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Neutrino Masses and Mixing
§ Mixing, squared mass differences and CPV
§ 0n bb searches
§ Direct (kinematic) measurement of mb



Mixing, squared mass 
differences and CPV
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A superb update by Antonio 
Marrone at this Workshop

§ Let me highlight tensions between results of T2K and 
NOnA and their consequences: weaker hints on d and 
on NO
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T2K alone prefers:  
NO 

 
2nd octant of 
δ ∼ 3π/2

θ23

NO A alone prefers:  
NO 
CP conservation 
(~octant degenerate)

ν

-> In NO: confusing indications about CP 

Integrated info on  and , stat errors only  
(but analysis uses spectral data)

ν ν
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Integrated info on  and , stat errors only  
(but analysis uses spectral data)

ν ν

T2K + NO A ( ) 
prefer:  
IO 

 
1st octant of 

ν ν

δ ∼ 3π/2
θ23

T2K + NO A ( ) 
prefer:  
IO 

 
2nd octant of 

ν ν

δ ∼ 3π/2
θ23

-> In IO:  
   CP violation preferred

-> T2K and NO A alone: 
   NO preferred

ν -> T2K and NO A combined:  
   IO preferred

ν
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Mixing and CPV 
what next
§ Two privileged players in the future

§ T2K + beam upgrade + HK
§ DUNE

§Wide, long-lasting physics program for both of them

§ Privileged = fully supported by reference laboratories
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0n bb searches

Stefano Ragazzi Neutrino Telescopes, February 2021 7



The evolution of the universe of 0n bb searches
§ Please look at 

the full 
presentation 
by Nando 
Ferroni in the 
opening 
session: I’m 
going to show 
3 slides out of 
57
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the famous exclusion plot

realistic predictions
say: 

20 meV for IH 
2 meV for NH
now you can design 
your new generation 
experiment !



The lifetime sensitivity to chase

§ For next to next generation experiments
§t1/2 ~ 1029y
§~ 100 t of isotope
§Forget about isotopic enrichment (this technology is not very 

popular… thus do not expect that it will be cheaper)
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The menu

§ N.B. forget about the second in the shortlist: 100Mo has a horrible 2n rate
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The (poisonous) Tellurium soup
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Te might strikes back
Dissolve a huge quantity of natural Te (few hundred tons) 
at the highest concentration allowed by the transmission 

of the light in a scintillator 

(Juno -20000 tons) 
(SuperK -50000tons) 

Two backgrounds are serious:   and  from the Sun2νββ 8B
The neutrinos from the Sun might be tagged if some 

directionality could be implemented (Cherenkov !)



No life in the far future for the 
“peak squeezing” approach?
§Keep natural Te => 100 x CUORE

1. ~ 100k Crystals calorimeter
2. At 10 mK
3. 1/100 bkg

§ Impossible or challenging?
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100k Crystal 
calorimeter

§ It is run at 291 
K, quite higher 
than 10 mK
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100 x CUORE 
Cryostat
§CUORE cryostat has been a very challenging project

§ btw: congratulations to CUORE for the impressive duty cycle 
attained, 2 years ago I could not believe that the cryostat would be 
useful for CUPID

§Commercial mK cryogenics is ramping up
§What the impact of QC based on superconducting qbits is 

going to be on cryogenics?

§Keep calm and carry on
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Background 
reduction 
§ At the beginning it 

had to be an extreme 
peak-squeezing 
approach

§ What went wrong?
§ Where is energy 

escaping or trapped?
§ If we seek extreme 

performance we 
should better 
understand our 
detectors

§ Keep in mind the long 
path of bkg reduction 
of Ge based 
experiments
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The  recent deve lopments  in underground low-counting experiments  give  limits  to ra re  decays  which a re  ha rd to improve  s ince  
sca ling the  s ize  a nd the  resolution of the  combined s ource -de te ctor is  difficult with the  exis ting techniques . We  explore  here  the  
pos s ibility of low-tempera ture  ca lorimetry to improve  the  limits  on processes  such a s  neutrinoless  double -be ta  de ca y a nd e lectron 
decay. 

1. Introduction 

De te c tion  o f ve ry low a c tivitie s  ha s  be come  o f con- 
s ide ra b le  in te re s t in  nuc le a r a n d  s ubnuc le a r phys ics . 
Re c e n t e xa mple s  a re  s e a rche s  ca rrie d  ou t with  "p a s s ive " 
de te c to rs ,  s uch a s  thos e  on  d o u b le -b e ta  de ca y a n d  e le c- 
tro n  s ta b ility.  

Do u b le -b e ta  de ca y involve s  [1 -4 ] a  trip le t o f is o- 
tope s  (A,  Z),  (A,  Z + 1) a n d  (A,  Z + 2), whe re  s ingle - 
b e ta  de ca y to  (A,  Z + 1) is  e ithe r e ne rge tica lly fo rb id - 
d e n  o r a t le a s t s trong ly inh ib ite d  b y a  la rge  cha nge  o f 
the  p a rity-s p in  s ta te s . In  p rinc ip le ,  two de ca ys  cou ld  
OCCUr: 

(A,  Z)--* (A,  Z +  2) + 2 e -  + 2pc, 

(A,  Z)--* (A,  Z +  2 ) + 2 e - ,  

whe re  in  the  la tte r, the  le p to n  non-cons e rving  ca s e , the  
two  e le c trons  wou ld  s ha re  the  to ta l tra ns ition  e ne rgy. 
Th is  cha nne l wou ld  b e  fa voure d , if a llowe d, with  re s pe c t 
to  the  le p to n  cons e rving  one  b y a  la rge  fa c tor due  to  the  
much  la rge r a va ila b le  pha s e  s pa ce . Do u b le -b e ta  de ca y 
re pre s e n ts , the re fore , a  ve ry powe rfu l too l to  s e a rch  for 
le p to n  n u m b e r non-cons e rva tion . 

The ory a n d  re ce n t e xpe rime n ta l re s ults  [5] ind ica te  
fo r ne u trino le s s  d o u b le -b e ta  de ca y ve ry la rge  ha lf-live s  
(o f 10 22 ye a rs  o r more ). As  a  cons e que nce , the s e  e xpe ri- 
m e n ts  ha ve  to  be  ca rrie d  ou t in  a  low ra d ioa c tivity 
e nvironme n t with  de te c to rs  o f g o o d  e ne rgy re s o lu tion . 
A much  b e tte r e ffic ie ncy ca n  be  re a che d  if the  de te c to r 
its e lf ca n  be  us e d a ls o  a s  a  s ource  o f d o u b le -b e ta  de ca y 
[6]. This  ha s  re s tric te d  the  choice  s o  fa r to  G e Li de te c - 
to rs  (two e xpe rime n ts  ha ve  be e n  ca rrie d  ou t re ce n tly 
[7,8] a nd  o the rs  a re  p la n n e d  [5]), a n d  to  xe non  time  
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p ro je c tion  cha mbe rs  (TP Cs ) [9-12], s ince  76Ge  a nd  136Xe 
a re  good  d o u b le -b e ta  de ca y ca nd ida te s .  It wou ld  b e  o f 
obvious  in te re s t to  e xte nd  the  "p a s s ive " de te c to r te ch- 
n ique s  to  o th e r d o u b le -b e ta  a c tive  ma te ria ls ,  a nd  a ls o  to  
inc re a s e  the  ma s s  a n d  pos s ib ly the  re s o lu tion  o f the  
a bove -me n tione d  de te c tors . 

S imila r cons ide ra tions  a p p ly to  the  p ro b le m  o f e le c- 
tro n  s ta b ility,  which ha s  a ls o  be e n  inve s tiga te d  with  
pa s s ive  de te c to rs  [13-16]. A me th o d  cons is ts  in  the  
s e a rch  for the  d is a p p e a ra n c e  o f a  K-s he ll e le c tron  o f the  
d e te c to r a tom. The  c o rre s p o n d in g  va ca ncy wou ld  be  
fille d  b y e xte rna l e le c trons , a nd  a  p e a k wou ld  a p p e a r a t 
the  b ind ing  e ne rgy o f the  K s he ll. A le s s  ge ne ra l me th o d  
cons is ts  in  the  s e a rch  for e le c tron  de ca ys  in  the  s pe cific  
cha nne l e -  --, ~c + ~'. 

The  pos s ib ility o f us ing  low-te mpe ra tu re  de te c to rs  in  
s ubnuc le a r phys ics  ha s  a lre a dy be e n  s ugge s te d  [17-19] 
a n d  is  b y n o  me a ns  re s tric te d  to  the  a bove me n tione d  
p rob le ms .  We  will o n ly d is cus s  the m be ca us e  o f the ir 
in trin s ic  phys ica l in te re s t a n d  be ca us e  it s e e ms  d ifficu lt 
to  improve  cons ide ra b ly the ir p re s e n t e xpe rime n ta l 
s ta tus  with  e xis ting  te chnique s . 

2. Th e  princ ip le  o f low-te mpe ra ture  ca lo rime try for par- 
tic le  de te ction 

In  o rd e r to  de te c t the  e ne rgy los t b y a  pa rtic le ,  in  the  
fina l fo rm o f he a t, one  ha s  to  us e  de te c to r ma te ria ls  o f 
low s pe cific  he a t. Mo s t o f the  e ne rgy de pos ite d  b y 
ion iz ing  ra d ia tio n  a p p e a rs  in  the  fo rm o f he a t with in  a  
d e la y on ly due  to  a tomic  tra ns itions . A m in o r p a rt (a  
fe w pe rce n t a t mos t) is  s to re d  a s  la ttice  fa u lts : d is loe a - 

N.B. QD for Te reported by Fiorini-Niinikoski is ~2x lower than QD of TeO2 crystals



…and things may 
be different
§ Just add one 

sterile neutrino
§ The end of the 

game may be far 
away even for IO
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A dangerous 
killer

§ From Atsuto 
Suzuki 
retrospective on 
Dr. Masatoshi 
Koshiba
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WKaW LQYLWHd KaPLRNaQdH-II ?

E th
～

ϭϱ
 M

eV

Only several months later after dataͲtaking 
Wh\ QRW lRZeU EWh
dRZQ WR 10 MeV

WR
deWecW 8B VRlaU QeXWUiQRV 

Koshiba ͗  

Proposal ͗ not Improvisation, 
but his Deep Consideration 

KRVKLEa : 
EYHQ EHIRUH, WKH VWaUW RI WKH H[SHULPHQW,
I KaG EHHQ WKLQNLQJ WKaW WKH KaPLRNaQGH
VKRXOG SURGXFH VLJQLILFaQW VFLHQWLILF
UHVXOWV, HYHQ LI SURWRQ GHFa\V ZHUH QRW
REVHUYHG.KaPLRNaQde-II :

huge background mountain
stands in front of us 



Direct (kinematic) 
measurement of mb
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A single BIG player today: KATRIN
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Susanne	Mertens

Karlsruhe	
Tritium
Neutrino	
Experiment

4



Katrin
§ Slide by 

Susanne 
Mertens 
@Neutrino
2020
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Susanne	Mertens	(MPP,	TUM)

The	challenge

Only	10-13 of	
all	decays	in	
last	1	eV

• Ultra-strong	b-source: 1011 decays/s

• Low	background	level	 <	0.1	cps

• Excellent	energy	resolution	 ~	1	eV

• Precise	understanding	of	spectrum

3



Katrin
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Susanne	Mertens

KATRIN	Working	Principle

β-decay

7

Transport	section
• magnetic	guidance	of	electrons	(@	4	T)
• tritium	flow	reduction	by	>	1014 +	tritium	ion	removal

§ Slide by 
Susanne 
Mertens 
@Neutrino
2020



Katrin
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§ Slide by 
Susanne 
Mertens 
@Neutrino
2020

Susanne	Mertens

Measurement	strategy

• #	HV	set	points:			27

• interval: E0 – 40	eV	,	E0 +	50	eV

• scanning	time:	 2	hours	

• #	scans: 274

• HV	stability: 20	mV	(ppm-level)

en
dp

oi
nt

b-decay	
spectrum

background
region
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Katrin
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§ Slide by 
Susanne 
Mertens 
@Neutrino
2020

Susanne	Mertens

Final	fit	result

Best	fit	results:

=>? = −L. BML.LNB.O eV2

→ compatible	with	zero	

→ probability	of	16%,	if	true	mn =	0	eV

AB = LPQRS. R	 ± 	B. L	eV
→	Q-value	:	18575.2	± 0.5	eV	
→	good	agreement	with	literature	(Q	=	18575.72	± 0.07	eV)

E.	Myers	et	al.	Phys.	Rev.	Lett.	114,	013003	(2015)	



Katrin – what next 

§ Search for signatures of m4 mixing: distortions in beta 
spectrum

1. eV scale sterile neutrino -> same data as for standard mb

2. keV scale neutrino mass: needs segmented final detector -> 
TRISTAN

§ Further upgrades? Katrin deserves to be fully exploited
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mb from electron capture

§ ECHO and HOLMES
§ Milestone: demonstrate 

1 eV capability
§ No general consensus 

on the costs for a sub-eV 
detector
§ It depends on number 

of channels, which 
depends on maximum 
tolerable rate per 
channel

§ Be optimistic on major 
costs reduction from 
commercial 
technologies
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Slide by A. Nucciotti



mb novel concepts
§ Project 8

§ Novel approach to e- spectrometry: measure frequency, not E
§ In progress

§ PTOLEMY
§ Very ambitious: initially proposed as a Telescope for Relic Neutrinos – mb as a by-

product
§ Novel concepts for

§ Source: 3H embedded in a graphene layer, ~ x103 Katrin source intensity
§ Spectrometer: differential high-res spectrometry
§ Detector: low-energy high-resolution detector

§ Every item has to be developed and demonstrated
§ Please refrain from calling it a Neutrino Telescope at least until LIX Neutel
§ Remarkable anyway

Stefano Ragazzi Neutrino Telescopes, February 2021 26



Final remarks
§ Mixing, phases, squared mass difference experiments are in a privileged 

position
§ Supported by reference laboratories
§ Making measurements
§ Wide physics menu

§ Majorana mbb searches
§ Healthy competition and variety of approaches – some downselection will occur
§ You pay for (1/mbb)2 at least
§ “Zero background” approach has to go ahead if we don’t want to pay for (1/mbb)4 

or hit a systematics wall
§ Peak squeezing technique: it is mandatory to take advantage of the time of CUPID 

construction and run for a better understanding of detectors
§ Beware of single item physics menu! It can be more poisonous than a tellurium 

soup
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Final remarks 
(continued)
§mb measurement

§ Measure (mb)2 pay for 1/ (mb)2

§ The shores of neutrino mass spectroscopy are at 50 meV or nearer: a 
tiny effect for NO a major shoulder for IO

§ A single big operating experiment: Katrin
§ It was a tremendous effort: congratulations to Katrin
§ Fully exploit Katrin + Upgrades (Tristan …)

§ The shores of neutrino mass spectroscopy are at 50 meV or nearer: a 
tiny effect for NO a major shoulder for IO
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Final remarks - mb
measurement
(continued)
§ EC (Holmium) experiments

§ Costs would be unsustainable today for a sub-eV experiment, but 
they will tremendously benefit of development of commercial 
technologies

§ There still is a long way to go along the path followed by Mac-E 
Spectrometers: important milestone at 1 eV

§New spectrometers
§ Project-8 - measure frequency not energy
§ Ptolemy - very ambitious fininal goal: detect relic neutrinos (mb as a 

by-product): novel concept for source, spectrometer, detector
§ It needs a supporting laboratory (at least)
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Thanks

§Many thanks to NeuTel organizers for invinting me

§Many thanks to O. Cremonesi, A. Nucciotti, S. Pirro, F. 
Terranova for enlightening discussion
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