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The		discovery	of	a	new	lepton	

The	discovery	of	the	third	family	of	neutrinos	begins	with		

at	that	>me	the	‘new	lepton’	was	called	U	
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The	presence	of	neutrinos	was	used	as	a	proof	that	the	new	par>cle	was	a	lepton	
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The	name	‘τ’	appears	in	1977,	very	carefully	chosen	

it	had	to	be	greek,	like	‘µ’,		and	τ	was	chosen	for	‘τριτον’,		third		

..	and	‘ντ‘		just…	appears	
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Measurements	of	τ	cross-sec>on	and	decays	by	MarkI,	MarkII,	DELCO,	at	SPEAR	
PLUTO	and	DASP	at	DORIS		quickly	showed	that		

1.  the	tau	lepton	was	a	spin	½	par>cle		
						tau	pair	cross	sec>on	as	muon	pair	!		
1.  the	tau	decays	into	leptons	and	two	neutrinos	

and	the	decay	is	V-A		
2.  the	tau	decays	into	hadron	and	one	neutrino		
								e.g.	Two	body	decay	τ-	→	π	-	ντ				
also	ρ,	K*,	A1,	etc…	consistent	with	the	weak	current					

All	this	implying	the	existence	in	tau	decays	of		
a	spin	½	weakly	interac:ng	neutral	par:cle		
with	mass	below	measurement	limit.		
This	is	what	we	call	a	‘neutrino’.	
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Two	body	decay	τ-	→	π	-	ντ		with	m(ντ)<	250	MeV	

The	ra>o																																																																																											is	consistent	with	the	tau	being		
coupled	to	the		hadronic	weak	axial-vector	current												

The	ques>on	was	not	whether	there	was	a	neutrino	produced	in	tau	decays,	but	whether		
this	neutrino	was	a	new	one!		
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this	situa>on	is	very	similar	to	that	of	1962	

The	ques>on	was	not	whether	there	was	a	neutrino	produced	in	tau				decays,	but	whether		
this	neutrino	was	a	new	one!		

pion	
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At	the	same	epoch,	the	b-quark	had	been	discovered,	decaying	into	charm		
–	and	not	a	new	third	genera>on	quark,	because	the	top	quark	is	heavier	than	the	b	quark.		
As	a	consequence	the	b	decay	is	suppressed	by	the	CKM	element	(«mixing	angle»)			Vcb		and		
the	b	life:me	much	longer	than	would	be	expected	given	its	mass.		

The	same	thing	could	happen	with	the	tau	lepton,	if	for	some	reason	the	tau	could	not		
decay	into	its	weak	isospin	partner	(by	defini>on	‘ντ’’).		
This	hypothesis	would	imply	that	i)	the	tau	life>me	would	be	very	long,		
and	that,	because	the	tau	couples	to	νe	&	νµ	,		
taus	could	be	produced	in	neutrino	beams.				

To	demonstrate	that	the	tau	neutrino	was	a	new	par>cle	and	the	weak	isospin	partner	of	the	tau	
one	should	demonstrate:		
1.  that	the	coupling	of	the	tau	to	its	neutrino	has	the	full	weak	interac>on	strength		
																	!	tau	life>me	or	W!	τ	ντ		decay	with	the	same	rate	as	W!	e	νe		and	W!	µ	νµ		

2.				that		neither	νe			nor	νµ				couple	to	the	tau.	

Gary	feldman	explained	in	1981	that	the	first	measurements	of	the	tau	lepton	life>me	combined	
with	the	absence	of	tau	produc>on	in	e.g.	the	CERN	neutrino	beam	dump	experiment,		
	excluded	this	scenario.			

Could	the	«ντ»	be	different	from	the	weak	isospin	partner	of	the	tau?			
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reviews	the		tau	decay	demonstra>ng	
--	the	spin	of	the	missing	neutral,		
--	early	tau	life	>me	meas’ts		
and	the	results	of	a	beam	dump		
experiment	at	CERN		

"	conclude	that	the	tau	neutrino	
is	dis>nct	from	nue	and	numu.		

The	sta)s)cal	significance	of	the		
argument	is	s)ll	rela)vely	weak.		

…	…	…		
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	1982:	the	tau	neutrino	is	listed	as	established	
								J=1/2	,	m<250	(from	πν	decay)		
NB1	the	life	>me	measurement	is	s>ll	poor	
NB2	large	number	of	hadronic	decays	reported.		
K*/ρ	ra>o	is	consistent	with	the	Cabbibo	angle	
(this	is	a	trademark	of	weak	decay).		
NB3	not	listed:	decay	proceeds	as	V-A,	leading		
conclusion:	tau	neutrino	is	(mainly)	leo	handed.	
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The	existence	of	the	tau	neutrino	as	a	J=1/2	quantum	state		dis:nct	from	electron	&	muon		
neutrinos	is	considered	established		since	1981		(1982	PDG)	

Why	is	it	considered	‘indirect’	?			
The	detec:on	of	the	neutral	par:cle	from	e.g.	τ→πν		is	perfectly	«direct»		
(in	e+e-,	the	neutrino	is	well	reconstructed	from	missing	energy	and	momentum).			
‘Indirect’	may	refer	to	the	fact	that	the	assignment	of	lepton	flavour	is	done		
by	default	(it	is	not	a	nu_e	or	a	nu_mu)	

Unfortunately….	
!	This	note	was	le]	unchanged	un:l	PDG	2002	although	much	happened		in-between.		5/09/18	 Alain	Blondel	The	third	Neutrino	Family		 13	



by	1986	the	tau	life	>me	is	known	to	±13%		
and	consistent	with	full	GF	coupling	)		
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strongly	improved	limit	in	the	search	for	tau	neutrino	appearance	in	a	beam	of		
muon	neutrinos	(and	3%	νe),	no	event	seen	in	1870	(53)	νµ	(νe	)	and	showed	that		
‘most	tau	decays	must	contain	a	neutral	lepton	other	than	νµ	or	νe’	
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current	τ	life>me	expressed	in	MeV!	

this	now	is	about		8	σ	exclusion	for	either		νµ	and	νe	,		or	the	sum			
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Comment:		

the	hypothesis	that	e.g.	τ→π	νe	or	νµ			in	part	or	in	total	was	not	absurd:		

--	this	could	happen	if	the	third	family	neutrino	(e.g.	ν3)	would	be	heavier	than	the		
						tau	lepton	itself.	In	that	case	the	mixing	of	mass	eigenstates	with	the	weak	eigenstates	
						would	lead	to	a	decay	into	a	ν1	ν2		combina>on.		
						The		life>me	of	the	tau	would	be	longer	than	that	calculated	using	V-A	theory		
						for	a	massless	neutrino.		

	--	this	is	what	happens	for	quarks:	the	b	quark		does	not	decay	into	top	(which	is	too	heavy)		
					so	it	decays	into	c	and	u	quarks,	and	indeed	the	life	>me	of	the	b	was	found	to	be		
					considerably	longer	than	expected	for	a	par>cle	of	this	mass.			
					NB	these	measurements	were	contemporary	to	those	of	the	tau	life>me.		

Consequently	the	fact	that	the	tau	decays	into	(and	thus	couples	to)	a	leo-handed,	spin	½		
par>cle	consistent	with	being	massless	was	established	without	any	doubt.	S>ll	it	could	be	a		
mix	of	νe	or	νµ		.	This	was	excluded	by	neutrino	experiments	proving	that	no	tau	produc>on	
was	seen	in	the	(νµ		/	νe	)	beams	--	up	to	very	small	frac>ons.	Combined	with	the	measurement		
of	the	tau	life>me	consistent	with	that	predicted	from	the	muon	life->me,	this	establishes	the		
neutral	par:cle	observed	in	tau	decays	is	the	ντ	(weak	isospin	partner	of	the	tau	lepton),	which		
was	listed	as	«established	stable	par:cle»	as	of	PDG	1982.		
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by	1986	the	tau	neutrino	was	solidly	known	and	established		
The	demonstra>on	required	puqng	together	several	informa>ons	
--	tau	decays		
--	tau	life>me		
--	nega>ve	result	from	neutrino	interac>ons	
and…		wri>ng	a	few	equa>ons.		
several	(mostly	neutrino-)	physicists	con>nued	to	request	that	one	should	‘directly’		
observe	the	tau	neutrino	interac>on	with	marer	to	be	convinced.		

(not	realizing	that	the	observa>on	of	τ-	→	π	-	«ντ»	implies	that	if	one		
can	make	a	beam	of	«ντ»		one	will	certainly	see	τs	appear,	also	if	the	«ντ»		
is	a	combina>on/superposi>on		of	νµ	or	νe		!)				

I	conclude	that	the	difference	between	direct	and	indirect	is	related	to	how	many		
equa>ons	good	understanding	requires.		
																						Indirect	requires	>	1	equa>on,	direct	0	or	1.		

A	scien>fic	organiza>on	like	PDG	should	prefer	to	refrain	from	using	these	subjec>ve	words.					

K.	Winter	1991	
					--	???	–	
no	ref.		to		
elaborate	model	5/09/18	 Alain	Blondel	The	third	Neutrino	Family		 18	



Denegri,	Sadoulet	and	Spiro	«The	number	of	neutrino	species»	(1989)	(an	excellent	paper!)	
AB	--		note	that	the	argument	is	incomplete		
(the	observa>ons	in	tau	decays	and	neutrino	beam	observa>ons	are	missing)	5/09/18	 Alain	Blondel	The	third	Neutrino	Family		 19	



In	1985	the	observa:on	of	the	W	decay	W"	τ	ντ		was	reported.		
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UA1	observa>on		of		W	!	τ	ντ			
-	low	mass	jet	of	3	charged	tracks	
-	missing	transverse	momentum		

by	1987	the	CC	coupling	of	the	tau	
is	established	to	equal	that	of	the		
electron	to	±20%	

1985	
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by	1987	the	CC	coupling	of	the	tau	
is	established	to	equal	that	of	the	electron	to	20%	
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W	decay	is	precisely	what	we	use	to	define	the	neutrino	flavours.	

e.g.	B.	Kayser,		
VIIth	Pontecorvo	School,	2017		

the	existence	of	the	three	W	decay	modes	with	similar	branching	ra>os		
establishes	the	tau	and	its	neutrino	as	a	new	sequen>al	heavy	lepton	doublet	
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Observation of tau-neutrino in ALEPH at LEP (183 GeV Ecm)  
                e+e- ! W+ W- ! (hadrons)+ + τ- ντ 

�ντ	

kinema>c	reconsruc>on		of	two	tau	neutrinos	

LEP	saw	several	1000’s		
of	those	in	the	90’s.		
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in	the	1990s		
--	experiments	at	LEP	observed	100’000s	of	tau	pairs	and	sereval	10000’s	of		
W	pairs	from	which	the	charged	current	coupling	τ-ντ		was	measured,		
and	universality	tests		at	few	permil	performed	in	tau	decays		
and	percent	level	in	W	decays.		
--	the	tau	neutrino	helicity	was	determined			(ARGUS	first)		
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Tau Neutrino interaction in DONUT experiment (Fermilab) 2000 

there	is	‘small	print’…	

Beau>ful	observa>on	
of	neutrino	intera>ons	
producing	taus!	

Observa>on	of	Tau	Neutrino	Interac>ons	

																																DONUT		
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this	is	very	different	from	the	1962	experiment	in	which	neutrinos	from	pion		
decay	are	>99%	muon	neutrinos…		5/09/18	 Alain	Blondel	The	third	Neutrino	Family		 27	



Are	there	more	families	of	neutrinos?	

The	construc>on	of	LEP	was	decided	by	CERN	council	in	1981,	before	the	W	and	Z		
were	observed	at	the	proton-an>proton	collider!	Construc>on	started	in	1983.		

A	big	scare	of	the	>me	was	the	number	of	neutrinos	

LEP	was	on	mission	to	find	out!	

the	SM	can	accommodate	more	families	of	quarks	and	leptons	and	in	the	70/80’s	this		
was	a	ques>on	of	great	importance	for	nucleosynthesis	and	cosmology	
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the	appearance	of	a	word	

exercise:	google	up	‘zedology’	5/09/18	 Alain	Blondel	The	third	Neutrino	Family		 29	



we	find	the	formulae	that	we	all	know	and	love….		

(…)	

build	LEP		….			and	find	no	Z!		(imagine	to	build	LHC	and	find	no	Higgs,	huh?)	

and	a	lirle	drama...	

disappearance	of	the	Z	boson?	

no	ρ	!	
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Lake Geneva 

The 26.7 km LEP / LHC tunnel 
Depth: 70-140 m 

LEP / LHC 

SPS 

LEP / LHC Layout

OPAL	

ALEPH	

L3	

DELPHI	
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BEFORE	LEP	STARTED	



The	Z	width	would	be	made	of	1.7	GeV	for	quarks,	84	MeV	for	each	of	3	leptons	and		
170	for	each	neutrino.		
One	more	neutrino	would	increase	the	total	width	by	7%	over	the	known	3	neutrinos.	
First	studies	(AB	et	al)	elaborated	a	10	point	scan	measuring	the	muon	cross-sec>on	for	a	whole		
year	to	get	a	precision	of	about	20	MeV	on	the	Z	width,	showing	lirle	understanding	of	the		
problem	

A	closer	look	at	a	line	shape	in	1987	revealed		
that	the	sensi>vity	comes	almost	en>rely	from		
the	peak	cross-sec>on…		
and	that	hadron	measurements	would	be	qucker.	

G.	Feldman	put	this	all	down	in	equa>ons	in	the		
MarkII	physics	workshop	in	February	1987.		

had 
had 

enhancement	
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We	had	figured	out	that		
the	quan>ty	that	is	directly	sensi>ve	to	the		
number	of	neutrinos	is	the	peak	cross-sec>on		
(mostly	Z!	�qq	)		
"	the	luminosity	measurement	had		
been	to	object	of	par>cular	aren>on	
with	a	precision	of	±1%	(in	ALEPH)		
By	the	end	of	LEP	it	would	be	precise	
to	±0.06%.!)	
The	key	to	mass	and	width		
measurements	is	the		
beam	energy	calibra:on	

theory	 all	measured	at	the	peak	
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3	methods	
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Three	weeks	of	data	at	LEP…			
and	there	were	only	three	neutrinos		 W.A.	:	3.11±0.16		



ALEPH	collabora>on	‘determina>on	of	the	number	of	light	neutrino	species’	
Physics	Lelers	B	Volume	231,	Issue	4,	16	November	1989,	Pages	519-529	

by	1989	(and	before	the	measurement	at	LEP)		
								the	first	three	families	of	neutrinos	(νe	νµ	ντ)	were	«already	known»	
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In	October	1989	LEP	determined	that	the	number	of	neutrino	families	was	3.11±0.15		

In	Feb	1990	Cecilia	Jarlskog	commented	that	this	number	could	smaller		than	3		
if	the	leo	handed	neutrino(s)	has	a	component	of	(a)	heavy	sterile	neutrino(s)		
which	is	kinema>cally	suppressed	or	forbidden			
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 Nν = 2.984 ±0.008 

This	is	determined	from	the	Z	line	shape	scan		
and	dominated	by	the	measurement	of	the		
hadronic	cross-sec>on	at	the	Z	peak	maximum	"	

The	dominant	systema>c	error	is	the	theore>cal	
uncertainty	on	the	Bhabha	cross-sec>on	(0.06%)	
which	represents	an	error	of	±0.0046 on Nν  

Improving on Nν  by more than a factor 2 would require a large effort  
to improve on the Bhabha cross-section calculation!	

-	2	σ			:^)	!!	

At	the	end	of	LEP:	
Phys.Rept.427:257-454,2006	
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Another	solu>on:		
		determine	the	number	of	neutrinos	from	the	radia>ve	returns			

																										e+e-	!	γ		Z	(!	v�v	)	

in	its	original	form	(Karlen)	the	method	only	counts	the	‘single	photon’	events	
and	is	actually	less	sensi>ve	than	claimed.	It	has	poorer	sta>s>cs	and	requires	running		
~10	GeV	above	the	Z	pole.	Systema>cs	on	photon	selec>on	are	not	small.		

present	result:		Nv=	2.92±0.05		

5/09/18	 Alain	Blondel	The	third	Neutrino	Family		 45	



FCC-ee	

LEPx105!	

Z							WW				HZ					r		

Event	sta:s:cs	:	

		Z	peak																				Ecm	:			91	GeV												5	1012				e+e-	"			Z				
		WW	threshold					Ecm	:	161	GeV															108							e+e-	"			WW	
		ZH	threshold								Ecm	:	240	GeV															106							e+e-	"			ZH	
�l		threshold									Ecm	:	350	GeV															106							e+e-	"�l	

LEP	x	105	

LEP	x	2.103	

Never	done	
Never	done	

		100	keV	
		300	keV	
				1	MeV	
				2	MeV	

ECM	errors:	

		Great	energy	range	for	the	heavy	par:cles	of	the	Standard	Model.		5/09/18	 Alain	Blondel	The	third	Neutrino	Family		 46	



given	the	very	high	luminosity,	the	following	measurement	can	be	performed	

Neutrino	coun>ng	at	TLEP	

5/09/18	 Alain	Blondel	The	third	Neutrino	Family		 47	



L	 L	 L	

I	=	1/2	

Q=	-1	

Q=		0	

I	=	0	

R	

R	

R	 R	

R	R	

Electroweak	eigenstates	

Right	handed	neutrinos		
								are	singlets		
no	weak	interac>on	
no	EM	interac>on	
no	strong	interac>on	

can’t	produce	them		
can’t	detect	them	
			--	so	why	bother?	–	

Also	called	‘sterile’	

5/09/18	 48	



5/09/18	 Alain	Blondel	The	FCCs	 49	



5/09/18	 Alain	Blondel	Physics	at	the	FCCs			 50	

EWPO	
sensi:vity		
up	to	very	
high	mass	
scales	

Another	example	of	Synergy	and	complementarity	
while	ee	covers	a	large	part	of	space	very	cleanly	,		
its	either	‘white’	in	lepton	flavour		or	the	result	of	EWPOs	etc		
Observa:on	at	FCC	–hh	or	eh	would	test	flavour	mixing	matrix!		

detailed	study	required	for	all	FCCs	–	especially	FCC-hh	to	understand	feasibility	at	all	
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CONCLUSIONS	
The	tau	neutrino	was	discovered	in	the	wake	of	the	tau	lepton	discovery	as	the		
spin	½	neutral	par>cle	produced	in	tau	decays	

It	took	un>l	1981-1986	to	establish	that	it	was	indeed	the	isospin	partner	of	the	tau.		

In	1989	it	took	only	three	weeks	for	the	LEP	and	SLC		experiments	to	demonstrate		
that	there		are	only	three	families	of	ac:ve	neutrinos.		

This	was	due	to	extraordinary	prepara>on	and	the	careful	measurement	of	luminosity		
this	number	became	very	precise		Nv	=	2.984	+-	0.008	
This	can	be	seen	as	a		test	of	unitarity.		

Charged	Couplings	of	the	neutrinos	were	measured	to	permil	accuracy		
at	LEP	from	tau	decays		

These	results	stress	the	important	contribu>on	of	colliders	to	neutrino	physics.		

We	are	now	planning	a	fantas>c	Z	factory	(FCC-ee)	to	hunt	for	signs	of	further	neutrinos	
the	right-handed	ones.			


