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OUTLINE:	
•  Prologue	
•  The	3ν	paradigm	and	its	(un)knowns	
•  Global	3ν analysis	of	oscilla<on	data	
•  Impact	of	nonoscilla<on	constraints		
•  Beyond	the	3ν paradigm	
•  Epilogue	
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Results	based	on	the	invited	review	ar<cle:	
	

F.	Capozzi,	E.	Lisi,	A.	Marrone,	A.	Palazzo,		
“Current	unknowns	in	the	three-neutrino	framework”	

arXiv:1804.09678	[Prog.	Part.	Nucl.	Phys.,	in	press]	
	



Prologue: The 2015 Nobel Prize in Physics 

“for	the	discovery	of		
neutrino	oscilla3ons	...	

...	which	shows	that		
neutrinos	have	mass"	
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broad-brush		
picture	...	

													...	detailed		
												descrip<on	

ß	from	uncertain<es		
spanning	many	decades...	

	
...	to	few	%	accuracy	on		
oscilla<on	parameters	à			

	
ß	3ν	paradigm	emerging	

with	knowns		
and	unknowns...	à	

	
Surprises?		
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Discovery	phase	çè	Precision	phase	

δm2  2.2  %    
Δm2  1.4  %   
sin2θ12 4.4  %   
sin2θ13 3.8  %    
sin2θ23  ~ 5  %  
 
               
                + 
 
... 3ν unknowns ? 
... Beyond  3ν ? 
... Theo. challenges ? 
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Mixings and phases: CKMà PMNS (Pontecorvo-Maki-Nakagawa-Sakata) 

Extra CPV phases 
     [if Majorana] 

not tested in oscillat. 

Mass [squared] spectrum             (E ~ p + m2/2E + “interaction energy” ) 

1 
2 

1 
2 

δm2

 

δm2

 Δm2

 Δm2

 

“Normal” 
Ordering 
  N.O. 

“Inverted” 
 Ordering 
    I.O. 

   + interactions in matter à effective terms ~ GF 
. E . density 

   + absolute mass scale (not tested in oscillations)  
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 2-3 rotation   1-3 rotation 
+ CPV “Dirac” phase 

 1-2 rotation 

3 

3 

3ν	paradigm:	parameters	
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Neutrino	coherent	forward	scaKering	with	(charged)	background	fermions	f:	

νe,	µ,	τ νe,	µ,	τ νe νe

f	=	l,	q	 e	 e	

Z	 W	

νe

νee	

e	

effect	canceled	out	
(same	for	all	flavors)	

	effect	singled	out	
(no	µ or	τ	in	maKer)	

νe	extra	interac<on		
		energy		~	GF	Ne	E	
(changes	sign	for	an<-ν)		

Mikheyev-Smirnov–Wolfenstein	(MSW)	effect	à	explored	in	a	vast	literature	
	

	[Difficult	to	say	something	really	new,	unless	Nature	reveals	new	NSI	(non-standard	
	interac=ons,	leading	to	flavor-changing/conserving	4-fermion	couplings	~	εαβ	GF	]	
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	Core-collapse	SNe:	for	a	few	seconds,	(an<)neutrino	density	can	be	dominant			

ν

ν

ν	extra	interac<on		
	energies		~	GF	Nν	E	
	(from	a	4-ν vertex!)		

Flavor	evolu<on	of	ν	depends	on	the	ν	background	itself	à	nonlinear	problem			
	

	Formidable	theore3cal	and	computa3onal	difficul3es:	solu3ons	s3ll	in	their	infancy.	
	Currently	a	narrow	&	specialized	field,	but	will	be	boosted	aJer	the	next	galac=c	SN!	
	“Forensic	analysis”	of	the	SN	ν	signal	will	then	become	a	discipline	of	its	own...			

ν

ν

...the	only	laboratory	where	weak		
				interac<ons	may	become	“strong”		



ν flavor oscillation experiments: α à β in vacuum and matter 

a 

b 

c 

d 

e 

f  

g 

eàe        (KamLAND), 
θ12 )  

eàe                  (Solar) θ12 )  

µàµ   (Atmospheric) ( Δm2 , θ23 )  

µàµ        (LBL Accel) Δm2 , θ23 )  

eàe         (SBL Reac.) θ 

µàe         (LBL Accel)  θ  

µàτ      (OPERA, SK)θ  
Data from various types of  neutrino experiments: (a) solar, (b) long-baseline  
reactor,  (c) atmospheric, (d) long-baseline accelerator, (e) short-baseline 
reactor, (f,g) long baseline accelerator (and, in part, atmospheric). 
 
(a) KamLAND [plot]; (b) Borexino [plot], Homestake, Super-K, SAGE, GALLEX/
GNO, SNO; (c) Super-K atmosph. [plot], DeepCore, MACRO, MINOS etc.; (d) T2K 
(plot), NOvA, MINOS, K2K; (e) Daya Bay [plot], RENO, Double Chooz; (f) T2K [plot], 
MINOS, NOvA; (g) OPERA [plot], Super-K atmospheric.  
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Leading sensitivities to 3ν oscillation parameters: 

a 

b 

c 

d 

e 

f  

g 

eàe          ( δm2 , θ12 )  

eàe          ( δm2 , θ12 )  

µàµ         ( Δm2 , θ23 )  

µàµ         ( Δm2 , θ23 )  

eàe          ( Δm2 , θ13 )  

µàe  ( Δm2 , θ13 , θ23 )  

µàτ         ( Δm2 , θ23 )  
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...	+	subleading	sensi<vi<es	to	CPV	and	
NO	vs	IO	difference,	essen<ally	via	µàe 
channel	in	LBL	accel.	and	atmosph.	expts			



“Broad-brush” 3ν picture (with 1-digit accuracy)         

+Δm2 

δm2 m2
ν 

ν2 
ν1 

ν3 

ν3 
-Δm2 
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 e  µ  τ	

δm2      ~ 7 x 10-5 eV2 

Δm2      ~ 2 x 10-3 eV2 

sin2θ12 ~ 0.3  
sin2θ23 ~ 0.5  
sin2θ13 ~ 0.02  

δ = Dirac CPV phase 

sign(Δm2) = ordering 

octant(θ23)  
absolute mass scale 
Dirac/Majorana nature 

Knowns:	 Unknowns:	

Normal Ordering (NO) Inverted Ordering (IO) 



Hi-res, larger picture  à   Global analysis of  ν oscillation data  
11	

  Analysis includes increasingly rich oscillation data sets: 
 

 LBL Accel + Solar + KL (KamLand) 

 LBL Accel + Solar + KL + SBL Reactor 
 LBL Accel + Solar + KL + SBL Reactor + Atmosph. 

Global fit results taken from 1804.09678.    LBL = Long Baseline , SBL = Short Baseline.  

χ2 metric adopted. Parameters not shown are marginalized away: 
 

C.L.’s refer to Nσ = √ Δχ2 = 1, 2, 3, ... 
  

à	
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LBL	accelerators	(T2K	and	NOvA)	are	dominantly	sensi<ve	to	( Δm2 , θ13 , θ23 )  
but	also	probe	δ and	NO	vs	IO,	provided	that	( δm2 , θ12 ) are	fixed	by	solar+KL. 
	

SBL	reactors	(Daya	Bay,	RENO,	Double	Chooz)	are	dominantly	sensi<ve	to	( Δm2 , θ13 )  
and	shrink	the	θ13	range	drama<cally,	with	correlated	effects	on	the	other	parameters		

Atmospheric	ν	searches	(mainly	Super-Kamiokande)	also	contribute	to	probe	and	to	
constrain ( Δm2 , θ13 , θ23  , δ  ) as	well	as	tes<ng	NO	vs	IO.		

Relevant	new	result	(2017-2018):	Hints	for	Normal	Ordering	(NO)	favored	by	data		

[	Herealer:				Δm2 =  (Δm2
31 + Δm2

32)/2 ]     

2 
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Nσ

Parameter	value

In	the	following	figures:	Typical	bounds	would	be	~linear	and	symmetric		
for	~gaussian	errors	around	the	separate	best	fits	for	both	NO	and	IO.	
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Nσ

Parameter	value
0	

1	

4	

3	

2	

Blue	=NO	

Nσ

Parameter	value
0	

1	

4	

3	

2	

Red	=	IO	

However,	bounds	for	IO	move	upwards	if	one	takes	into	account	that		
currently	NO	gives	the	absolute	best	fit.	Recall:		Nσ = √ Δχ2 = 1, 2, 3...	

Results	from	real	data	à	
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Two	mass	parameters	and	three	mixing	angles	bound	at	>4σ	level.	
Largest	mixing	angle	(2-3)	close	to	π/4,	but	octant	undetermined	at	1σ.
CP	phase	favored	around	3π/2	(max	CPV	with	sinδ	~	-1).	
IO	slightly	disfavored	with	respect	to	NO	at	~1σ	level.	
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Range	of	smallest	mixing	angle	(1-3)	drama<cally	reduced	
Largest	mixing	angle	(2-3)	close	to	π/4,	but	octant	undetermined	at	2σ.
Max	CPV	at	~3π/2	favored	,	CP	conserva<on	disfavored	at	~2σ in	NO.	
IO	disfavored	with	respect	to	NO	at	~2σ	level.	



17	

Further	improvements	for	various	parameters	–	bounds	at	few	%	level	
Largest	mixing	angle	(2-3)	close	to	π/4,	but	octant	undetermined	at	2σ.
CPV:	sinδ	~	-1	favored,	~	0		disfav.,	~	+1	excl.		Meaningful	bounds	at	~3σ. 	
IO	significantly	disfavored	with	respect	to	NO,	at	~3σ	level	(but:	cau<on!)	
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Understanding	the	accelerator	+	reactor	(+atm.)	impact	on	NO	preference	

NO	

IO	

An<correla<on	due	to	leading	term	
in	appearance	channel	at	accelerators		

BeKer	agreement	with	
reactors	on	y-axis	for	NO	
	

Atmosph.	data	also	
contribute	(but	in	a		
less	intui<ve	way)	

Running	experiments	can	further	corroborate	this	picture	(if	true)		

2 
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Understanding	the	accelerator	+	reactor	(+atm.)	impact	on	CPV	preference	

NO	

IO	

CPV	tested	by	sub	leading	terms	
at	accelerators	(nu-an<nu	difference)		

Reactors	not	sensi<ve	
to	CPV,	but	sharpen	range	

Atmosph.	contribute		
to	test	CPV	(but	in	a		
less	intui<ve	way)	

Running	experiments	can	further	corroborate	this	picture	(if	true)		
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Status	of	oscillaeon	data	analysis,	circa	2018	

Known	parameters	constrained	at	few	%	level	
“Unknown”	CP	phase	maybe	already	“known”	at	O(10%)	-	if	trend	confirmed	
Drama<c	progress	in	the	last	two	decades	on	the	PMNS	paradigm...	
but	s<ll	a	long	way	to	go	to	reach	CKM-level	accuracy	and	redundance!	



Underlying symmetries? A wide spectrum of  options... 

No organizing principle 
(“anarchy”) 

Discrete family simmetries 
(“geometry”) 

Continuous flavor simmetries 
(“dynamics”) 

Common quark/lepton features 
(“complementarity”) 

linear relations between  
θ13cosδ and θ12, θ23   

links between neutrino 
spectra/angles/phases 

links between  
θ13 and θC   
  

...model selection will benefit from new and more accurate data! 
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  Theoretical model building challenges          



Experimental challenges, e.g., in testing mass ordering 

Oscillation searches can directly access the sign of  ±Δm2 ... 

δm2	

δm2	

+Δm2	 -Δm2	

...if  they can observe interference of  oscill. driven by ±Δm2 with  
oscill. driven by a quantity Q having known sign. Three options: 

 

    1) Q ~ δm2                (medium-baseline reactors)  
 

    2) Q ~ GF E Ne  (matter effects in accel./atmosph. ν) 
 

    3) Q ~ GF E Nν  (self-interaction effects in supernovae) 
 

(IO) (NO) 
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1)	JUNO	experiment	in	construc<on	(China).	Need	nuclear	theory	progress	on	reactor	spectra.	
2)	DUNE	(US),	HK	and	T2HK	(Japan),	EnuSSB	(EU)	...	Need	progress	on	cross	seceons	(also	for	CPV	tests).	
3)	Next	galac<c	core-collapse	SN	in	many	experiments.	Need	theory	advance	on	self-interaceon	effects.	



(	mβ	,	mββ	,	Σ	)	

		β	decay,	sensi<ve	to	the	“effec<ve	electron	neutrino	mass”:	

					0νββ	decay:	only	if	Majorana.	“Effec<ve	Majorana	mass”:	

				Cosmology:	Dominantly	sensi<ve	to	sum	of	neutrino	masses:	

Note 1: These observables may provide handles to distinguish NO/IO. 
Note 2: Majorana case gives a new source of  CPV (unconstrained) 
Note 2: The three observables are correlated by oscillation dataà 

3ν paradigm status via non-oscillation searches:  
absolute ν masses and observables 
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What	sets	the	uncertainty	of	mββ	?	
	
In	case	of	posi<ve	signal,	a	major	concern	is	the	
accuracy	of	the	nuclear	matrix	element	|M|,	rather	
than	the	expt.	uncertainty	on	the	decay	half	life:	

		Half-life			Phase	space							Nuclear	matrix	element	

NME:	Very	difficult	calculaeons.	We	have	not	(yet)	a	
“standard	nuclear	model”	...	Medium	term:	improve	
effec<ve	nuclear	models	via	as	many	EW	(+	other)	test	
processes	as	you	can:	single	and	double	beta	decays,	EC,	
muon	capture,	single	and	double	charge	exchange...	
Long	term:	improve	nuclear	models	via	lasce	QCD	
simula<ons.		

24	
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Constraints on nonoscillation observables from oscillation data 

mββ	spread due to  

Majorana CP phase(s): 

accessible in principle 
 
[but no NME error here] 
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NO								
	IO								

~degenerate for 
  relatively large  
  neutrino masses 
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β	 	:	Mainz+Troitsk 

Σ : CMB+LSS 
0νββ 	:	KL-Zen, GERDA, EXO, Cuore... 

Upper limits on mβ,	mββ,	Σ	(up to some syst.) + osc. constraints  

Cosmo data already contribute to put IO “under pressure”. 
     Major improvements expected in the next decade à  
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NO								
	IO								
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β	 	:	KATRIN 

Σ : Precision Cosmology 
0νββ 	:	Upgraded/New expt. (+ NME) 

Upper limits on mβ,	mββ,	Σ	 in ~10 years ?   

Large phase space for discoveries about ν mass and nature. 
Theoretical challenges: cosmo high accuracy calculations/simulations, NME uncertainties 
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         With “dreamlike” and converging data one could, e.g.   

Check	3ν	
consistency	…	

Iden<fy	the	
hierarchy	…	

Probe	the	
Majorana		
phase(s)	…	

Determine	the	
mass	scale…	
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But alternative situations (surprises!) might also occur.... 

? 

? 

something wrong ? 

new physics ? 

why the mismatch ? 
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Physics beyond “3 light ν” should always be kept in mind, 
               e.g., in neutrinoless double beta decay:   

u     e     e     u 

W W 
ν 

Standard	

u     e     e     u 

W W 
N 

	Heavy	ν		

u     e     e     u 

Kaluza-Klein	

W W 
ν(n) 

u     e     e     u 

WR,L 

νL,R 
   RHC	λ,η	
				λ=RH	had,	η=LH	had	

WR,L 

e     u     u     e 

u u 
g 

	SUSY	g		

~ ~ 
~ 

~ 

p     e     e     p 

π 

	SUSY	π		

π 
SUSY	
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One scenario is under close scrutiny:  

Sterile	ν	states	at	O(1	eV)	scale,	with	small	ac<ve-sterile	mixing?		
Prompted	by	some	“anomalous” results	s<ll	under	inves<ga<on:				

LSND/MiniBooNE	(SBL)?	

[Mills] 

Gallium	anomaly?	Reactor	anomaly?	

Extra	cosm.radia<on?	(~obsolete)	2

2. Scenarios

We take the number of thermally excited ster-
ile neutrinos, Ns, to be an adjustable cosmological
fit parameter, while the active neutrinos are as-
sumed to have a fixed abundance corresponding
to N� = 3.046 so that the total e⇤ective number
of neutrinos Ne� = 3.046 + Ns. For the neu-
trino masses, we consider two schematic scenar-
ios. In the first scenario, the ordinary neutrinos
are taken to be massless, while the sterile states
have a common mass scale ms which is free to
vary. We dub this the “3 + Ns” scenario. The
second scenario, the “Ns +3” scenario, consists of
massless sterile states (ms = 0) and active neu-
trinos that have an adjustable common mass m� ,
i.e., all active species are treated as degenerate in
mass.

3. Cosmological analysis

Besides the new parameters Ns and ms or m� ,
we consider a cosmological parameter space con-
sisting of the standard “vanilla” �CDM parame-
ters: The baryon density ⇥b = ⇥bh2, cold dark
matter density ⇥cdm = ⇥cdmh2, Hubble param-
eter H0, scalar fluctuation amplitude As, scalar
spectral index ns, and the optical depth to reion-
isation � . We use either m� or ms as a fit param-
eter, depending on the scenario under considera-
tion, from which we calculate the contribution to
the matter density as (i) ⇥�h2 = Ns�ms/(93 eV)
in the 3 + Ns scheme, and (ii) ⇥�h2 = 3.046 �
m�/(93 eV) in the Ns + 3 case. We use CMB
data from the WMAP [10], ACBAR [11], BI-
CEP [12], and QuAD [13] experiments. In ad-
dition, we use the halo power spectrum extracted
from the SDSS-DR7 LRG sample [14]. Finally, we
impose a prior on the Hubble parameter based on
the Hubble Space Telescope observations [15].

In Figure 1, we show 2D confidence contours
for the 3 + Ns and Ns + 3 cases. We also provide
1D confidence intervals for Ns and m� or ms for
di⇤erent scenarios in Table 1. For Ns+3 (massless
radiation and ordinary neutrinos with mass m�),
the evidence for Ns > 0 is beyond 95%, although
it is weaker in the opposite scenario 3+Ns where
the new states are carrying mass.

Figure 1. 2D marginalised 68%-, 95%- and 99%-
credible regions for the neutrino mass and ther-
mally excited number of degrees of freedom Ns.
Top: The 3 + Ns scheme Bottom: The Ns + 3
scheme.

4. BBN

The relatively large Ns values compatible with
the above analysis are somewhat restricted by the
primordial light-element abundances. We sum-
marise current BBN constraints on Ns in Table 2.
For the 4He abundance we consider both the value
found by Izotov and Thuan [16], Y IT

p = 0.2565±
0.001 (stat)±0.005 (syst) and the value derived by
Aver et al. [17], Y A

p = 0.2561± 0.011. We adopt
the deuterium abundance of Pettini et al. [18],
log(D/H)p = 4.56 ± 0.04 and the baryon den-
sity inferred from our CMB+SDSS+HST analy-
sis, ⇥CMB

b = 0.02239± 0.00048.

?	

m
as
s	

3ν	paradigm	
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32	
Sterile	neutrinos:	Appearance	vs	Disappearance...	[from	Giun<+	2017]	

...	accuracy	vs	(possible)	discoveries...	



RECAP	

•  Status	of	known	3ν	oscillaeon	parameters:	
				Precision	era	(but	PMNS	accuracy	far	from	CKM)				
	

•  Trends	of	unknown	3ν oscillaeon	parameters:		
				Favoring	CPV	with	sinδ<0	and	NO;	nearly	max	θ23	
	

•  Status	of	3ν	abs.	masses	from	0νββ	&	Cosmology:	
				Sub-eV	sensievity	but	no	posi<ve	detec<on	yet		
	

•  Experimental	outlook:	
				Expect	many	new	results	within	and	beyond	3ν

•  Theoreecal	outlook:	
				Expect	(bener)	understanding	within	and	beyond	SM
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EPILOGUE: Bridging two fundamental research programs 

1. Test Higgs sector 

2. Find ν masses 
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ν ? 
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ou
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to
	H
ig
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		à

	

	1	+	2				Where	are	the	ν’s	on	this	plot?		Why	are	they	so	light?		

parecle	mass	à								<	1	eV	
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ν 

Dirac:	neutrinos	“talk”		
very	weakly	to	the		
Higgs	boson,	y	<	10-12	
for	unknown	reasons...	

							<	1	eV	

�	

Option I 

parecle	mass	à	

	c
ou

pl
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to
	H
ig
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		à
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ν 

Dante, Inferno:
« ... Vuolsi così colà dove si puote

ciò che si vuole, e più non dimandare »

«... It is so willed there where is power to do�
That which is willed; and ask no further question »

 

							<	1	eV	

�	

Option I 

parecle	mass	à	
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ν 

Majorana:	neutrinos	talk		
“normally”	to	the	Higgs,		
but	also	to	other	(much)		
higher	scale(s)	M	-->	
suppression	factor	
	y	à	y	MH/M		(see-saw)	

							<	1	eV	

�	

Option II 

�	
�	
�	
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MH	

m(ν)	

M	Neutrinos masses may offer  
a great opportunity to jump  
beyond the EW framework 
via the see-saw mechanism... 

... and to address fundamental physics issues, such as: 
� new sources of  CP violation at low and high energies 
� lepton number violation and associated phenomena 
� matter-antimatter asymmetry of  the universe ...     

�	
�	
�	
�	
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M	~	GUT	scale	
�	
�	
�	
�	

CP-violating decays of  heavy neutrinos at scale  
M may generate lepton asymmetry (leptogenesis): 
Discovery of  leptonic CP violation and of  Majorana 
nature (+ proton decay?) would be important steps 
towards this scenario.   
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M	~	low	scale	

�	
�	
�	
�	

CP-violating decays of  heavy neutrinos at scale  
M may generate lepton asymmetry (leptogenesis).  
Discovery of  leptonic CP violation and of  Majorana 
nature (+ proton decay?) would be important steps 
towards this scenario.   

At the other end of  the spectrum, low-scale (e.g. EW) 
see-saw may also generate (at the price of  fine-tuning)  
additional interesting phenomenology: dark matter  
candidates, di-lepton and heavy lepton events in HEP   
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�	
�	
�	
�	

CP-violating decays of  heavy neutrinos at scale  
M may generate lepton asymmetry (leptogenesis).  
Discovery of  leptonic CP violation and of  Majorana 
nature (+ proton decay?) would be important steps 
towards this scenario.   

At the other end of  the spectrum, low-scale (e.g. EW) 
see-saw may also generate (at the price of  fine-tuning)  
additional interesting phenomenology: dark matter  
candidates, di-lepton and heavy lepton events in HEP   

In principle, several sterile states might even be split  
among widely different energy scales, and affect 
various phenomena in (astro)particle physics.  
 
Let us remain open-minded...  
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ν 

							<	1	eV	

�	

...New mass states could emerge at (different) new scales ... 

�	
�	
�	

parecle	mass	à	
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GUT		 		
	
								 		
	
TeV		
	

		
	
GeV	 		
	

		
	
keV	 		
	

		
	
eV	 		



ν 

							<	1	eV	

�	

 ... and contribute to a rich research program... 

�	
�	
�	
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GUT		 	[proton	decay]	
	
								 	[leptogenesis]	
	
TeV	 	[LHC]	
	

	[heavy	neutral	leptons]	
	
GeV	 	[SHiP]	
	

	[low-scale	see-saw]	
	
keV	 	[DM]	
	

	[direct	mass	searches]	
	
eV	 	[oscilla<ons]		



�	

... that may lead to a novel, broad-brush picture beyond 3ν...

�	
�	
�	
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Thank you for your attention! 



Extra slides 
with	further	results	related	to	arXiv:1804.09678		
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