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Forward	

•  I	take	“exo$c	searches	at	low	energy”	to	mean	
subjects	with	sensi$vity	to	BSM	which	are	not	
LHC	or	atomic/molecular	physics	

•  Outline	
– Kaon	Physics:	CP-Viola$on	and	CKM		
– Kaon	Physics:	Rare	Decays	
– Muon	/	Tau	Rare	Decays	
– Muon	internal	conversion	
– g-2	… 	
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History,	CP,	BAU,	ε	&	ε’,	CPT	
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Kaons	and	Standard	Model	

•  Today	we	tend	to	forget,	but	many	aspects	of	the		
Standard	Model	(SM)	were	builts	on	the	
proper$es	of	the	strange	mesons:		
–  Parity	Viola$on	(paradox	θ-τ)	
–  Strong	produc$on	and	weak	decay	
–  Strangeness	and	the	quark	model	
– Viola$on	of	di	CP	in	KL	à	2π: superweak	or	milliweak?
– Absence	of	FCNC	à	GIM	mechanism	
– Direct	CP	viola$on	(ε’/ε	!=	0)		
– Best	bounds	on	beyond	SM	(BSM)	physics		
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Strangeness	(Gell	Mann,	Pais)		
ϑ 0      S = +1
                       
ϑ 0      S = −1

According	to	Jim	Cronin,	during	a	seminar	at	Chicago,		
Gell	Mann	introduced	S	as	a	quantum	number	conserved		
by	the	strong	and	violated	by	the	weak	interac$ons		
with	both	states	S=	+/-1	decaying	into		π+π-		

E.	Fermi:	“	If	both	decay	into	π+	π-,	
how	can	they	be	different?”					

The	conservaKon	of	C	[	CP	from	1957…]	
disKnguishes	the	two	eigenstates			

ϑ1 =
1
2

(ϑ 0 +ϑ 0 )     → ππ

ϑ 2 =
1
2

(ϑ 0 −ϑ 0 )    → πππ
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P	&	C	

L.	Landau,	1957:		“Has	is	well	known,	the	unusual	proper$es	of	K-mesons	
have	created	a	perplexing	situa$on	in	modern	physics….Invariance	
of	the	interac$ons	with	respect	to	combined	inversion	(CP)	leaves	space		
completely	symmetrical….		

To	save	the	simmetry	of	space	in	view		of	parity	(P)	viola$on,		
Landau	posited	the	simmetry	for	the	combined	opera$on	of		parity	(P)	
and	charge	conjuga$on	(C)		à	CP	ConservaKon		
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CP		Symmetry		

From	Gino	Isidori:			
hkp://scienzapertul.lnf.infn.it/P1/schedaCP.html	
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5211 K2 è π+ + π-  candidates 
 

1964	
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The	long-lived	neutral	kaon	decays	
	into	two	pions	~0.2%	of	the	$mes	
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Compelling Puzzle: Baryon Asymmetry 
of the Universe (BAU)      

nquark-nantiquark/nquark  (Proto Universe) ~nbaryon/nphoton (Today)~5×10-10  

? 
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Why CP-Violation is so cool  
Andrei Sakharov (1967) conditions 
for BAU: 
 
To allow the development of an  
asymmetry between matter and  
anti-matter   
 
1. Violation of Baryonic Number  
 
2. Thermodynamic Non-equilibrium 
 
3. Violation of C & CP   
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T T Wu and C N Yang              PRL 13 380 (1964) 

       If  ε’ >> ε  then |η00| = 2 |η+-| 
If  ε’/ε small then |η00 ⁄ η+-| = |1- 3 ε’⁄ ε| 
               If superweak ε’ = 0 
 

 
 

By 1965 |η+-| measured to be  
          (2.04 ± 0.14) x 10-3 

   and coherence established 
Jim	Cronin	
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CP	ViolaKon	and	the	neutral	K	mesons		
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Double	ra$o	technique	where	systema$cs	drop	out	to	first	order	

A0,2 = A(K
0 → ππ, I = 0,2)



Taku	Yamanaka	
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Massive	new		
experiments	launched		
In	the	early	’90s		
to	clarify	the	puzzle	



NA48	
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Electrode	structure	(half)	of	the		
Liquid	Krypton	Calorimeter,	now	used	
by	NA62,	cold	(~120	K)	since	1998		

•  Two	beams	and	two	target	
•  Simoultaneous	detec$on	of	KL,		
						KS	into	π+π-	and	π0π0	
•  KS	decay	dis$nguished	by	proton	tagging		
				(30	MHz)	
•  0.1%	background	levels	



KTEV 

NA48 
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Final	Results:	



ε’/ε	PDG	2018	
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															Re(ε/ε’):	TheoreKcal	PredicKons		

	Experiment:	~1.7	x	10-3						SM	PredicKons:			??			

		

	

C.	Sachraida,	Kaon2016:		
“ε’/ε is	now	a	quanKty	which	is	amenable	
	to	laece		calculaKons”	A.	Buras	and	T.	Pich,	MITP	Mainz,	“NA62	Physics	Handbook”	
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2.9	σ 2.1	σ
0.2	σ



	CPT?	

εS = ε +δ          
εL = ε −δ

ε  Violates	CP					
δ			Violates	CP	e	CPT		
	

NA48/1	PLB	610	(2005)	

	Bell-Steinberger	rela$on	
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Kaons & CKM, Cabibbo Angle (Vus ), 
Unitarity Tests & Room for “exotics” 

21 



Cabibbo-Kobayashi-Maskawa 
(CKM) Quark Mixing 

⎜
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CKM
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|Vud| = 0.97420 ± 0.00021          0+ → 0+ super-allowed nuclear β decays 
|Vus| = 0.2243 ± 0.0005              Kaon semi-leptonic and leptonic decays 
|Vcd| = 0.218 ± 0.004                  semi-leptonic D decays and neutrino/antineutrino  
|Vcs| = 0.997 ± 0.017                  Average of semi-leptonic D and leptonic Ds decays 
|Vcb| = (42.2 ± 0.8) × 10-3            Combination of exclusive and inclusive B decays 
|Vub| = (3.94 ± 0.36) ×10-3            Comb. of exclusive and inclusive charmless B decays 
|Vtb| = 1.019 ± 0.025                   Single top-quark production cross-section 
 
Vtd & Vts accessible from FCNC processes   (loops)  
 
 
  

PDG 2018 
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If V is unitary: 
 
nxn real parameter 
2n-1 unphysical pahses 
n(n-1)/2 rotation angles 
(n-1)(n-2)/2 complex phases 
 
For n>2 CP Violation is  
automatically possible!  
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Constraints on the UT 

PDG 2018 

The unique measure of CP-Violation in the SM is the  
area of the Unitarity Triangle (Jarlskog invariant J) J = (3.18± 0.15)×10−5
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Leptonic Decays & Vus 

Γ(K→ ℓνℓ )
Γ(π → ℓνℓ )

=
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=1.3367(29)

f
K+

f
π +

=1.1933(29)          N f = 2+1+1

                     Vus = 0.2253(7)

Using typical inputs  
(Blucher and Marciano, PDG2017): 

Lattice QCD  input (FLAG 2016) 
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Semileptonic K decays and Vus  

25 

Input 
from 
Experim
ent 

Input 
from  
Theory 

Γ(Kl3(γ)) Rates with well 
determined 
radiative corrections 

f +(0) Hadroni matrix element (form 
factor) 
at zero momentum transfer (t 
=0) 

• Branching Ratios δSU2
 Form factor correction for 

SU(2) breaking 

• Lifetimes 

IKl({λ}Kl) Integral of form factor 
over phase  
space: parameterizes 
evolution in t!

δlΚ 
 

Long distance EM effects 

• Ke3: Only λ+ (or λ+’, λ+’’) 

• Kµ3: Need λ+ and λ0 

ΓKℓ3 =
GF
2MK

5

192π3
SEW (1+δK

ℓ +δSU 2 )C
2 |Vus |

2 f+
2 (0)IK

ℓ

C2=1 (1/2) for neutral (charged) kaons  



EvoluKon	of	Experimental	
Input	Semileptonic	Decays	

“”Vus Revolution” with experimental input changing ~ 5% in some 
cases…..Input from many experiments:  

BNL865, KTeV, ISTRA+, KLOE, NA48, NA48/2 
Augusto	Ceccucci/CERN	
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	QCD	su	re$colo	(FLAG	2016)	

f

f+(0) = 0.9704(32)     N f = 2+1+1             Vus = 0.2231(4)ex (7)lattFor:	
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CKM	Constraints	at	low	energy	
(PDG2018,	Blucher&Marciano)	

•  |Vud|2+|Vus|2+|Vub|2	=	0.9994(4)(2)	
				first	error	from	Vud,	second	from	Vus	
•  Exo$c	Muon	Decays:	since	they	are	not	
considered	in	the	Gµ	extrac$on	and	CKM	unitarity	
works:	

											BR(exoKc	muon	decays)<0.0014	95%CL	
•  New	Heavy	Quark	Mixing:	
			|VuD|<0.04		95%	CL	
•  Vus	determina$ons	from	tau	decays:		
														0.2216(15)			(2	σ	below	unitarity)	
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Rare	Kaon	Decays,	new	physics	in	
loops?	
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Search	for	New	Physics..Indirectly	
•  Discoveries	are	almost	always	anKcipated	by	arguments	

and	indirect	evidence:	
1.  GIM:	Charm	~	GeV		
2.  Limits	of	Fermi	theory:	-->	W,Z	@	~100	GeV	
3.  CP-Viola$on-->	3rd	genera$on	of	quarks		
4.  Flavor,	EW	fit:	m(top)~170	GeV	
5.  EW	fit:	m(H)	=	100	+/-	30	GeV		

•  Now	that	guidance	from	indirect	evidence	has	dried	up…
we	are	lex	with	arguments:	

–  Hierarchy	problem:	NP	close	to	EW	scale	
–  WIMP	miracle:	NP	close	to	EW	scale	
–  Unifica$on	of	gauge	couplings	

•  We	need	to	keep	studying	rare	and	forbidden	processes	
to	look	for	deviaKons	from	the	SM	predicKons	

Augusto Ceccucci/CERN 30 Zuoz, Augut 14, 2018 



Bounds	from	Flavour	Physics	

31 

Isidori and Teubert, arXiv:1402.2844  

Augusto Ceccucci/CERN Zuoz, Augut 14, 2018 

*Cannot	test	Λ and	cNP		at	the	same	$me*	



Rare	Kaon	Decays			
•  ε’/ε	is	very	sensi$ve	to	
BSM	

•  Hopefully	lalce	QCD	will	
allows	one	to	make	a	
precise	predic$on	

•  For	the	$me	being	it	
remains	a	qualita$ve	test	
of	SM		

•  On	the	other	hand,	rare	
kaon	decays	are	sensi$ve	
to	BSM	and	they	are	
precisely	calculable	in	
SMà	quanKtaKve	test	

K	e	Zepto-Universe	(10-21)	

A.	Buras	
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Kaon Rare Decays (Overview)  

|Vtd| 

G. Isidori 

K Rare Decays as quantitative test complementary to B physics  
Augusto Ceccucci/CERN Zuoz, Augut 14, 2018 



LHCb: K0
Sàµ+µ- 

•  1013 K0
S/fb-1  !!! 

•  Can use “long tracks” to reconstruct K0
S 

•  Trigger limitations will be overcome thanks to 
       the LHCb upgrade  

Kaons at LHCb

• Lifetimes are much larger than for
B mesons:

• ⌧B0 ⇠ 1.5 ⇥ 10�12s
• ⌧K0

S
⇠ 10�10s

• ⌧K0
L

⇠ 5 ⇥ 10�8s

• K0
S

study is possible using long
tracks.

• K0
L

study is HARDLY possible.
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[Int. J. Mod. Phys. A30 (2015) 1530022]

Miguel Ramos Pernas (KAON 2016) Search for K0
S ! µ+µ� at LHCb September 14, 2016 5 / 14

arXiv:1706.00758 



NA48/1	
PLB	576	(2003)	
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NA48/1	
PLB	599	(2004)	
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Cf.	PDG	(KTeV)						BR(KLà	π0ee)	<	2.8	10-10	90%CL													

																																BR(KLà	π0µµ)	<	3.8	10-10	90%CL													Augusto	Ceccucci/CERN	 37	Zuoz,	Augut	14,	2018	



Kaon	Rare	Decays:	Scenarios		
•  The	KLàπ0	e+e-	(µ+µ-)	is	very	difficult	to	pursue	not	only	

because	of	the	KS	component	but	also	because	of	
irriducible	radia$ve	backgrounds	(eeγγ,	µµγγ)	

•  	K+	à	π+νν	is	very	important	but	experimentally	not	easy:	
1.  Within	the	SM	it	measures|Vtd|)	with	small	theore$cal	error		
2.  it	is	sensi$ve	to	new	physics	because	the	SM	contribu$on	is	

very	suppressed	
•  The	study	of	this	rare	decays	has	been	done,	so	far,	with	

decays	at	rest	(DAR)		
•  The	CERN	experiment	NA62	is	studying	it	with	decays	in	

flight	
•  K0L	à	π0νν	measures	by	itself	the	height	of	the	unitarity	

triangle.	Experimentally	is	even	more	challenging		
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

The FCNC process Κ+→π+νν

  FCNC loop processes: s → d coupling and highest CKM suppression 

  Theoretically clean: Short distance contribution 

Hadronic matrix element measured with Kl3 decays 

  SM predictions:[Brod, Gorbahn, Stamou, Phys. Rev.D 83, 034030 (2011),

Buras. et. al., JHEP11(2015)033] 

 

  Experimental result:[Phys. Rev. D 79, 092004 (2009)] 

Theoretical error budget 
Buras. et. al., JHEP11(2015)033 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Κ+→π+νν  Beyond the Standard Model 

  Custodial Randall-Sundrum  [Blanke, Buras, Duling, Gemmler, Gori, 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, Buttazzo,Knegjens, JHEP11(2015)166]  

  Littlest Higgs with T-parity [Blanke, Buras, Recksiegel, Eur.Phys.J. C76 (2016) 182] 

  LFU violation models [Isidori et al., Eur. Phys. J. C (2017) 77: 618]  

  Constraints from existing measurements (correlations model dependent) 

  Kaon mixing, CKM elements, K, B rare meson decays, NP limits from direct searches 

Randall Sundrum Z'(5 TeV) in Constrained MFV LFU violation 
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Loop	Effects	from	Vector	Leptoquarks	
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arXiv:1007.02068					A.	Crivelling,	C.	Greub,	F.	Saturnino	



Techniques for K+àπ+ νν   
“Stopped” 

–  Work in Kaon rest frame 
–  High Kaon purity 

(Electro-Magneto-static 
Separators) possible 

–  Compact Detectors 

 
 

“In-Flight” 
–  Decays in vacuum (no 

scattering, no interactions) 
–  RF separated (very 

difficult) or unseparated 
beams 

–  Extended decay regions 
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Exp Machine Meas. or UL 90% CL  Notes 

Argonne < 5.7 x 10-5   Stopped; HL Bubble Chamber  

Bevatron < 5.6 x 10-7  Stopped; Spark Chambers 

KEK <1.4 x 10-7  Stopped; π+ -> µ+ -> e+ 

E787 AGS (1.57+1.75
-0.82 )  x 10-10 Stopped 

E949 AGS (1.73+1.15
-1.05 )  x 10-10 Stopped; PPN1+PPN2    

NA62 SPS Taking Data In-Flight; Unseparated 



E787/E949 Technique 
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• Duty Factor: 2.2 s / 5.4 s ~ 40% 
• 1 int. length Pt target  
• Before separators: 500 π : 500 p : 1 K 
• After separators: Purity K:π ~ 3-4 : 1  
• Incoming 710 MeV/c K+ identified 
 by Č and slowed down by BeO and 
 Active Degrader 
• ~27% K+  stopped in the target (1.6 MHz) 
• 1 T solenoid 

  

“The entire AGS beam of 65 x 1012 (p/ spill) at a momentum 
 of 21.5 GeV/c was delivered to the E949 K+ production target”  

K+: Č x B4 x Target  
π+:  Delayed Coincidence 
       Range 
       Energy 
       Momentum 
       π+à µ+àe+   



E787/E949: Final Result 
arXiv:0903.0030v1        PRD79:092004,2009 
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B(K+àπ+ νν ) = (1.73+1.15
-1.05 )  x 10-10 



 Κ +→π +νν : first NA62 results (A. Ceccucci) 

  `14-`18 NA62:Κ+→π+νν

   2014 Pilot run 

   2015 Commissioning run 

  Full detector installation 
completed  in September 2016 

  First πνν dataset in 2016 

     (Covered here) 

  Continuous data-taking until the 
end of 2018 

Kaon physics @ NA62 

~ 200 participants from: Birmingham, Bratislava, Bristol, Bucharest, CERN, 
Dubna, GMU-Fairfax, Ferrara, Firenze, Frascati, Glasgow, Lancaster, Liverpool, 
Louvain, Mainz, Merced, Moscow, Napoli, Perugia, Pisa, Prague, Protvino, Roma I, 
Roma II, San Luis Potosi, Sofia, Torino, TRIUMF, Vancouver UBC 

NA62 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

NA62 Data Taking 

Augusto Ceccucci/CERN 46 

•  2018 Data Taking umtil November 11 
•  218 days of protons (full SPS run!) 
 



 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Analysis strategy 
  Keystones of the analysis: 

  Timing between sub-detectors ~ O(100 ps) 

  Kinematic suppression  ~ O(104) 

Muon suppression > 107 

  π0 suppression (from Κ+→π+π0  ) > 107 

  Signal and background control regions  are 
kept blind throughout the analysis 

15 < Pπ+ < 35 GeV/c 
Particle ID(Cherenkov detectors) 
Particle ID(Calorimeters) 
Photon veto 
 

m2
miss = (PK – Pπ+)2

  

Process Branching ratio 

Κ+→π+π0  0.2066 

Κ+→µ+νµ 0.6356 

Κ+→π+π+π-  0.0558 + 

Decay in flight 
technique 

NEW 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

NA62 beam and detector 

Beam Direction 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

NA62 beam and detector 
[NA62 Detector Paper, 2017 JINST 12 P05025] 

  SPS Beam: 
  400 GeV/c protons 

  2.1012 protons/spill 

  5s spill [3s eff.] / ~16 s 

  Secondary positive Beam: 
  75 GeV/c momentum, 1 % bite 

  100 µrad divergence (RMS) 

  60x30 mm2  transverse size 

  K+(6%)/p+(70%)/p(24%) 

   For 33x1011 ppp on T10  

  à   750 MHz at GTK3 

  Decay Region: 
  60 m long fiducial 
region 

  ~ 5 MHz K+ decay rate 

  Vacuum ~ O(10-6) 
mbar 

GTK: Si pixel with σt ~100 ps 
STRAW: in vacuum chamber 
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Detector and Performances: arXiv:1703.08501  
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NA62 Straws Tracker  



 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Kaon – Pion Matching (Time and Space) 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Signal Region Definition 

Κ+→π+π+π- 

Κ+→µ+ν

Κ+→π+π0 

K+ decay events in the fiducial decay region 

4m2
π+ 

m2
π0 

NA62 Preliminary 
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  Three ways to compute the m2
miss 

  m2
miss(STRAW, GTK) 

  m2
miss (RICH, GTK) 

  m2
miss (STRAW, Beam) 

  Protects against mis-reconstruction 

  Kinematic suppression 
  Measured using data 
  Samples of Κππ and Kµν 
  Selected using calorimeters 

  Fraction of events in signal regions    

                                                 (resolution tails) 



NA62 RICH 

Mirror mosaic 

Vessel 

Beam pipe 
and “Fly 
eyes’ 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Particle Identification    
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π0 Rejection 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Photon Rejection 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Signal Acceptance 

 
 
 
 
 
 
 
Computed with MC assuming a vector form factor 
Including PID and interaction losses 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Single Event Sensitivity (SES) 

  Signal acceptance : 4 % (before random veto) 

  Normalization acceptance : 10 % 

  Control triggered Κ+→π+π0  used for normalization  

  Number of kaon decays in the fiducial volume : NK = 1.21(2) x 1011 

R2 

R1 

3 % 

1 % 

NA62 Preliminary 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Random Veto 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Κ+→π+π0(γ) background 

R2 R1 

Κ+→π+π0 
decays 
Minimum bias NA62 Preliminary 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Κ+→π+π0(γ) background 

  Data driven background estimation 

  Control region validation: 1 event observed (1.46 +/- 0.17 expected) 

NA62 Preliminary 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Κ+→µ+νµ(γ) background 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Κ+→µ+νµ(γ) background 

  Data driven background estimation 

  Control region validation: 2 event observed (1.02 +/- 0.16 expected) 

NA62 Preliminary 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Upstream Background: Estimation 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Background summary 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Results 

NA62 Preliminary 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Results  

One event observed 

NA62 Preliminary 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Results: RICH ring for the event 

π+ µ+ e+ 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Results 

  One event observed in Region 2 
  Full exploitation of the CLs method in progress 
  The results are compatible with the Standard Model 
  For comparison: 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Summary PNN 
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Bottom Line: the novel NA62 in-flight technique works 



KOTO	EXPERIMENT	
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KL→π0νν decay
• Breaks CP symmetry directly

2

̅
• Suppressed in the SM

• Small theoretical uncertainty:2%

-> Sensitive to New Physics

10-8

10-9

10-10

10-11

Direct limit(KEK E391) 2.6x10-8

Grossman-Nir bound 
Indirect limit from K+→π+νν
Br(KL)<4.4xBr(K+)
        <1.5x10-9

̅

Standard model: 3.0x10-11

Below
 Grossman-Nir bound

Large room for
New Physics.

Br(KL→π0νν)̅

18年7月7日土曜日
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KOTO	Principle	
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K.	Shiomi,	ICHEP	2018	



KOTO	DATA	TAKING	
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KOTO	
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  KL→π0νν:  Comparison of Techniques 

E391a J-PARC 

KLEVER@SPS SES is unique if the E391a/KOTO technique is established 
KOPIO (Time of Flight) technique at the needs 100 ps long proton bunches 

Picture adapted from KAMI proposal 

SPS 

U-70 
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M.	Moulsson,	ICHEP	2018	



Augusto	Ceccucci/CERN	 84	Zuoz,	Augut	14,	2018	



Augusto	Ceccucci/CERN	 85	Zuoz,	Augut	14,	2018	



Augusto	Ceccucci/CERN	 86	Zuoz,	Augut	14,	2018	



Augusto	Ceccucci/CERN	 87	Zuoz,	Augut	14,	2018	



Augusto	Ceccucci/CERN	 88	Zuoz,	Augut	14,	2018	



Augusto	Ceccucci/CERN	 89	Zuoz,	Augut	14,	2018	



Augusto	Ceccucci/CERN	 90	Zuoz,	Augut	14,	2018	



Other	techniques	for	KLàπ0	νν

•  The	techniques	of	KOTO	and	KLEVER	are	a	bit	
“brute	force”	because	there	are	no	addi$onal	
constraint	(the	momentum	of	the	KL	is	
unknown)	

•  PHI	Factory:	e+e-àφà	KS	KL	
Advantage:		Monochroma$c	KL	,	large	acceptance		
Nega$ve:	small	cross	sec$on,	luminosity	is	way	too	
low	at	√s~1.02	GeV	

•  “KOPIO”	
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KOPIO	Concept	
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KOPIO Concept     

93 

• KOPIO-like: TOF to determine Kaon Energy 
• Knowledge of EK allows rejection of 
 two body decays 
• Pointing Calorimeter  
• 4 π veto for neutral and charged particles 
• Small Beam instead of flat beam 

• Ideal for a CW p LINAC ~3 GeV 
• Excellent bunch timing  
• High flux of low energy K0

L 
 



Outlook	
•  S$ll	wai$ng	for	lalce	QCD	calcula$on	for	ε’/ε
•  Precision	on	unitarity	tests	involving	kaons	approaching	

0.1%,	contribu$on	due	to	Vud	no	longer	negligible,	nice	
interplay	of	lalce	QCD	and	experiments	

•  On	the	kaon	rare	decay	side:		
–  LHCb	is	compe$$ve	for	rare	decays	with	µµ in	the	final	state	
–  NA62	is	taking	data	and	aims	to	make	a	Br(K+	à	π+	νν)	
measurement	at	the	level	of	10%	to	bridge	the	large	gap	
exis$ng	between	theory	and	experiment	

–  KOTO	aims	to	steadily	improve	the	limits	on	Br(KLà	π0νν)		
–  There	are	plans	to	propose	to	measure	Br(KLà	π0νν)	at	the	SPS	
(KLEVER)	

–  The	nice	KOPIO	concept	is	currently	not	pursued		
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Lepton	Universality,	Flavour	and	
Number	ViolaKon	in	K	decays		

Zuoz,	Augut	14,	2018	 Augusto	Ceccucci/CERN	 95	
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Rare and Forbidden Decays: Kàπµµ
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Rare and Forbidden Decays: Kàπee
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 Lepton Universality: RK=Ke2/Kµ2  
 

SM 
RK

SM = (2.477±0.001)×10–5 
 
 Cirigliano & Rosell PRL 99 (2007) 231801 

BSM, 
LFV 

e.g. Masiero, Paradisi Petronzio 
PRD 74 (2006) 011701, 
JHEP 0811 (2008) 042 

Example: 
(Δ13=5×10–4, tanβ=40, MH=500 GeV/c2) 
lead to RK

MSSM = RK
SM(1+0.013). 

Augusto Ceccucci/CERN Zuoz, Augut 14, 2018 



2007 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Prospects: RK

Augusto Ceccucci/CERN 101 



ExoKcs:	HNL,	Darks	ParKcles,	ALPs,… 	
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Search for Heavy Neutral Leptons  
from K decays 

Augusto Ceccucci/CERN 103 



 Κ +→π +νν : first NA62 results (A. Ceccucci) 

 Heavy Neutral Leptons in NA62 (Dump)  

U2
e:U2

µ:U2
τ = 52:1:1 

Normal hierarchy of active 𝛎 masses 
U2

e:U2
µ:U2

τ = 1:16:3.8 
Normal hierarchy of active 𝛎 masses 

U2
e:U2

µ:U2
τ = 0.061:1:4.3 

Normal hierarchy of active 𝛎 masses 

Scenario 1 Scenario 2 Scenario 3 

These sensitivities assume to detect all 2-track final states, including open channels,  and 
zero background 

  NA62   

NA62 projections  
with 1018 pot 

NA62 projections  
with 1018 pot NA62 

projections  
with 1018 pot 

Window of Opportunity to search for HNL above the K mass in the near future 
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

NA62 sensitivity with 1018 POT 
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with 1018 pot 

Dark Scalar: Dark Photon: 

The Dark Scalar sensitivity plot assume all 2-track final states, with zero background   
The Dark Photon projections are for di-muon final state only and  (still) miss the 

inclusion of the two dominant production processes (QED, QCD):  the curve is very 
conservative! 

Search for exotic particles at NA62                                                                 22  Augusto Ceccucci/CERN 105 



 Κ +→π +νν : first NA62 results (A. Ceccucci) 

SLAC 137
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 NA62-Dump sensitivity for ALPs→ γγ  

•  ALP production via Primakoff effect at target; 
•  Search for ALP → γγ in NA62 fiducial volume, account for geometrical acceptance 
•  Assume zero-background, evaluate expected 90%-CL exclusion plot  

B. Dobrich et al., 
JHEP 02 (2016) 018   

NA62 projections  
with 1018 pot 

Significant potential for Axion Like Particles searches 
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