrale
Teilchen, die ich Neutronen nennen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
sheh von Lichtquanten musserdem noch dadurch unterscheiden, dass sie
:‘ut Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben (rossenordmng wie die Elektronenmasse sein und

8 nicht grosser als 0,0 Protonenmasse.- Das kontimuierliche

Spektrum wire dann verstandlich unter der Annahme, dass beim
bodta~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert 3
mixd, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.




Detecting neutrinos is hard
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Discovery of the Neutrino

1956 - “Observation of the Free
Antineutrino” by Reines and Cowan
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Three types of v

1953 (confirmed 1956) - Reines

and Cowan discover the g 2v
electron neutrino (Nobel Prize £ 30| ALEPH B
for Fred Reines in 1995). ;} ot 4\,

7 OPAL *
1962 - Danby, et. al., discover o
the muon neutrino (Nobel Prize 5 “errof bars Increined
1988) j) 10 | f :
2000 - DONUT collaboration o e
discovers the tau neutrino. 0 =36 88 90 93 04

|GeV]

t m

Cosmology can also measure the total number of neutrino
species, consistent with 3!



BETA RAYS

SPINNING
COBALT
NUCLEl { |

BETA RAYS 'S
(ELECTRONS) 3 ‘ ¥
J v \

‘ MIRROR WORLD
\/
THIS WORLD

v _
@-» momentum _@> momentum

~-&— Spin —= SpIn

Neutrino Antineutrino
(left-handed) (right-handed)

* You might think the laws of

physics should remain
unchanged in our world or in a
mirror world, but weak
Interactions violate that
symmetry dramatically [Wu, et
al. Phys. Rev. 105, 1413].
Maybe CP is the right
conserved quantity?

We know that CP is also
violated by weak interactions
In the quark sector, but it’s too
weak to explain the matter-

antimatter asymmetry.
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(Goldhaber experiment

P
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Only left-handed neutrinos v{ and right-handed
antineutrinos v are observed in nature!

Confirmed by Maurice Goldhaber, but measuring
photon polarization and using conservation of
angular momentum!

M. Goldhaber, L. Grodzins,

/L ] and A. W. Sunyar
AR Phys. Rev. 109, 1015

(1958)

Sm, 520,
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Sources of Neutrinos

Cosmological v

Solar v
Supernova burst (1987A)

/\ Reactor anti-v
/

Terrestrial anti-v

Atmosphericv

Background from old supernovae

v from AGN
Cosmogenic
\Y
10°¢ 107 1 103 10° 10° 10%= 10%° 1o»
puev.  meV eV keV MeV GeV TeV PeV EeV

Neutrino energy

Katz, Prog. Part. Nucl. Phys. 67 (2012) 651



Cosmic neutrino background

. . P

The cosmic microwave background map is the baby
picture of the universe...for now!



‘Milestones in Neutrino Oscillations

W Solar neutrino problem is born when Ray Davis’s Cl
experiment in the Homestake mine shows ~1/3 expected
solar v, flux.

Solar neutrino deficit confirmed by GALLEX/GNO and
SAGE.

. Disappearance of atmospheric v,'s measured by
SuperKamiokande.

. »/SNO confirms flavor change in solar neutrinos by
measuring @ cc/Opc.

‘KamLAND observes neutrino oscillations with reactor
anti-neutrinos.
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Homestake

1
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—= The Homestake detector was
“_ built by Ray Davis (Nobel 2002)
“ to test John Bahcall’s Standard
Solar Model.

Surprisingly, the Homestake
experiment only saw ~1/3 the
expected flux of neutrinos.




Slide: Georg Raffelt
Homestake
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“Solar Neutrino Problem” since 1968



Super KamiokaNDE

50.000 ton Water Cherenkov Detector ‘

11.200 20" PMTs ‘
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Super KamiokaNDE

Graphics: SuperK
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“Sharp.ring: Muon!
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SuperK results

Super-K @Neutrino98
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SNO

Sudbury Neutrino Observatory: combine CC, NC sensitivity
» Measure both v, disappearance AND total vy flux
« Confirm where missing electron neutrinos went

1000 tonnes of ultra-pure
heavy water (D,0O) housed in a
clear acrylic vessel 12 min
diameter, located a mile
underground in a nickel mine in
Sudbury, Ontario, Canada.
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SNO results

Charged Current Reaction (CC): ve +d
Elastic Scattering Reaction (ES): vy +e
Neutral Current Reaction (NC): vy +d
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KamLAND




Neutrino Physics at Reactors Balee

o e o @ Double Chooz
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o B Next - Dl_sqovery
| - /'/"\O,(so.me.oss)‘ . and precision
or @ o"\:»_,wiié_,%_,@%” measurement of 043

oo g 2008 - Precision
@ o
VN " measurement of (Am12)2.
e p@ Evidence for oscillation : _JﬂA m
% 3\" 2003 - First observation %
v @ @ . . "““s‘?‘j f
of reactor antineutrino \

disappearance

1980s & 1990s - Reactor neutrino flux
measurements in U.S. and Europe

1956 - First observation
of (anti)neutrinos

Past Reactor Experiments
Hanford

Savannah River

ILL, France

Bugey, France

Rovno, Russia

Goesgen, Switzerland
Krasnoyark, Russia

Palo Verde

Chooz, France

63 years of liquid scintillator detectors
a story of varying baselines...

nnah River



Reactor Antineutrinos

v, from n-rich fission products

neutrinos/MeV/fission
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Energy (MeV)

~ 200 MeV per fission
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~ 6 V, per fission on average, only ~ 1.5 ve/fission can be detected

~ 2 X 1020 v,/GWy,-sec
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Inverse beta decay

reactor neutrino
geo neutrino Y

Ve + P — €% + N x @t Promet

Ve P / \‘

coincidence Signature ....................... > /\ Y de|ayed
-
prompt et and delayed mean capture time >
neutron capture ~ 200 psec on proton n-:\Y
Y
powerful background anti-neutrino detection by inverse beta-decay

suppression technique

10-100 keV 1.805 MeV

Ev, = Ee* + E/
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Neutrino oscillations with KamLAND

2
. ) . 2 1.3Am"L
P(v,—v ,L)=sin"20 sin
e Data-BG-GeoV,
- — Expectation based on osci. parameters
I l determined by KamLAND
0.8

0.6f

Survival Probability

llllllllllllllllllllllllllllll
50 60 70 80 90 100

L(,/Ev_ (km/MeV)
KamLAND result. A. Gando et al., Phys. Rev. D83 (2011) 052002

O_lllllllllllllll
20 30 40



Neutrino oscillations with KamLAND
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Mikheyev—Smirnov—Wolfenstein effect
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There’s actually something very special going on with solar
neutrinos. They’re experience a resonance due to their interaction

with the dense matter in the sun. This is known as the MSW
effect, and it lets us tell that m, < m..
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Events per 1 MeV

v mass ordering at JUNO
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Energy and baseline
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MNSP Matrix

(Maki, Nakagawa, Sakata, Pontecorvo) ’:’:’2 — ’:’fz
— V,’1
sin?(612) 0.307 + 0.013 -V,
Am3, (7.53 +0.18) x 107° eV2 g -’
Sin2(023) 0536i88%§ — solar ~7.53-10° eV ——”’12
Amj3, 0.002444 + 0.000034 eV? "24410%eV? et
sin?(6;3) 0.0218 + 0.0007 - ~244-10%V?
2 solar ~7.53-105 V2 72
m.l 1 __})13
u, U, U, (08 05 U,
U=U, U, U,[=[04 06 07 0 .
u, U, U.,) \04 06 07
1 0 0 cosf,, 0 e sinf, cosf, sing, 0y (1 O 0
=0 cosf,, sin6,, [x 0 1 0 x|-sinB, cosf, O0|x|0 e 0
0 -sin@,, cosB,,) |-e””sinB, 0  cosf, 0 0 1) 0 0 e™**
~ ~ - ~ AN ~ o\ ~ J
“atmospheric” “reactor” “solar” OvBpB
Sin® fgs sin? 6,5 sin? 019
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Precision measurments can be made with neutrino beams!



P (V,LL — VG) ~ . v Patme_i(ASQ-HSCP) + V Psol

Appearance experiments

2

~ Patm + Prol + 2/ Patm Psol (c08 Azs cos §cp F sin Ago sin dcp)

/

in(As; —al
\/ Patm = Sin(923) SiD(Q(glg)Sln( 51 ¢ )

Agl —al

A3z

Depends some on every oscillation parameter.
Benefit: can answer more questions.
Drawback: degeneracies make things difficult.

Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, 31
Prog.Part.Nucl.Phys. 60 (2008) 338-402.



Making a neutrino beam

accelerate
protons

focus mesons
(mostly xr's)
forward

with magnetic
horn(s)

Graphic: Kate Scholberg

O } M )
R el

slam them
into a
target

let the nt's decay
in a long decay

pipe
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Relative Neutrino Flux

Off axis trick

Ep=12 GeV

E  (GeV)

McDonald, arXiv: 0111033
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Long baseline oscillations

NOvVA-like

Very simplified, the oscillation analysis is a ALV A L ]
counting experiment 8 =i 3

! e 98w N
In vacuum, no CP violation, expect same 6 N e ¥ ez 1%
probability for neutrino and antineutrino X o8 -
appearance/disappearance ;4 - w“’””' 3

3 R 3
With CP violation, the measurement will be " Q% ; T2K-like
located on an ellipse ! Q& w0 o

R T S S S S R 8 i
Including matter effects (which are different for P, = Vo 4] i, S
neutrinos and antineutrinos), the ellipses separate T
for the two mass ordering scenarios o
— Different baselines lead to different ambiguities 2

Shorter baseline ;

= less matter effects Py, ~ V) [%)

Slide: A. Schukraft



Long-baseline neutrino
oscillation experiment.

— NuMI neutrino beam at
Fermilab

— Near Detector to measure the
beam before oscillations

— Far Detector measures the
oscillated spectrum.
 Primary goal:
measurement of 3-flavor
oscillations via:

- v,—~Vv,and v,—v,

NOvVA

- v,—~Vv,and v, —v,

Slide: A. Himmel
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T2K
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Super-Kamiokande
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Slide: J. Walsh, NeuTel 2021 36



NOvVA and T2K recent results

Global picture

Results from NOVA and T2K in the §¢p — sin? 6,5-plane

are not inconsistent

— More consistent for 10, but also for NO they are still

statistically in agreement

The best fit in the global analysis remains for
Normal Ordering
— but 10 disfavored only with 1.6 o

T2K, NOVA and reactor experiments are statistically in

agreement with each other

Mild preference for the upper octant of 6,5 (sin26,53 > 0.5)

Slide: A. Schukraft, WIN 2021

Esteban et al., status of global fits 2020, arXiv:2007.14792
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their combination (black curves). Contours are defined with respect to the local minimum for 10
(left) or NO (right). We are fixing sin® 83 = 0.0224, sin® 6, = 0.310, Am3, = 7.40 x 10~% eV? and
minimize with respect to |Am3,|.
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MNSP Matrix

, m? m?
(Maki, Nakagawa, Sakata, Pontecorvo) R — R
= V,’1
-V
17132__ __17722
solar ~7.53-105 ¢ V? 2
__ml
atmospheric
~2.44-103 V2
atmospheric
my_ ~2.44-103eV?
2 solar ~7.53-105 ¢V2 )
myT—L —n3
v, v, U\ (08 05 U,
uv=\U, U, U,;|=|04 06 07 0 0
v, U, U} (04 06 07
1 0 0 cosf,, 0 e**sinB,) (cosf, sinf, 0y (1 0 0
=0 cosf,, sin6,, [x 0 1 0 x|-sinB, cosf, O0|x|0 e 0
0 -sin@,, cosB,,) |-e””sinB, 0  cosf, 0 0 1) 0 0 g%
~ ~ ~ - s _ - ~ AN ~ J
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2 - 2 .
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The matter-antimatter asymmetry

proton anti-proton

“The excess of matter over
antimatter in the universe is one
of the most compelling mysteries

in all of science.”

electron positron

How do we generate a matter-antimatter asymmetry?
Sakharov (1967) conditions for baryogenesis:
1. Baryon number violation
2. C and CP violation

3. Out of thermal equilibrium
Instead of starting with a baryon number violating process (baryogensis),
leptogenesis relies on violating lepton number, then converting L into B.
Neutrinos could be the key to explaining the matter-antimatter asymmetryin the
universe...



DUNE: Deep Underground
Neutrino Experiment

Vv,— Ve appearance experiment, where o is measured by combining
neutrino and anti-neutrino data

https://www.dunescience.org/ 40



Liquid Ar TPC far detector

Run 3493 Event 41075, October 23*¢, 2015




DUNE Sensitivity

arXiv:1512.06148
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The 3vpicture

Time of flight from SN1987A
(PDG 2002)

~20 eV

From Cosmology

>~0.2 eV
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Absolute neutrino masses

Time of flight from SN1987A
(PDG 2002)

~20 eV

From Cosmology

>~0.2 eV
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degenerate
v-masses
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How to weigh a neutrino?
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Neutrino events from supernova
1987a (Large Magellanic Cloud)
were detected in KamiokaNDE,

IMB, and Baksan observatories.

With a model for neutrino
production, it is possible to look for
smearing due to neutrino mass.
Early analyses gave limits ~20 eV.

Improved supernova modeling and
Bayesian statistical approaches do
better:
<5.7¢eV @ 95% C.L.
Loredo and Lamb, PRD 65 (2002)



Decay kinematics

Look at the impact of

non-zero v mass on the

following decays.
V.. beta decay
v,. pion decay”
v,. tau decay”

*thanks to Mike
Shaevitz for next two

slides, 2002 lectures at

Lake Louise School
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r decay

DI50286-003

1.2D
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0.20
0.
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0.95 fox:

0.90 ki

0.85 0.90 0.5

Current best limit from studies of
the kinematics of rdecays.

T =2 v,

T — 31 2x (%) v,

*Fit to scaled visible energy vs.
scaled invariant mass. Best limit

<18.2 MeV @ 95% C.L.
Aleph, EPJ C2 395 1998



Pion decay

Current best limit from studies of the
kinematics of 7 — uv, decay.

2 2 2 2 242 2
Py +my =(my+m, —m; )" /4m,

‘Pion decay in flight is limited in
practice by momentum resolution.
‘Pion decay at rest is limited by pion
mass uncertainty. This currently
gives the best limits from PSI

<170 keV @ 95% C.L.
Assamagan et al., PRD (1996)

*Proposals exist to get this down to ~8 keV



Probability (arbitrary units)

0.8

0.6

0.4

0.2

Beta decay

Taking into account v mass eigenstates, the original spectrum
dN(E) = KIM]’F(ZR.E) p.E (E,-E) {(EO-E)z-m%ec“} 12 dE
becomes
AN(E) = KIMPF(ZRE) p.E (EgE) T [U, P {(Ey-Ey-m, ¢t} 2 dE

For 3 v mass spectrum, with degenerate states, the beta spectrum
2

simplifies to an “effective mass” : mg= 2 U |2 m,,

2x101° decays in last eV

A

itrary units)

Q =18.6 keV

0.5—
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Mass Limit (eV)

1000 7 I I I T T T T
100 A E
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Beta decay limits

187Re
Q = 2.47 keV

t, = 4.5 x 10° years
Forbidden

1950 1960 1970 1980 1930 2000 2010 2020

Year

Figure from J. Wilkerson, Neutrino 2012

SH (tritium)

Q =18.6 keV
t, =12.3 years
Super-allowed




Existing tritium results

ITEP
T» in complex molecule

magn. spectrometer (Tret'yakov)
Zlrnch

T» - source impl. on camer
magn. spectrometer (Tret'yakov)
Los Alamos

gaseous T, - source

magn. spectrometer (Tret'yakov)
Tokyo

T - source

magn. spectrometer (Tret'yakov)
Livermore

gaseous T, - source

magn. spectrometer (Tret'yakov)
Mainz (1994-today)

frozen T, - source

electrostat. spectrometer
Troitsk (1994-today)

gaseous T, - source
electrostat. spectrometer
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Tritium gas sources

Gas sources give the best results, but
we’re limited to using molecular tritium.
- Electronic excitations in T atoms
- Excitations in T, gas
— Electronic: 20 eV
— Vibrational: ~0.1 eV
— Rotational: ~0.01 eV
Beta spectrum depends on excitation
energies V|, and probabilities P,
- KATRIN needs 1% uncertainties on
final state distribution.

dN _ G4m?3 cos? O
dE. 23R

| Muue|*F(Z, Ee)peEe x Y |Ueil” Pe(Emax — Ee — Vi)
1,k

X \/(Emax — F, — Vk)Q — mgz X @(Emax — Fe — Vi, — ml/i)



MAC-E filter

Magnetic Adiabatic Collimation and Electrostatic filter

The MAC-E filter allows measurement of integral spectrum with an adjustable
threshold. Only see the endpoint of the decay!

AQ =2
E,
U = ? — const
\\
Electrodes AE Bmin
T, source Ll Detector |~ —
Analyzing plane L Bmax

Pe (without E field)

122 Vo
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overall length source - detector ~6 n

new: cryo traps for T,

B =1.1T Bmay Byp = 5x107°T Bnax  Bp
005 ® 1994 data
- Quench condensed solid T, source by = 1998/99 data

- Early results (1994) showed systematic

count rate [1/s]
o
g

effects, traced to source film roughening oosk 1l
transition (fixed by lowering temperature) T f_; byt
- 1995-1997 significant background oon b
reduction, signal improvement PO e e
- Best limit 001} Eg.o
<22eV @ 90% C.L. : P o

18.55 18.56 - 18.57- -18.58

Weinheimer et al., Phys. Lett. B 460219 (1999)

retarding energy [keV]



Speaking of anomalous results...

The rise and fall of the 17-keV neutrino
Douglas R. 0. Morrison Nature 366, 29 - 32 (04 November 1993)

Experiments showing evidence for a heavy neutrino with a mass of 17 keV launched the new
particle on an erratic eight-year career, during which it raised questions about the Standard
Model of particle physics and about cosmological theories, stimulated many theoretical papers

and pushed experimental techniques to their limit. Its demise provides grounds for faith in the
efficacy of the scientific method.

20
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T, Simpson

T. Hime and Simpson
35'S‘ Simpson and Hime
%55, Hime and Jelley
1‘C‘ Sur et al.

“Gc, Zhmen et al.
“’Ni, Hime and Jelley
”Ge, DiGregorio
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KArisruhe TRItium Neutrino
experiment
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KATRIN outlook

Intense T, source (107! decays/second)
Spectrum analysis with electromagnetic filter
Design resolution 0.93 eV

Design m, sensitivity: 0.2 eV/c? at 90% C.L.

o AN Leopoldshafen
FF =)\ November 2006




Count rate (cps)

Residuals (o)

Time (h)

S

<

2

0

-2
1

40
20

0
1

[ @) ¢ KATRIN data with 1 ¢ errorbars X 50 |
i - Fit result |
8 535 18 555 18 575 18 595 18 615

E (b) Stat. M Stat. and syst. ]
E._,._. ._. .;. .‘_ ._.'_.._.' _____ .._ e ...:
X e . ~ —.e- - L] -
8 535 18 555 18 575 18 595 18 615

:' (c)
'lll.lllll.llll“ “"J l‘ .‘ 2 .‘ 3 A| 1 A|q
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Retarding energy (eV)

Eo (eV)

First KATRIN results
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18 573.8-—
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18573.5-lllllllll|lll
-4 -2 0
m?2 (eV?)

m,<1.1eVat90% C.L.

Phys. Rev. Lett. 123, 221802
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MIBETA and MARE

Bolometric measurements on 87Re

C(F

VvpEREZ

il . ~15 eV sensitivity for MIBETA (2004)
MISSING| -+ R&D by MARE collaboration

» Metallic Re (superconducting)

- Complex thermalization £ % = &
* Dielectric AgReO, B Sl S

* Long response time

« Low specific activity (10° pIXe|S')

Community has moved on to "®3Ho
Nucciotti, arXiv:1511.00968




Holmium decay

163Hp —s 163Dy* + 1,

(some e
omitted)

163Ho
Q =2.83 keV
t, = 4750 years

De Rujula and Lusignoli,
Phys. Lett. B 118 (1982) 429




Holmium experiments

o
Holmium microcalorimetry, two competing

H@LMES experiments.
N\ « HOLMES uses MKID sensor technology,
Radioisotope ECHo uses MMCs
Absorber Big problems with the endpoint and theory
c 2900 — SHIPTRAP g
§> 28002— H + * Y g
Thermal “::i% 2700 - %\ %
Ilnk g‘é; 2600 — 1 lé 4 ,Recommended value” %
%é 2500 — ! v i?
_ B T R
Heat sink year neres eV
(SR, Eliseev et al., PRL 115 Faessler et al., PRC

(2015) 062501 91 (2015) 064302



vl \ \‘
A new approach: M

: @Swwﬂmﬁgbﬂ An electron in a magnetic
| i -Arthur Schawlow fleld Wl” radlate at

v B
Measure entire beta RO Superconducing magaet coil NN
spectrum at once: gl
Cyclotron Radiation prr Lt
Spectroscopy (CRES) o o
N Ry ey ey
RN Seperconducting magnet coils N\ nmnmmney

Monreal and Formaggio, PRD 80 (2009)



RES single electron detection

§-~RF Switch Box

Calibration
Signal Source

s Bulkhead Adapter
=jg Vacuum Feedthrough
- Long RF Cable

Kapton
windows

I WR-42 Electron DPPH WR-42 WR-42 WR-42 to
T Short Trap 90° Twist | [119.4 cm | |WR-28 Transition,

Cryogenic Receiver

R-28

SMA Tee

P

PRL 114, 162501 (2015)
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Neutrino mass puzzle

t Ist 2nd 3rd
TeV —+ Higgs? ¢
\ |
C T
GeV -1 S —
3 H Charged

MeV —— e

keV —

i ?
v | Something else?
< Neutrinos Nentral

meV -




Massive neutrinos

“Dirac” neutrinos

Lorentz boost

(or B field)

Co
VL VR VL Vg
! !
CPT CPT

“Majorana” neutrinos

No lepton number conservation!
Lorentz boost

Vi Vg

Lt
CPT
The two descriptions are distinct and distinguishable only if m,zO0.



Seesaw mechanism

Experimentally, it is an open question whether neutrinos are
Majorana or Dirac, but Majorana neutrinos are strongly preferred
by theorists. Seesaw mechanism can be used to explain small
neutrino masses (see 2019 PDG). Type | seesaw mechanism
(Gell-Mann, Ramond, Slansky and Yanagida, 1979):

- . Lo 1 I
Ly Mm(z) = (/\il Nip(z) @' (z) Yy, () + h.c.) -3 M; N;(x) N;(x)

LL ~ ( D\T r;—1_D 2/ \\T 171
my;” = —(m )l’j"”j my = —v ()‘)l’j"uj Ajl




Electromagnetic properties of v

Electromagnetic properties arise at the

loop level. Dirac masses in the standard ,
model give a prediction that the \
diagonal moments are proportional to \_ A"
the neutrino mass:

3m.Gp
by = ——(—/———
g 472+/2

mypp ~ 3.2 X 10~ ({Z{;) LB

In an extension with right handed neutrinos, the electric
dipole vanishes for both Dirac and Majorana neutrinos, but
the magnet moment also vanishes for Majorana neutrinos
(can still have transition magnetic moments).



Experimental search for u,

3m.Gr 19 [ My
[y, = 47T2\/§m,,,u3 3.2 x 10 (1€V> LB

With known limits on neutrino mass, the “SM prediction” is small, so
experimentally the search is for an anomalous magnetic moment of the
neutrino. This is typically done by solar or reactor neutrino experiments,
and neutrino oscillation parameters are taken into account.

The best direct limit comes from Borexino using the spectral shape of
electron recoils due to solar neutrinos (which would be affected if there

were additional contributions to the cross-section due to an
electromagnetic interaction term):

pnft < 281071 up at 90% c.l.

Agostini et al. Phys. Rev. D 96, 091103 (2017)



Double beta decay

M.Goeppert-Mayer,
Phys. Rev. 48
(1935) 512

2vBp (MeV) °Ba

Atomic number (Z)

Some candidate nuclei: "6Ge, 82Se, 100Mo, 130Te, 136Xe

v



Direct Evidence for Two-Neutrino Double-Beta Decay in 32Se

S. R. Elliott, A. A. Hahn, and M. K. Moe

Department of Physics, University of California, Irvine, Irvine, California 92717
(Received 31 August 1987)

The two-neutrino mode of double-beta decay in *’Se has been observed in a time-projection chamber
at a half-life of (1.128%)x10% yr (68% confidence level). This result from direct counting confirms the
earlier geochemical measurements and helps provide a standard by which to test the double-beta-decay
matrix elements of nuclear theory. It is the rarest natural decay process ever observed directly in the
laboratory.
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FIG. 1. The observed sum-energy spectrum of two-electron

events. A threshold of 800 keV was imposed on the sum ener-
gy of the events, and a threshold of 150 keV was imposed on
the single energy. The curve is the theoretical B(2v) sum-
energy spectrum normalized to 1.1x10% yr,

S.R. Elliott, A.A. Hahn, M.K. Moe Phys. Rev. Lett. 59 (1987) 2020-2023



Neutrinoless double beta decay

This process can only occur
for a Majorana neutrino!

Same candidate nuclei: 76Ge, 82Se, 100Mo, 130Te, 136Xe



Double beta decay spectrum

2vpp spectrum
(normalized to 1)

Ovpp peak

(normalized to 10-9)
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Ovpp rate

c
3%1/

|
Vi X

= =

If we assume that the mechanism is light neutrino exchange, we
can write the rate for O vgp:

Phase space factor ~Q° Effective Majorana mass

N\ ,
“(m, )

-1
Ov Ov Ov
T =G =M
1/2
Nuclear matrix element

T



Effective Majorana mass

)
Using the standard representation of the PNMS matrix, the
effective Majorana neutrino mass is given as:

[le)Zv ]‘1 G *‘MOV

<mBB> - ‘ml ' (1 ~sin’0,, ) (1 B sin2€)13)+
m, -sin’0,, - (1 — sinZGB)- el 4

—1-03

: 2
m, -sin“0,, - e

The three CP phases a4, a,, and a3 are unknown. This uncertainty
IS expressed by varying:

<mBB> = ‘ml - (1 — sinzﬁlz)- (1 — sin2913)ir(l) m, - sin2€)12 - (1 — sin2613)

- 2
t(,) m, - sin 613‘



Inverted hierarchy

LMge> [/ eV

Forero et al. 1205.4018v4 data, no errors

1__ T IIIIII T T I

Now we insert the
standard neutrino
oscillation parameters
(central values). No
total cancellation is
possible for the inverted
hierarchy.

Plots courtesy Andreas
Piepke.



Normal hierarchy

mg> [ av

Forero et al. 1205.4018v4 data, no errors
‘llll T T ll‘llll T lll‘llll

For the normal
hierarchy variation of
the unknown CP-
phases introduces:
1) considerable
variation of the
effective mass,

2) allows destructive
interference for
certain values of

o m..., and choice of

'° e £ phases.
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Combined phase space

CMg> / eV

1 Forero et al. 1235.48018v4 data, three sigma errars
: T IIIIIIII T IIIIIIII T Illlllll T L

Inverted and normal
hierarchy including 3o
errors on oscillation
parameters.
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Other mechanisms

While it is convenient to think in terms of the light neutrino exchange mechanism, no
reason to think it’s dominant!

Normal Hierarchy

Inverted Hierarchy
1 = — ! Z Z
_ mpg — mpg
— LRM (§=my/m,) — LRM (&=myp/m,)
o — |- LRME=0) | LRM (£=0) |
2 L
— 1072 -
£ )
1073 - ﬁ____l
10—4 I I I | 10_4 | ‘ ‘
1074 1073 1072 1071 1 10 104 103 10-2 101 1 10
mlvightcst (eV) ml&ghtcst (eV)

Consider a model with 10 TeV right-handed neutrinos in the minimal left-right symmetric
model, symmetric under charge conjugation (assuming that the mixing matrix of the

right-handed neutrinos is the same as the PMNS matrix).

See Cirigliano, V., Dekens, W., de Vries, J. et al. “A neutrinoless double beta decay
master formula from effective field theory,” J. High Energ. Phys. (2018) 2018: 97.
Thanks to Wouter Dekens for help with this material.



Other mechanisms

While it is convenient to think in terms of the light neutrino exchange mechanism, no
reason to think it’s dominant!

Inverted Hierarchy Normal Hierarchy
1 2z & 1 & V4
— mpg — mpg
— LRM (§=mp/m;) — LRM (&§=mp/my)
LRM (£=0) 3 LRM (£=0) |
= 102} ,:
5] R
= =
1073 10-3 1L
Not ruled out by LHC!
-4 | | | | -4 | | | |
10 1074 1073 1072 1071 1 10 10 1074 1073 1072 1071 1 10
mlightest (V) mlightest (V)

Now consider the same model with 10 GeV right-handed neutrinos in the minimal left-
right symmetric model, symmetric under charge conjugation. Alternate mechanism
would dominate over light Majorana neutrino exchange.

See Cirigliano, V., Dekens, W., de Vries, J. et al. “A neutrinoless double beta decay
master formula from effective field theory,” J. High Energ. Phys. (2018) 2018: 97. Thanks
to Wouter Dekens for help with this material.



Black box theorem (Schechter and Valle)
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How to search for Ovfgp

‘Large exposure

‘Low background

-Good energy resolution

*High detection efficiency
‘Detection in multiple isotopes!




Current best 0 vfSf sensitivities

GERDA 127.2 18 > 18 <79-180  Agostini et al. PRL 125, 252502
(2020)
76Ge
MJD 26.0 4.8 >2.7 <200-433  Alvis et al. Phys Rev C 100,
025501 (2019)
130T CUORE 288 2.8 >2.2 < 90-305 Adams et al. arXiv:2104.06906
(2021)
EXO-200  234.1 5.0 >35 < 93-286 Anton et al. PRL 123, 161802
(2019)
136X e
KamLAND- 504 5.6 >10.7 < 60-161 Gando et al., PRL 117, 082503
ZEN (2016)

*Note that the range of NME is chosen by the experiments.

To achieve higher sensitivity, the next generation of experiments

will be at the tonne-scale.
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A priority for US nuclear physics

LONG RANGE PLAN
for NUCLEAR SCIENCE

RECOMMENDATION II:
“The excess of matter over antimatter in the universe is one of the most compelling mysteries in all
of science. The observation of neutrinoless double beta decay in nuclei would immediately
demonstrate that neutrinos are their own antiparticles and would have profound implications for our
understanding of the matter-antimatter mystery.

“We recommend the timely development and deployment of a U.S.-led ton-scale neutrinoless
double beta decay experiment.”

INITIATIVE B:

“We recommend vigorous detector and accelerator R&D in support of the neutrinoless double beta
decay program and the EIC.”



Summary

60+ years of experimental neutrino physics!

Oscillations prove that neutrinos have mass, and their flavor
states are superpositions of mass states. We are in an era of
precision oscillation physics.

Next step is to search for CP violation and a clue about the
origin of matter in the universe (see Long Baseline Oscillations
lectures later this week).

There are several experimental approaches for weighing
neutrinos in the laboratory!

The next generation of neutrinoless double beta decay
experiments are poised to determine the nature of that mass
(see Neutrinoless Double Beta Decay lectures later this week).



