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The	Kàπνν	transiBon	in	the	SM	
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An	ultra-rare	FCNC	process,	theoreBcally	very	clean:	
•  Hard	GIM,	A	~	mq

2/mW
2	Vqs

*	Vqd	with	q	=	u,	c,	t	
•  Dominantly	short	distance:	no	contribuBon	from	u-quark	line,	no	amplitudes	with	

intermediate	photons	

	
	



SM	predicBon	for	Kàπνν
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Hadronic	matrix	element	related	by	isospin	to	that	for	Ke3	decays,		

•  Phase	space	+	isospin-breaking	effects:	rK+	~	0.9,	rKL	~	0.94	
•  Gl	dominated	by	top	(Vts

*	Vtd)	with	small	charm	contribuBon	for	K+	(Vcs
*	Vcd)	



Kàπνν	as	a	precision	flavor	test		
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SM	uncertainty	dominated	by	CKM	elements	
[Buras	et	al.,	JHEP	1511]:	
•  BR(K+àπνν)	=	(8.4	±	1.0)	×	10-11	

		=	

•  BR(KLàπνν)	=	(3.4	±	0.6)	×	10-11	

									=	
	
•  Intrinsic	theory	uncertainty	1.5—3.5%	



Kàπνν	sensiBvity	to	NP	effects	
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Γ(KLàπνν)	
<	1	

Γ(K+àπνν)	

Models	with	
CKM-like	flavor	
structure	

Models	with	
new	LH/RH	
domina<ng	
flavor	structure	[PLB	398,	163	(1997)]	



Kàπνν	reduced	list	of	NP	models	
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•  Custodial	Randall-Sundrum	[Buras	et	al.,	JHEP	0903	(2009)	108]	
•  MSSM	analyses	[Blazek,	Matak,	Int.J.Mod.Phys.	A29	(2014)	no.27],[Isidori	et	al.	JHEP	0608	(2006)	064]	
•  Simplified	Z,	Z'	models	[Buras,	Bupazzo,Knegjens,	JHEP11(2015)166]	
•  Liplest	Higgs	with	T-parity	[Blanke,	Buras,	Recksiegel,	Eur.Phys.J.	C76	(2016)	182]	
•  LFU	violaBon	models	[Isidori	et	al.,	Eur.	Phys.	J.	C	(2017)	77:	618]	
•  Leptoquarks	[S.	Fajfer,	N.	Košnik,	L.	Vale	Silva,	arXiv:1802.00786v1	(2018)]	



The	effort	to	reach	the	needed	sensiBvity	
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2005	EoI	of	P-326:	goal	to	idenBfy	~	35	SM	K+àπνν	decays	/	year	with	S/B	~	10	
	Need	a	new	experimental	apparatus	and	a	new	K+	beam	line	

2007	CERN-SPSC-2007-035:	technology	decisions	(LAV,	RICH,	SAC,	STRAW)	
	
2009	Project	approved	by	INFN	CCS	(under	N.	Cabibbo),	temporary	budget	secured	
	
2011	MoU	ra<fied	by	funding	agencies	
	
2014	Most	subdetectors	built.	GTK,	LKr	trigger,	and	TDAQ	under	compleBon	
2015	Detector	built	and	opera<onal,	first	test	run	
2016--2018	First	physics	run	



NA62:	a	high-intensity	setup	
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High-intensity	secondary	charged	hadron	beam	produced	from	SPS	proton	beam:	
	1.1	1012	400-GeV	protons/s	from	~3	s	SPS	spills	onto	a	Be	target	
	Secondary	75-GeV	beam	selected:	1%	momentum	bite,	X,Y	divergence	<	100	µrad	

Can	track	750	MHz	beam	(6%	K+)	and	sustain	~5	MHz	K+	decay	in	a	60-m	long	FV	in	vacuum	
Kinema<cs,	rejecBon	of	main	K	modes	104—105	via	kinemaBc	reconstrucBon	
PID	capability,	µ	vs	π	rejecBon	of	O(108)	for	15	<	p(π+)	<	35	GeV	
High-efficiency	veto	of	addi<onal	photons,	O(108)	rejecBon	of	π0’s	for	E(π0)	>	40	GeV	
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NA62:	a	high-intensity	setup	
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RICH	

Magnet	 Spectrometer	

NA62	Detector	paper:	[JINST12	P05025	2017]	



NA62	pillars:	beam	parBcle-ID	

24/9/2020	 10	LNF	General	Seminar	-	FrascaB	(Italy)	

N2-based	differenBal	Cerenkov	detector,	1.75	bar,	σt	=	70	ps,	εK	>	95%	(NC	≥	5),	επ	<	10-4	



NA62	pillars:	beam	tracking	
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3	staBons	of	Si	detectors	in	a	magneBc	achromat:	σt	=	100	ps,	σp	=	0.15	GeV/c,	σθ	=	16	µrad	

62×27	mm2	sensor	area:	
200×90	pixels,	each	
300×300	µm2	in	size	

σY	@	GTK2	~	600	µm	/	(Δp/p	[%])	

Thickness	in	acBve	area	
510	µm:	
•  sensor:	200	µm	
•  RO	chip:	100	µm	
•  Cooling	plate:	210	µm	

Y	[mm]	

X	[mm]	

GTK1	



NA62	pillars:	downstream	tracking	
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Tracking	in	vacuum:	2+2	straw-tube	staBons,	dipole	magnet	Δpt	=	270	MeV	magnet:		
σp/p	=	0.3—0.4%,	σt	~	5	ns	

4	views	/	chamber	

2	double	layers	/	view	

typical	K+	
daughter	tracks	

Total	material	~1.8%	X0:	
•  36	µm	PET	
•  30	µm	W	anode	wire	
•  1	Atm	Ar:CO2	70:30	



NA62	pillars:	downstream	PID	
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Downstream	parBcle	idenBficaBon:	17	m	long	RICH,	1	bar	Ne,	n-1	~	6.7	×	10-5,	σt	<	100	ps	

IdenBfy	π+	mesons	with	~75%	efficiency,	rejecBon	power	for	µ+	~	10-5	for	15	<	pπ	<	35	GeV/c			



NA62	pillars:	hermeBc	parBcle	veto	
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Herme<c	veto	system	to	achieve	O(108)	rejec<on	of	π0	mesons:		
	12	rings	of	LAV	staBons,	σt	~	1	ns,	inefficiency	~	10-4	for	γ’s	E	>	200	MeV,	8.5	<	θ	<	50	mrad	
	 	2496	refurbished	OPAL	lead-glass	blocks	
	 	LAV	1—11	operaBng	in	vacuum,	LAV	12	in	air	

LAV	1,	1.8	m	diam	 LAV	12,	2.8	m	diam	



NA62	pillars:	hermeBc	parBcle	veto	
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Herme<c	veto	system	to	achieve	O(108)	rejec<on	of	π0	mesons:		
	LKr	calorimeter,	σt	~	0.5--1	ns,	inefficiency	<	10-5	for	γ’s	E	>	10	GeV,	1	<	θ	<	8.5	mrad	
	 	Reused	from	NA48,	read-out	in	zero-suppression	mode	via	FADC	
	 	New	readout	+	custom	FPGA	processing	to	allow	L0	trigger	operaBon	



NA62	pillars:	hermeBc	parBcle	veto	
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Herme<c	veto	system	to	achieve	O(108)	rejec<on	of	π0	mesons:		
	2	scinBllator-Pb	shashlik	cal.,	IRC-SAC,	inefficiency	<	10-3--4	for	γ’s	with	0	<	θ	<	2	mrad	
	 	IRC:	2	annular	rings,	O	~120	--	290	mm	
	 	SAC:	205×205	mm2	just	upstream	of	the	beam	dump	

	

beam		
IRC	 SAC	



NA62	pillars:	addiBonal	veto	capability	
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6	staBons	of	scinBllator	bars,	SiPM	RO,	99%	efficiency,	σt	~	1	ns	against	interacBons	in	GTK3	
2	addiBonal	counters	MUV0,	HASC	against	mulB-track	final	states	



NA62	pillars:	addiBonal	PID	capability	
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AddiBonal	parBcle	idenBficaBon:	2	hadronic	calorimeters,	80	cm	Fe,	MUV3	hodo.	σt	=	400	ps	

LKr	+	MUV1,2	as	a	compensated	hadronic	calorimeter:	
	σE	/	E	=	0.115	+	0.38	/	√E[GeV]	+	1.37	/	E[GeV]	

	
MUV3	rate	up	to	600	KHz	/	Ble,	parBcipaBng	at	L0	trigger	
	
Afer	MUV3	veto,	π+	vs	µ+	ID	with	ε	>75%	vs	few	10−3	with	calorimeters,	for	15	<	p	<	35	GeV	



NA62	pillars:	downstream	Bming	
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Downstream	Bme	measured	by	two	scinBllator	hodoscope	just	upstream	of	LKr,	σt	~	200	ps		
	scinBllator	Bles,	SiPM	RO	(CHOD)	+	re-used	NA48-CHOD	

At	nominal	
intensity,	rates	
up	to	1	MHz	/	Ble	
	
Detectors	used	
to	iniBate	the	L0	
trigger		



NA62	TDAQ	
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<Data>	[bytes]	

First	version	of	clock	
distribuBon	system	
based	on	NA62	
modificaBon	of	ALICE	
LTU’s	
	
Time	Trigger	Control		
(TTC)	clock	distribuBon	
system	adopted	from	
CERN	

Common	RO	TDC-based	(100	ps	LSB)	for	LAV,	MUV3,	CHOD’s,	RICH,	CHANTI,	KTAG,	SAC,	IRC	
	DAQ	TELL62	boards:	major	re-design	of	the	TELL1	LHCb	boards	+	HPTDC-based	mezzanines	

Excep<ons:	
	STRAW:	custom	signal	processing	+	CARIOCA	RO	chips	(developed	for	LHCb	muon	system)		
	GTK	(custom	board)	LKr	(FADC)	with	logic	based	on	ALTERA	StraBx	IV	GX	110	FPGA		



2016	 	40%	of	nominal	intensity	
	 	0.12	×	1012	K+	decays	in	FV	
	 	PLB	791	(2019)	156-166	

2017	 	60%	of	nominal	intensity	
	 	1.5	×	1012	K+	decays	in	FV	
	 	ArXiv:2007.08218	[hep-ex]
	 	(submioed	to	JHEP)	

2018	 	60-70%	of	nominal	intensity	
	 	2.6	×	1012	K+	decays	in	FV	
	 	Preliminary	@	ICHEP	2020	

The	NA62	data	taking	
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Overall	~2.2	×	1018	protons	on	target	in	Run	1,	three	rounds	of	Kàπνν	analysis	

Instantaneous	beam	intensity	in	single	spills	can	vary	by	up	to	2	<mes	the	average	



K+à	π+νν analysis	scheme	
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Search	for	πνν	decays	with	a	dedicated	trigger:	“1	Track”	+	Emiss	
	RICH	signal	&	1—4	CHOD	<les	in	<me	not	in	opposite	quadrants		
	E(LKr)	<	30	GeV	and	≤	1	LKr	clusters	in	<me,	no	signal	from	MUV3	<les	in	<me	
	A	K+	KTAG	signal	in	<me	&	≤2	LAV	hits	in	<me	&	1	STRAW	Track	<	50	GeV,	q	=	+1	

Offline	selec<on:	
	1.	Reconstruct	vertex	by	matching	in	<me	and	space	beam	and	daughter	tracks	
	2.	Kinema<cs	
	3.	PID	(RICH	&	LKr-MUVs)	
	4.	Veto	any	in-<me	ac<vity	(LAV,	LKr,	IRC-SAC,	mul<plicity	condi<ons,	etc.)	

Normalize	to	minimum-bias	trigger	K+	àπ+π0(γ)	selected	afer	steps	1—3	applied	

L0	

L1	



K+à	π+νν analysis	scheme	
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Single-event	sensi<vity:	

	D	=	downscaling	factor	of	minimum-bias	trigger,	400	
εtrigMB	~	1	
εππ	/	επνν	 	allows	cancella<on	of	part	of	systema<c	uncertain<es	(e.g.,		 	
	 	 	 	Detector,	TDAQ		inefficiencies)	
	SES	evaluated	in	bins	of	π+	momentum	and	instantaneous	intensity	

Coun<ng	analysis,	data-driven	background	expecta<on	

Blind	analysis,	validated	in	data	control	regions	



K+à	π+νν selecBon	scheme:	vertex	
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Evaluate	GTK-KTAG	<me	diff.	and	closest	distance	of	approach	(CDA)	of	K+,	π+	tracks	

2017	data	 2017	data	

From	K+->π+π+π-	data	

High-intensity	setup:	dedicated	condi<ons	to	prevent	accidental	pairing	



K+à	π+νν selecBon	scheme:	kinemaBcs	
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Evaluate	Mmiss
2	=	(pK	−	pπ)2	for	ver<ces	in	the	region	105	<	Zvertex	<	165	m		

MC	truth	 2017	data	

Retaining	R1—R2	achieves	a	rejec<on	factor	of	~	104	for	K+	decay	backgrounds		



K+à	π+νν selecBon	scheme:	PID	
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Calorimeters	and	RICH	in	combina<on	for	π+	vs	µ+	iden<fica<on	

Cal.	PID,	2017	data	 RICH	PID,	2017	data	

π+	PID	achieved	with	~70%	efficiency	and	10−6	contamina<on	of	non-π+	backgrounds	



Veto	any	addiBonal	in-Bme	acBvity	
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Veto	on	addi<onal	in-<me	photons	using	LAVs,	LKr,	IRC-SAC	
To	reject	early	photon	conversions	RICH	and	CHOD	mul<plici<es	are	used,	too	

K+ 

π+ 

γ
γ

Expected	performance	of	veto	system	confirmed	by	data	

2017	data	



π0	rejecBon	as	a	search	for	π0->	invisible	
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0.015	<	Mmiss
2	<	0.021	GeV2	selects	a	K+àπ+π0(γ)	sample	with	<	10-5	contamina<on	

γ	detec<on	efficiency	by	tag&probe	analysis,	π0	rejec<on	by	MC	convolu<on	
Validate	in	data	side-bands	with	π0	rejec<on	O(10-7):	π0	àinv.	excluded	by	BNL	E949	

	 	 	 	[PR	D72	(2005)	091102]	



Background	from	K+	decays:	π+π0		
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Factoriza<on	between	kinema<c	and	photon-veto	rejec<ons	
Kinema<c	rejec<on	from	min.-bias	control	sample	with	π0	reconstructed	in	the	LKr	

2017	data	
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2017	data	

Background	es<mate	validated	in	side-bands	of	the	ππ0	region	

Kinema<c	
tails	from	
K—π	
mismatch	
and	π	MS	



Background	from	K+	decays:	µ+ν	
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Factoriza<on	between	kinema<c	and	PID	rejec<ons	
Kinema<c	rejec<on	from	min.-bias	control	sample	with	µ+	PID	and	no	use	of	Mmiss
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2017	data	

Background	es<mate	validated	in	lower	side-band	of	R1	

Kinema<c	
tails	from	
µ	MS	



Background	from	upstream	acBvity	
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Accidental	K—π	matching	or	π+	produced	by	nuclear	interac<ons	upstream	of	GTK3		

An	example	
with	decay	
upstream	
GTK1	and	
large	MS	of	π	
in	STRAW	
sta<on	1	
occurs	



Dedicated	cuts	
applied	to	reject	
these	backgrounds:	
BOX	+	CHANTI&GTK	
veto,	cut	on	Zvtx			

Background	from	upstream	acBvity	
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Distribu<ons	from	control	sample	with	inverted	K—π	CDA	condi<on	

Events	
dominated	by	
Kàππ0,	3π	
decays	
downstream	
of	GTK1	

Background	es<mate	from	specific	model,	validated	vs	data	control	samples,	e.g.	

2017	data	



Background	from	upstream	acBvity	
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Background	model	from	control	sample	with	inverted	K—π	CDA	condi<on	+	MC	

Validated	vs	
data	control	
samples:	
ΔT(GTK−KTAG)	
side	bands	

2017	data	



Background	from	upstream	acBvity	
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Background	model	from	control	sample	with	inverted	K—π	CDA	condi<on	+	MC	

Validated	vs	data	control	samples:		
1.   |Xcoll|	<	100	mm,	|Ycoll|	<	140	mm	
2.   |Xcoll|	<	100	mm,	|Ycoll|	>	140	mm	
3.   Mmiss

2	<	−0.05	GeV2	

4.   As	1,	with	no	GTK-CHANTI	veto	condi<ons	
5.   As	2,	with	no	GTK-CHANTI	veto	condi<ons	
6.   As	3,	with	no	GTK-CHANTI	veto	condi<ons	
7.   Inverted	GTK-CHANTI	veto	condi<ons	

2017	data	



Background	esBmates	in	2017	
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Analyses	results:	2016	and	2017	data	

24/9/2020	 36	LNF	General	Seminar	-	FrascaB	(Italy)	2016:	BR(Kàπνν)	<	14	×	10−10	@	90%	CL	 2016-17:	BR(Kàπνν)	<	1.78	×	10−10	@	90%	CL	



Lessons	learned	from	2017	
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1.  Significant	background	due	to		upstream	acBvity	and	related	inefficiency	to	be	reduced	
2.  Certain	analysis	condiBons	inducing	non-negligible	efficiency	loss	can	be	fine	tuned	
3.  KinemaBc	regions	can	be	significantly	extended	partly	improving	the	corresponding	efficiency	



AcBons	taken	
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1.  Improved	absorpBon	with	new	collimator	in	June	2018:	increased	transverse	coverage	



AcBons	taken:	hardware	intervenBon	
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1.  Improved	absorpBon	with	new	collimator	in	June	2018:	80%	of	2018	in	new	condiBons	(“S1”)	



AcBons	taken:	analysis	refinements	
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2.  Analysis	re-opBmized	in	bins	of	π+	momentum	
(5	GeV	width):	

3.  cuts	against	upstream	bkg,	using	a	mulB-variate	
approach:	gain	+50%	

4.  re-definiBon	of	kinemaBc	signal	regions:	gain	
+30%	(R2	extended)	

5.  opBmisaBon	of	PID	(RICH	and	calorimeters):	
gain	+10%	

6.  improved	definiBon	of	decay	fiducial	volume:	
gain	+6%	

7.  improved	veto	condiBons	to	reduce	random	
veto	(STRAW	and	LAV	treatment):	gain	+3%	



Analysis	of	2018	data	vs	2017	
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Expected	B/S	maintained	afer	op<miza<on	

*	

*	Do	not	include	efficiency	loss	common	to	πνν	and	ππ:	TDAQ,	Detector,	etc.		



Expected	signal	and	background	
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Published	analysis,	2017	data	 Preliminary	analysis,	2018	Data	



Background	validaBon	in	control	regions	
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Preliminary,	2018	Data	



Signal	region	opened,	2018	data	
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Preliminary,	
2018	Data	

Expected	SM	signal	events	7.58	±	0.40syst	±	0.75ext,	expected	background	5.28	+0.99	−0.74	

17	events	
observed	



Expected	and	observed	Mmiss
2	distribuBon	
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Preliminary	analysis,	
2018	Data	

Bumps	due	to	K+	à	π+	X,	X	à	invisible	would	appear	with	σ	~	1.1	(0.8)×10−3	GeV2	in	R1	(R2)	



A	new	measurement	in	a	long	journey	
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Combined	2016—2018	result:	BR	=	(	11.0	+4.0						±	0.3syst	)	×	10−11,	3.5-σ	significance		−3.5stat	



Physics	implicaBons	
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Combined	2016—2018	result:	BR	=	(	11.0	+4.0						±	0.3syst	)	×	10−11,	3.5-σ	significance		−3.5stat	

Specula<on	based	on	KOTO	
data	[PRL	124	(2020)	071801]:	
BR(KLàπνν)	=	(21	+20)	×	10−10	−11	



Conclusions	and	prospects	
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With	the	decay-in-flight	technique	NA62	obtained	the	most	precise	measurement	of	Kàπνν		
	The	probability	of	a	background-only	observa<on	is	~	2	×	10−4	
	New-physics	effects	genera<ng	large	excess	are	beginning	to	be	ruled	out		

A	new	data	taking	will	allow	a	total	uncertainty	of	O(10%)	on	BR(Kàπνν)	to	be	reached	
	Con<nua<on	requested	from	LS2	to	LS3	[CERN_SPSC_2019_039]:	July	2021—2024		
	Goal	to	run	at	100%	of	the	nominal	intensity	

Setup	improvements	under	way,	to	dras<cally	reduce	background	from	upstream	ac<vity:	
1.   Re-design	of	the	beamline	region	in	the	2nd	achromat	
2.   Add	a	fourth	GTK	sta<on	to	provide	redundancy	and	reduce	K—π	mis-tagging	
3.   Add	a	new	large-angle	beam-ac<vity	veto	counter	upstream	of	the	final	collimator	

To	further	suppress	K+	decay	background	(e.g.,	ππ0),	a	new	HASC	added	upstream	of	dump	

Proposals	for	physics	program	afer	Q2	2027	put	forward,	including	K+,	KL	àπνν	and	KL	àπll	



Spare	slides
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KLEVER  target sensitivity:
5 years starting Run 4
60 SM KL → π0νν 
S/B ~ 1
δBR/BR(π0νν) ~ 20%

400-GeV SPS proton beam (2 × 1013 pot/16.8 s)  incident on Be target at z = 0 m

〈pK〉 = 40 GeV

−KLEVER,	a	KL → π0νν	experiment	at	the	SPS	
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Future	plans	
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NA62 high-intensity K+ discussion, Jan 19:
•  Goal: Measure BR(K+

 → π + νν) to 5%
•  4x primary intensity (“NA62x4”), based on feasibility studies for KLEVER beam 
•  Technological challenges, esp. beam and spectrometer tracking

Adopt calorimetry and veto designs from KLEVER
•  Significant interest from NA62 collaboration and community

Outcome of European Strategy Update:
•  Support for intensity frontier physics reaffirmed

Rare kaon decays explicitly mentioned in supporting document
•  Physics Beyond Collider programs generally supported 
•  SPS beam dump facility judged to be to expensive

CERN-ESU-014 June 2020
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KOTO	preliminary	(KAON,	Sep	2019)	
SES:	6.9	×	10−10	(0.05	SM	evts)	
Expected	bkg:	0.05	±	0.02	evts	

KOTO	Status	



Random-veto	efficiency	vs	intensity	
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<ε>	



Result	stability	
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