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Weak	and	mass	n eigenstates
• Neutrinos	are	produced	and	interact	as	weak	eigenstate

they	are	produced	with	the	corresponding	lepton

• Let	say	that	n
e
is	a	superposition	of	two	mass	eigenstates

• The	weak	and	mass	eigenstates	are	related	by	the	unitary	

matrix.	For	two	flavors

• The	mass	eigenstates	are	the	free	particle	solutions	to	the	

wave-equation	and	propagate	as	plane	waves

• Suppose		at	time	t=0		a	neutrino	is	produced	in	a	pure	n
e

state

and	evolves	as	the	mass			eigenstates	before	the	neutrino	

interacts	in	a	detector	at	a	distance	L	and	at	a	time	T
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Neutrino	oscillations	for	two	flavors	

• Express	the	mass	eigenstates	in	terms	of	weak	eigenstates	

• The	mass	eigenstates	are	in	phase !" = !$ if	masses	of	|&"⟩
and	|&$⟩ are	the	same	and	ψ ), + = |&,⟩

• If	the	masses	are	different	the	wave-function	no	longer	

remains	a	pure	|&,⟩
they	are	produced	with	the	corresponding	lepton

• Let	say	that	n
e
is	a	superposition	of	two	mass	eigenstates

• Now	need	to	evaluate	the	phase	difference

• Case	1:																																																																																																			

neglect	the	fact	that	different	mass	eigenstate	propagate	at	

different	velocities	and	be	observed	at	different	time

• The	full	derivation	requires	a	wave-packet	treatment	and	

gives	the	same	result



PHZ 7357, Fall 20179Handout 3

Neutrino	oscillations	for	two	flavors	

• Case	2:

• The	first	term	vanishes	either	for																			or	the	

propagation	velocity	is	the	same.	In	all	cases

• For	two	flavors the	oscillation	probability	is

• The	survival	probability	is

• - can	be	negative

• For	example

L
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Experimental	Studies	

of	neutrino	oscillations

detection	method	depends	on	the	neutrino	energy	and	flavor	

X−./01234	67	~	9:;	<, =>	?@A	BCD	EFCGA	67	~	9:;	G	H7

Low	energy	electron	neutrinos	from	the	sun	and	nuclear	reactors	which	
oscillate	into	muon	or	tau	neutrinos	cannot	interact	via	charged	current	
interactions	– they	effectively	disappear

neutral current
observe scattered
electron or nucleon

Nuclear reactions:                                                  7A + J → L + > + 7A

1

2

3

3
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Sources	of	Neutrinos	and	Experiments

The	reaction	threshold	is	0.814	MeV
Collect	unstable	Ar and	measure	the	number	of	decays
(electron	capture	resulted	in	emission	of	Auger	electroin)	
First	experiment	110	days:	expected	2-7	reactions	per	day,	
measured	~0.5

Low	energy	electron	neutrinos	from	the	sun	and	nuclear	
reactors	which	oscillate	into	muon	or	tau	neutrinos	
cannot	interact	via	charged	current	interactions	– not	
visible

, Borexino (solar n)
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Solar	neutrinos:	Homestake

Ray	Davis	Chlorine	experiment	inside	Homestake mine	in	
Lead,	South	Dakota

The	reaction	threshold	is	0.814	MeV
Collect	unstable	Ar and	measure	the	number	of	decays
(electron	capture	resulted	in	emission	of	Auger	electroin)	
First	experiment	110	days:	expected	2-7	reactions	per	day,	
measured	~0.5	à first	indication	of	Solar	Neutrino	Problem

Radiochemical	experiments	SAGE	and	GALEX	– more	sensitive	
to	low	energy	ne.	Count	extracted	Ge

ratio	detected/expected Homestake:	6. 38 ± 6. 6:
SAGE:	6. ;< ± 6. 6=

GALLEX:	6. ;8 ± 6. 6=

PRL 20, 21 , 1968
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Solar	neutrinos:	SuperKamiokande

• 50000	ton	water	detector	deep	underground	to	filter	out	cosmic	
rays.	Uses	~10000	photo-multiplier	tubes

• Detect	neutrinos	by	observing	Cherenkov	radiation	from	charged	
particles	which	travel	faster	than	speed	of	light	in	water	

• Can	distinguish	electrons	from	muons	from	pattern	of	light		
Ø muons	produce	clean	rings	

Ø electrons	produce	more	diffuse	fuzzy rings	due	to	EM	showers	

• Sensitive	to	solar	neutrinos	4. > ;?@A	
• LAB	frame	the	electron	is	produced	along	the	.@direction	

Homestake:	6. 38 ± 6. 6: SNU
SAGE:	6. ;< ± 6. 6= SNU

GALLEX:	6. ;8 ± 6. 6= SNU
SuperK:		6. :; ± 6. 63 SNU

The	Solar	Neutrino	Problem
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Solar	neutrinos:	SNO	

• Sudbury	Neutrino	Observatory	located	in	a	deep	mine	in	
Ontario,	Canada

• The	most	model-independent	demonstration	that	the	
neutrino	deficit	is	due	to	oscillations	

• 1000	tons	of	heavy	water	D2O	inside	the	transparent	
acrylic	vessel	surrounded	by	3000	tons	of	pure	water	H2O

• The	detector	is	viewed	by	9546	photo-multiplier	tubes	to	
detect	Cherenkov	light	from	the	product	of	neutrino	
interraction

• Main	experimental	challenge	is	to	get	very	low	background	
from	radioactivity



PHZ 7357, Fall 201715Handout 3

Solar	neutrinos:	SNO

Sensitive	to	three	different	reactions

Measure	rates	from	different	reactions	

• Angle	from	the	sun	– electrons	from	neutral	current	point	back	
to	Sun

• Detected	energy:	neutral	current	events	have	lower	energy	–
6.25	MeV	photon	from	neutron	capture

• Use	measured	location	of	the	interaction	point	for	estimation	of	
background
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Solar	neutrinos:	SNO

• From	different	distributions	obtain	a	measure	of	numbers	of	events	of	
each	type	

• Calculate	flux	of	ne	neutrinos	and		nµ +	nt neutrinos

• Clear	evidence	of	flux	from	nµ +	nt neutrinos

• Total	flux	in	a	good	agreement	with	the	SSM!

• Yet	ne/ntotal <	½		àMikheyev–Smirnov–Wolfenstein	effect	–

neutrino	oscillations	are	enhanced	in	the	presence	of	matter	- for	
more	details	read	Particle	Physics	in	the	LHC	Era,	p320-p322	– MSW	fixes	
the	sign	of		∆5C3

3

• Combined	analysis	of	all	solar	neutrino	data
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Neutrino	Oscillations	for	3	flavors

• Pontecorvo-Maki-Nakagawa-Sakata	matrix	(PMNS)

• U	is	unitary	(conserve	probabilities)	and	Hermitian	
DED = F,		DE= D∗ H

• Consider	a	state	which	is	produced	at	t=0	as	|I@⟩

• The	wave	function	evolves,	where	JK = 4KL − NK O

• Expand	wave	function	in	terms	of	weak	eigenstates

• Calculate	probability	.@ → .Q

• As	follows	from	unitarity condition																																																				the	
probability	is	zero	unless	the	phases	are	different	

• Similar	derivation	for	other	flavors
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Neutrino	Oscillations	for	3	flavors

• Using	other	unitarity conditions	evaluate	

• Note,	R .@ → .Q = R .Q → .@ only	if	PMNS	is	real.	If	not	- neutrino	
oscillations	are	not	invariant	under	time	reversal	t	à -t

• The	electron	neutrino	survival	probability	is	obtained	from

Using	unitarity condition																																															

• Phase	of	mass	eigenstate	i at	z=L

• Only	2	independent	D:

• Oscillation	wavelength

for	solar	neutrinos	~30	km

s



PHZ 7357, Fall 201719Handout 3

Neutrino	Oscillations	for	3	flavors

• The	PMNS	matrix	is	usually	expressed	in	terms	of	three	
rotation	angles	SC3, SCT, S33 and	a	complex	phase	d

UKV = UWX SKV , XKV = XKY SKV

• dominates	by

• To	measure	six	SM	parameters	need	low	and	high	neutrino	
oscillation	experiments	

• Non-zero	d will	be	an	indication	of	CP	violation	– this	is	discussed	later

“solar”“High	Energy”
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High	Energy	Atmospheric	Neutrinos

• Need	high	energy	to	measure	oscillations	D23 of	µ and	t neutrinos.							
à long	baseline	experiments

• Atmospheric	neutrinos	are	produced	by	cosmic	rays	(protons	and	
heavier	nuclei)	colliding	with	air	nuclei	in	the	atmosphere.	

• Produce	charged	pions,	which	weakly	decay	to	muons	and	
neutrinos	– typical	energy	

• Roughly	half	of	neutrinos	are	.Z@, .@ - detect	them	with	SuperK detector

• Identify	electron	and	muon	neutrinos	by	shape	of		Cherenkov	ring			

• Observe	a	lower	ratio	with	deficit	of	muon	neutrinos	coming	from	
below	the	horizon,	i.e.	large	distance	from	production	point	on	
other	side	of	the	Earth
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High	Energy	Atmospheric	Neutrinos

• Measure	rate	as	a	function	of	angle	cos(q) with		respect	to	local	
vertical

• Neutrinos	coming	from	above	travel	~20	km:		cos(q)=1
• Neutrinos	coming	from	below	(i.e.	other	side	of	the	Earth)	travel	

~12800	km:		cos(q)=	-1	
• To	reduce	systematic	error	due	to	absolute	flux	uncertainty	use	

the	ratio	of	flux															R	=	Flux(nm)/Flux(ne)
• Measure	asymmetry						A	=	Rexperiment/Rpredicted

[,~30000^_
no	oscillations

[`~1/Δ_$d
$

oscillations	

• Strong	evidence	for	
disappearance	of				.Q for	
large	distances	àConsistent	
with		.Q → .eoscillations	

• Don�t	detect	the	oscillated
.e as	typically	below	
interaction	threshold	of	3.5	
GeV

Ø s – sub-GeV	neutrinos

Ø m	– multi-GeV	neutrinos

• Data	is	consistent	with		

Δ_$d
$ ~0.0025hi$

jkl$2m$d~1



PHZ 7357, Fall 201722Handout 3

High	Energy Beam	Neutrinos

• neutrino	research	is	shifting	to	beam	experiments.					
design	experiment	with	specific	goals

• neutrino	experiments:	K2K,	MINOS,	CNGS,	T2K	
Ø Intense	neutrino	beam

Ø Measure	ratio	of	the	neutrino	energy	spectrum	in	far	detector	
(oscillated)	to	that	in	the	near	detector	àless	systematic	err.	

Infer	oscillation	parameters	from	the	ratio

•

•

•

•Δ_$

jkl$m$d

near	detector

far	detector

(oscillated)

disappearance	of	n
m

measured	by	MINOS
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MINOS

• 120	GeV	protons	from	the	MAIN	INJECTOR	at	Fermilab
• 2.5x1013 protons	per	pulse	hit	target	à very	intense	beam	-

0.3	MW	on	target	

• Detect	high	energy	hadrons	&	µ from	neutrino	interactions	via	CC	
interactions	on	nucleon:		

• Steel-Scintillator	sampling	calorimeter:	each	plane:	2.54	cm	steel	
+1	cm	scintillator	charged	particles	crossing	the	scintillator	
produce	light	– detect	with	photomultipliers.	

• Eµ from	range/curvatire in	B	field,	EX – from	hadronic	shovers
• Do	not	see	long-range	D12 oscillations	because	En>50MeV

5400	ton	FAR	Detector,	
720m	underground	in	

Soudan		mine,	
N.	Minnesota:	735	km	away

1000	ton,	NEAR	Detector	
at	Fermilab
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Reactor	Experiments

• Reactors	produce	intense	flux	of	electron	anti-neutrinos	with	
typical	energies	of	few	MeV	à measurement	of	sin(q13)

• nXWopq~T6	r5
• npL5WX~C	r5

• Amplitude	of	short	wavelength	oscillations	given	by	sin(q13)

world	nuclear	power	production

• GHOOZ	reactor,	France,	Daya Bay(China)	– 1km	short	baseline	experiment

• Japan	+	neighbors	~	70	GW	from	nuclear	power	from	reactors	within	130-
240	km	– long	baseline	experiment	KamLAND
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CHOOZ

• Two	nuclear	reactors,	each	producing	4.2	GW	

• detector	1	km	away	– liquid	scintillator	doped	with	Gd

• Detection	via	inverse	beta	decay	
prompt	2g
delayed	g

• Oscillations	due	to	∆5C3
3 are	very	rapid	à XKY3 ∆C3 = 6

• 1 exact	limit	depends	on	∆53T
3

PRL	B420,	397-404,	1998	
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KamLAND

• Liquid	scintillator	detector,	1789	PMTs,	located	in	same	mine	as	
the	Super	Kamiokande detector	

• Detection	via	inverse	beta	decay	
prompt	2g
delayed	g

• Oscillations	due	to	∆53T
3 are	very	rapid	à XKY3(∆3T) =1/2
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KamLAND

• Survival	probability

from	CHOOZ	experiment	neglect			XKY:SCT and	UWX:SCT > 6. â

• first	measurement	of	the	oscillation	behavior

• Compare	data	with	expectations	and	perform	fit	to	extract	
measurement	

• KamLAND data	provides	
strong	constraints	on	Δ_"$

$

• SNO	constraints	jkl$m"$
• Combined	measurement

KamLAND Collaboration,  Phys. Rev. Lett., 221803, 2008 
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Summary	of	Current	Knowledge

• Solar	experiments	+	KamLAND

• Long	Baseline/Beam	Experiments	

T2K
• Nuclear	reactor	experiments	(topic	for	final	exam)

Daya Bay	(China)

RENO	(S.Korea)

Double	CHOOZ

• No	evidence	for	non-zero	d – assume	PMNS	matrix	is	real	

• Combiner	result	for	measurement	of	PMNS	matrix	
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Mass	Hierarchy

∆5CT
3 ≈ ∆53T

3 ≈ 3×C6åT@A3

• What	is	the	hierarchy	of	mass	eigenstates?	

• Neutrino	masses

• The	most	stringent	constraint	from	the	tritium	experiments
5 < 3	@A

See	Martin	&	Shaw	chapter	2.3.3


