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Astrophysics	and	Cosmology	

What	is	Neutrino	Theory?	

					Neutrinos	in	early	universe	
					Supernovae	

•  Both	astrophysics	and	neutrino	physics	
•  Neutrinos	carry	out	most	of	energy	
•  Neutrino	oscilla7ons	very	complex,	including	self-interac7ons	

					Connec7ons	between	neutrinos	and	dark	maPer,	baryogenesis	
					Very	high	energy	neutrinos	

•  Interes7ng	astrophysical	sources	–	extreme	environments	
•  Energies	beyond	those	accessible	in	labs	
•  Propaga7on	over	large	distance	sensi7ve	to	par7cle	proper7es	



What	is	Neutrino	Theory?	

					Generic	ideas:	see-saw	

					Explicit	model	building	
•  grand	unifica7on	
•  radia7ve	mechanisms	
•  flavor	symmetries		

					What	is	the	scale?	
•  GUT	
•  TeV	
•  Sub-eV		

Neutrino	mass	genera7on	
Flavor	

Experimental	observables	

?	



What	is	Neutrino	Theory?	

					Generic	ideas:	see-saw	

					Explicit	model	building	
•  grand	unifica7on	
•  radia7ve	mechanisms	
•  flavor	symmetries		

					What	is	the	scale?	
•  GUT	
•  TeV	
•  Sub-eV		

Neutrino	mass	genera7on	
Flavor	

Experimental	observables	

?	

Neutrino	interac7ons	

New	interac7ons		
predicted	in	specific	models	



What	is	Neutrino	Theory?	

					Generic	ideas:	see-saw	

					Explicit	model	building	
•  grand	unifica7on	
•  radia7ve	mechanisms	
•  flavor	symmetries		

					What	is	the	scale?	
•  GUT	
•  TeV	
•  Sub-eV		

Neutrino	mass	genera7on	
Flavor	

Experimental	observables	

?	

Neutrino	interac7ons	

New	interac7ons		
predicted	in	specific	models	

New	states	

Light:	observable	
Non-unitary	lepton	mixing	



What	is	Neutrino	Theory?	

					Generic	ideas:	see-saw	

					Explicit	model	building	
•  grand	unifica7on	
•  radia7ve	mechanisms	
•  flavor	symmetries		

					What	is	the	scale?	
•  GUT	
•  TeV	
•  Sub-eV		

Neutrino	mass	genera7on	
Flavor	

Experimental	observables	

?	

Neutrino	interac7ons	

New	states	

Light:	observable	
Non-unitary	lepton	mixing	

New	interac7ons		
predicted	in	specific	models	

e.g.	decay	length,		
electromagne7c	prop.		

Other	neutrino	proper7es	



What	is	Neutrino	Theory?	

Neutrino	mass	genera7on	
Flavor	

Experimental	observables	

Neutrino	interac7ons	

New	states	

Light:	observable	
Non-unitary	lepton	mixing	

New	interac7ons		
predicted	in	specific	models	

e.g.	decay	length,		
electromagne7c	prop.		

Other	neutrino	proper7es	

Other	par7cle	physics	
e.g.		
•  Higgs	sector	
•  Charged	lepton	flavor	
•  Quark	flavor	
•  Baryon	number	viola7on		



Neutrino	interac7ons:	

Non-Standard	Interac7ons	(NSI)	

•  many	types	of	processes	
•  models		can	predict	them	
•  model-independent	phenomenological	parametriza7ons		
					useful	to	connect	to	experimental	observables	

Standard	Model	
•  many	energy	ranges	MeV-	EeV	
•  many	types	of	processes	
•  many	not	understood/measured	with	sufficient	precision	



Three-flavor	neutrino	oscilla7ons		

• 	Three-flavor	mixing	matrix		
• 	solar,	atmospheric,	accelerator,	reactor	experiments		



Esteban	I.,	Gonzalez-Garcia	M.C.,	Maltoni	M.,		
	Schwetz	T.,	Zhou	A.	
JHEP	09	(2020)	178	[arXiv:2007.14792]	
NuFIT	5.0	(2020),	www.nu-fit.org.	
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Specific	Ques7ons	
•  What	are	the	3	flavor	oscilla7on	parameters?	

	2	mass	square	differences,	3	mixing	angles	
	Is	2-3	mixing	maximal?	if	not,	what	is	the	octant,	…	

•  Is	there	CP	viola7on	in	the	lepton	sector?	
									measure	phase	
•  What	is	the	mass	ordering?	



Neutrinos	in	the	Standard	Model	and	beyond		

•  Neutrino	mass	and	mixing:	physics	beyond	SM	

•  Non-trivial	extension:	
•  add	right	handed	neutrino	to	SM	(like	for	other	SM	fermions)	
•  add	Yukawa	coupling	to	Higgs		
												(like	for	other	SM	fermions)	
•  BUT	Majorana	mass	term																								allowed		by	SM	symmetries		
												(unlike	for	other	SM	fermions)		
	
Need	to	consider	at	least:	
	

	new	implica7ons	of	Majorana	neutrinos	
	 	 	 	 	 	 	 	or	

						new	symmetry	to	forbid	Majorana	mass	term	
	->	new	interac7ons,	new	phenomena,	etc.	 	 	 	 	 	 	 		

Y⌫L̄HNR
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•  Weak	interac7ons	(W	&	Z	exchange)	are	the	only	neutrino	
interac7ons	

•  There	are	no	addi7onal	neutrino	states	that	can	mix	with	the	three	
SM	flavors	

	
•  Only	an	“effec7ve	theory”	
•  addi7onal	states	and/or	interac7ons	needed	
																																							

	 	 	 	 	 				may	or	may	not	connect	to	observed	“anomalies”	
	 	 				-	other	interac7ons	and	new	light	states	possible	 	 	 		

•  do	not	know	correct	scale/model	
•  if	all	new	physics	is	at	high	scale	(e.g.	GUT	models)	

																					all	devia7ons	are	negligibly	small	
•  observable	correc7ons	possible	in	many	models	

•  ul7mately	observa7onal	ques7on		

Three	flavor	neutrino	oscilla7ons		
(the	new	-	or				-	standard	model)	⌫

to	generate	neutrino	masses	and	mixing	



	-	experiments	designed	for	high	precision	measurements	
		 	e.g.	DUNE,	short	baseline	program	at	Fermilab,	etc.	

	
-	very	high	sta7s7cs	data	

	e.g.	atmospheric	neutrinos	in	IceCube		Deep	Core/PINGU	

-	high	precision	determina7on	of	standard	neutrino	proper7es	
	
-	sensi7vity	to	new	neutrino	proper7es	and	other	new	physics	
	

	require	high	precision	measurements	as	well	as	
	high	precision	theore7cal	understanding	of	many	issues	
	(e.g.	interac7on	cross	sec7ons,	analysis	framework)	

	
	

Experimental	observables	



•  Many	types	of	processes	and	observables	at	different	energies	
•  E.g.	
•  Coherent	elas7c	neutrino	nucleus	scaPering:	see	Louis	Strigari’s	talk	
•  Neutrinoless	double	beta	decay	
•  Majorana	vs	Dirac	answered	by	detec7on	
•  Quan7ta7ve	connec7ons	to	neutrino	mass,	CP	phases,	etc.:	

need	nuclear	matrix	elements	
•  DIS	at	extremely	high	energies	(astrophysical	neutrinos)	
•  QCD	beyond	parameter	space	probed	by	colliders		
•  Rela7ve	effects	of	new	physics	can	be	large	

•  Neutrino	interac7ons	at	few	GeV	:		
•  many	processes	can	contribute	to	one	observable	signature	
•  hadronic	physics	effects	large	

•  …	

Neutrino	interac7ons	



Non-Standard	neutrino	Interac7ons	(NSI)		
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Non-Standard	neutrino	Interac7ons	(NSI)		
•  Standard	Model	can	be	treated	as	an	effec7ve	low	energy	theory	

of	some	high	energy	comple7on	at	scale	M	
•  Write	down	all	effec7ve	higher-dimensional	operators	involving	

SM	fields	and	respec7ng	SM	symmetries	
•  Dimension	5	(								)	:	Majorana	mass	
•  Dimension	6	(											):	lots	of	operators,	with	and	without	Higgs	
•  new	neutrino	interac7ons,	smaller	than	SM	ones		
					(suppressed	by	high	scale	M)	
					can	be	parametrized	as		
	
	
•  Effec7ve	low-energy	parametriza7on		in	terms	of										very	

general:	can	come	from	different	types	of	underlying	physics	
•  E.g.:	effects	of	a	sterile	neutrino	at	energies	much	lower	than	its	

mass	look	like									;	leptoquarks	
•  If	you	can	constrain	general							,	many	models	can	map	their	

parameters	onto		

1/M
1/M2
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NSI:	maPer	effect	



NSI:	constraints	

Esteban,	M.C.	Gonzalez-Garcia,	M.	Maltoni,	I.	Mar7nez-Soler,	J.	Salvado	
arXiv:1805.04530,	JHEP	08	(2018)	180,	JHEP	12	(2020)	152	(addendum)	



Non-Standard	Neutrino	Interac7ons	(NSI)		
	
•  any	interac7on	beyond	weak	(W,	Z	exchange)	

•  pheno	approach:	parametrize	most	general	interac7on		i.t.o.	
					known	par7cle	content						explore	observa7onal	consequences		
•  long	baseline	neutrino	oscilla7ons	
•  maPer	effects	sensi7ve	to	any	new	vector-type	interac7ons	

												propaga7on	effects	large	
•  source/detector	effects	smaller,	but	can	include	other	types	

of	interac7ons	(scalar,	pseudo-scalar,	axial,	tensor)	
•  other	types	of	experiments	(scaPering)	are	complementary		

					 	 	need	overall	consistency		
•  current	and	future	sensi7vity:	10%	to	under	1%	of									

													probing	relevant,	unexplored	physics	scales	

•  construct	model								explore	observa7onal	consequences	in	all		
							relevant	experiments	(				,	collider,	flavor,	etc.)	

GF
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NSI	&	New	Flavor	Physics	
•  In	the	SM	each	family	consistent	on	its	own	(anomalies	cancel,	etc.)	
•  3	families?	
•  Mixing?	
•  Why	such	small	mixing	for	third	family	quarks?	

•  Maybe	third	family	is	special:	we	gauge	B-L	for	3rd	genera7on	
	
	
	
																		Babu,	Friedland,	Machado,	Mocioiu,	JHEP	1712	(2017)	096		

Low	scale	flavor	models:	there	could	be	flavor	dependent	physics	below	the	
electroweak	scale	
	
Synergy	between	vastly	different	physics:		

neutrino	oscilla7ons,	Higgs	decays,	b-physics,	APV,	meson	oscilla7on	and	
decays...	



•  First	and	second	family	have	no	charge	
•  Third	family	is	charged	

	Need	two	Higgs	doublets	to	generate	CKM	mixing	
		

	 	 	 	 	 	 	 	 	 	 				 	 	 	 	 	 	 		

U(1)(3)B�L

Also	need	a	SM	singlet	with	X	charge	1/3			



U(1)(3)B�L

Generates	flavor	changing	interac7ons	in	the	quark	sector				

Quarks	



U(1)(3)B�L

13	and	23	off-diagonal	couplings	forbidden	by		
	charge	assignments	and	minimal	Higgs	sector	

Can	only	generate								here	

Leptons	

✓12

Mass	genera7on	in	neutrino	sector	less	constrained	

No	flavor	changing	interac7ons	in	the	lepton	sector!				



U(1)(3)B�L

The	flavor	symmetry	is	broken	by	a	Higgs	doublet	
	 	 	 	 	its	“natural”	scale	is	~	electroweak	

Scalars	



U(1)(3)B�L Gauge	Sector	

Small	X-Z	mixing	suggests	small							and								below	weak	scale			gX MX

gX = 10�3 ⇠ 10�2 would	correspond	to	
MX = 100MeV ⇠ 1GeV



Phenomenology	

New	contribu7on	to	neutrino	maPer	poten7al	
	

✏⌧⌧



Phenomenology	

Flavor	changing:	D	oscilla7ons,	top,	K	and	D	decays	
Genera7on	of								and							in	up	sector	leads	to	small	u-c	FC	Vub Vcb

X	couples	to	third	family	
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