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Outline

K+ ✏ ⇣+⌘⌘ decays in the SM
NA62 experiment
K+ ✏ ⇣+⌘⌘ @ NA62 (2017 data)
Summary and prospects
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Kaons and the CKM unitarity triangle

,e CKM unitarity triangle can be constrained by kaon physics alone
Comparison with B physics can provide description of NP Pavour dynamics

Recent NA62 results     Augusto  Ceccucci / CERN
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⇠e FCNC process ��p⇣⇣

FCNC loop processes: s ✏ d coupling and highest CKM suppression
,eoretically clean: Short distance contribution
Hadronic matrix element measured with Kl3 decays
SM predictions: Buras. et. al., JHEP11(2015)033

Parametric uncertainty dominates 
[Buras. et. al., JHEP11(2015)033]

https://link.springer.com/article/10.1007%2FJHEP11(2015)033
Recent NA62 results     Augusto  Ceccucci / CERN
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��p⇣⇣ beyond the Standard Model

Randall SundrumZ'(5 TeV) in Constrained MFV LFU violation

Custodial Randall-Sundrum  [Blanke, Buras, Duling, Gemmler, Gori, JHEP 0903 (2009) 108]

MSSM analyses [Tanimoto, Yamamoto, PTEP 2016 (2016) no.12, 123B02], [Blazek, Matak, Int.J.Mod.Phys. A29 (2014) no.27],
[Isidori et al. JHEP 0608 (2006) 064]

SimpliDed Z, Z' models [Buras, BuGazzo,Knegjens, JHEP11(2015)166] 

LiGlest 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] 

Leptoquarks [S. Fajfer, N. KoMnik, L. Vale Silva, arXiv:1802.00786v1 (2018)]

Constraints from existing measurements (correlations model dependent)

https://arxiv.org/abs/0812.3803
Recent NA62 results     Augusto  Ceccucci / CERN

https://academic.oup.com/ptep/article/2016/12/123B02/2936821
https://inspirehep.net/record/1319646
https://arxiv.org/abs/hep-ph/0604074
https://link.springer.com/article/10.1007%2FJHEP11%282015%29166
https://arxiv.org/abs/1507.06316
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-5202-1
https://arxiv.org/abs/1802.00786v1
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State of the art �
+
�p+

⇣⇣ experiments 

Phys. Rev. D 79, 092004 (2009)
Phys. Rev. D 77, 052003 (2008)

NA62 2016 data

Phys. LeG. B 791, 156 (2019)

K
+
 decay-at-rest technique E787/E949 K

+
 decay-in-1ight technique NA62

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.092004
Recent NA62 results     Augusto  Ceccucci / CERN

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.052003
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.092004
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⇠e NA62 experiment

NA62 Collaboration consist of ~ 200 participants from: Birmingham, Bratislava, Bristol, Bucharest, CERN, Dubna, 
Fairfax, Ferrara, Firenze, Frascati, Glasgow, Lancaster, Liverpool, Louvain, Mainz, Moskow, Naples, Perugia, Pisa, 

Prague, Protvino, Rome I, Rome II, San Luis Potosi, Turin, TRIUMF, Vancouver UBC

NA62
Dec 2008: NA62 Approval

2009 – 2014: Detector R&D and installation 

2015: Commissioning 

2016 – 2018: NA62 Run 1

2021 – 2023: NA62 Run2 (TBA)

    NA62 timeline

NA62 primary goal: measurement of the ultra 
rare kaon decay K+* ++,, 

Recent NA62 results     Augusto  Ceccucci / CERN

2021 -2024 NA62 Run 2 (2021 already guaranteed)
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NA62 detector

SPS Beam:
400 GeV/c protons
1.9x1012 protons/spill
3.5s spill
~1018 POT/year

Secondary positive Beam:
75 GeV/c momentum, 1% rms
100 mrad divergence (RMS)
60x30 mm2  transverse size
K
+
(6%)/p+(70%)/p(24%)

450 MHz of particles at GTK3

Decay Region:
60 m long Dducial region
~ 3 MHz K+ decay rate
Vacuum ~ O(10-6) mbar

[NA62 Detector Paper, 2017 JINST 12 P05025]

protons from

 SPS

IRC

Magnet

http://iopscience.iop.org/1748-0221/12/05/P05025
Recent NA62 results     Augusto  Ceccucci / CERN
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NA62 detector

[NA62 Detector Paper, 2017 JINST 12 P05025]

protons from

 SPS

Decay Region detectors (⇣+):
STRAW: track momentum spectrometer
CHOD: Scintillator hodoscopes 
LKr/MUV1/MUV2 : Calorimetric system 
RICH: Cherenkov counter for ⇣/µ/e ID
LAV/SAC/IRC: Photon veto detectors
MUV3: Muon veto

Upstream detectors (�+):
KTAG: DiVerential Cherenkov 
counter for K+ ID
GTK: Si pixel beam tracker
CHANTI: Anti-counter for 
inelastic beam-GTK3 interactions

IRC

Magnet

http://iopscience.iop.org/1748-0221/12/05/P05025
Recent NA62 results     Augusto  Ceccucci / CERN
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NA62 detector

Beam

Luminosity

⇠is talk

Recent NA62 results     Augusto  Ceccucci / CERN
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Analysis strategy
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Analysis strategy

P
n
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15 < P⇣+ < 35 GeV/c
Particle ID(Cherenkov detectors)
Particle ID(Calorimeters)
Photon veto
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Process Branching ratio
�+✏⇣+⇣0 0.2066
�+✏µ+⌘µ 0.6356
�+✏⇣+⇣+⇣- 0.0558
�+✏⇣+⇣-e+⌘e 4.3x10-5

K
+
�✏

+
⇣⇣ (SM) 8.4x10

-11

+
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1. Signal Selection

Recent NA62 results     Augusto  Ceccucci / CERN
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Keystones of the analysis

Muon suppression > 107

✏0 suppression (from �+�✏+✏0  ) > 107

Excellent time resolution O(100ps)

Kinematic suppression  ~ O(104)

Recent NA62 results     Augusto  Ceccucci / CERN
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Signal selection

Selection criteria
single track decay topology
⇣+ identiDcation
photon rejection
multi-track rejection

�
+
�✏

+
✏
+
✏
-

�
+
�✏

+
✏
0
✏
0

�
+
�µ

+
⇣

�
+
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+
✏
0

K+ decay events in the /ducial decay region

4m
2

p
+

m
2

p0

Performance

Signal region 1

Signal region 2

m
2

miss
 computed under ✏

+
 mass hypothesis 
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Keystones of the analysis: Particle identiQcation

Machine learning approach (BDT)

➢Energy deposition

➢Energy sharing

➢Shower shape proQles 

Calorimetric PID
Track driven likelihoods discriminant 
for ✏/µ/e separation

Particle mass using track momentum

Momentum measurement under mass 
hypothesis (velocity spectrometer)

RICH PID

78% ✏
+
 eRciency vs 6.3x10

-6 
µ
+
 eRciency 82% ✏

+
 eRciency vs 2.3x10

-3 
µ
+
 eRciency

NA62 Preliminary NA62 Preliminary

Recent NA62 results     Augusto  Ceccucci / CERN
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✏
0 
suppression and search for ✏

0 
� invisible

A priori evaluation of ⇣0 suppression of K+✏⇣+⇣0 decays (0.015 < m2miss < 0.021 GeV2/c4)
Selection and trigger stream identical to K+✏⇣+⌘⌘ (1/3 of the data set used)

Single-\ detection e]ciency from control K+✏⇣+⇣0 data (Tag & Probe)

⇣0 suppression evaluated from convolution with MC K+✏⇣+⇣0(\) 

Validation: side bands with expected rejection O(10-7) where ✏0 � invisible excluded [E949, PRD72 (2005)]

⇣0 suppression expected = (2.8+5.9-2.1)x10-9 (⇣+ momentum region 25-40 GeV/c)

Results
BR(⇣0✏invisible) normalized to ⇣0✏\\  
Expected background: 10+22-8 events
Observed: 12 events

BR(✏
0
�invisible) < 4.4x10

-9
 @ 90% CL

UL 60 times stronger than previous measurements
NA
62 
Pre
lim
ina
ry

NA62 Preliminary

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.091102#fulltext
Recent NA62 results     Augusto  Ceccucci / CERN
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Keystones of the analysis: Kinematic resolution

2017 data

Recent NA62 results     Augusto  Ceccucci / CERN
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Keystones of the analysis: Kinematic suppression

Kinematic suppression measured on K+ � ✏+✏0 decays in data

Fraction of events ✏+✏0 entering m2
miss
 signal region

K+ * +++0

NA62 Preliminary

Recent NA62 results     Augusto  Ceccucci / CERN
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Signal acceptance

NA62 Preliminary

Recent NA62 results     Augusto  Ceccucci / CERN
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Data aUer signal selection

µ
+
⇣ validation 

region

✏
+
✏
0
 validation 

region

✏
+
✏
+
✏
-
 

validation 

region

Signal Region 1

Signal Region 2

High – P 

validation 

region

Upstream background validation region

Control and signal region MASKED

NA62 Preliminary
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Single Event Sensitivity: Results

S.E.S error budged 

External error on Nexp
✏⇣⇣
 from Br(✏⇣⇣) = (0.84 ± 0.10)x10

-10

Integrated over beam intensity and ✏+ momentum

Recent NA62 results     Augusto  Ceccucci / CERN
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3. Background evaluation 

and validation

Recent NA62 results     Augusto  Ceccucci / CERN
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Background: K
+
 � ✏

+
✏
0

Control K+*+++0 data used to study 
the tails of the m2miss distribution

Expected K+✏⇣+⇣0  in 
signal regions aWer the 
⇣⌘⌘ selection 

Fraction of ⇣+⇣0  in 
signal region measured 
on control data

Data in ⇣+⇣0  region aWer ⇣⌘⌘ 
selection (including ⇣0 rejection)

NA62 Preliminary

Recent NA62 results     Augusto  Ceccucci / CERN
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Background: K
+
 � µ

+
⇣
µ
(X) IB

Expected K+✏µ+⌘µ  in 
signal regions aWer the 
⇣⌘⌘ selection 

Fraction of µ+⌘µ  in 
signal region measured 
on control data

Data in µ+⌘µ region aWer 
⇣⌘⌘ selection

Control K+*µ+,µ(7)  data used to study 
the tails of the m2miss distribution

NA62 Preliminary

Recent NA62 results     Augusto  Ceccucci / CERN
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Background: K
+
 � ✏

+
✏
-
e
+
⇣ 

Sample of 2x109 MC generated K+ ✏ ⇣+⇣-e+⌘ decays used for background estimation
Correlation between m2miss, kinematics and multi-track rejection 

MC simulation validated using data
K+ ✏ ⇣+⇣-e+⌘ expectation normalized to S.E.S. (m2miss shape well reproduced)

MC K
+
 �✏

+
✏
-
e
+
⇣

N
A
6
2
 P
re
li
m
in
a
ry

N
A
6
2
 P
re
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m
in
a
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K
+
 decay background summary

N
A
62
 P
re
lim
in
ar
y
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Collimator

STRAW1,2 STRAW3,4 RICH

X  
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Vacuum tank
Upstream background event

Collimator

2018 layout

Removed

2018 data

NA62 Preliminary
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Background: Upstream decays validation

NA62 Preliminary

Recent NA62 results     Augusto  Ceccucci / CERN

Very detailed analysis based on several control samples 

For 2021 future, update beamline to make experiment immune from upstream decays and interactions 
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Total expected background

N
A
62
 P
re
lim
in
ar
y
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4. Unblinding signal regions

Recent NA62 results     Augusto  Ceccucci / CERN
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Final background validation

           Signal: 0.13 ± 0.01

Background: 0.62 ± 0.13

Signal and background evaluated in the 35-40 GeV/c signal-like region

NA62 Preliminary

Recent NA62 results     Augusto  Ceccucci / CERN
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Final background validation

NA62 Preliminary

Recent NA62 results     Augusto  Ceccucci / CERN
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Opening the box

NA62 Preliminary

Recent NA62 results     Augusto  Ceccucci / CERN
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Opening the box

Two events observed in signal region

NA62 Preliminary

Recent NA62 results     Augusto  Ceccucci / CERN
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m
2

miss
 signal and background 2017

15-35 GeV/c ++ momentum

NA62 Preliminary
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m
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2016+2017 result

Counting experiment:Events observed 3

Single event sensitivity (0.346 ± 0.017) x 10
-10

Expected background 1.65 ± 0.31

Two-sided 68% band: Br(K
+
�✏

+
⇣⇣ ) = (0.47

+0.72

-0.47
)x10

-10

90% CL

95% CL

Recent NA62 results     Augusto  Ceccucci / CERN
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K
+
 � ✏

+
[[: historical perspective

GIM mechanism

B
0
 – B

0
 

oscillations
t quark K

l3 –
 K
✏⇣⇣

FF relation
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K
+
 � ✏

+
[[: historical perspective
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K
+
 � ✏

+
[[: Grossman – Nir limits

Grossman – Nir limit:Br(K
L
�✏

0
⇣⇣ ) < 8.14x10

-10
 @ 90% CL

Recent NA62 results     Augusto  Ceccucci / CERN
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Conclusions

Constraints on the largest enhancements allowed by NP models

Two events in signal region observed in 2017 data
2016+2017 NA62 result

Recent NA62 results     Augusto  Ceccucci / CERN

2018 Data: Two times more data to be analysed, improved data taking conditions 



NA62	Prospects	(Short	term)		

•  Collected	so	far	6	1012	Kaon	decays:	

•  50	(5)	K+à	π+	νν	(SM)	for	10	(1)	%	acceptance																					

•  Need	to	run	aCer	LS3	to	reach	“100	events”		

•  Addendum	to	run	aCer	LS2	SubmiKed	to	SPSC	

•  Running	in	2021	recommended	for	approval	

	

Combined	effort	to	recover	acceptance	for	the	data	already	
taken	and	significantly	improve	for	the	2021	run		

Target:	100	“SM	events”		



NA62	&	Terra	Incognita	
•  Griffin,	beast	

–  A	beast	with	the	body	of	a	lion	and	
the	wings	and	head	of	an	eagle	

•  Hydrus,	serpent	
–  The	enemy	of	the	crocodile,	which	

it	kills	from	the	inside	

•  Mandrake,	plant	
–  A	plant	with	human-shaped	roots,	

that	shieks	when	it	is	pulled	from	
the	earth	

•  Man?core,	beast	
–  A	composite	beast	with	a	man’s	

face,	a	lion’s	body	and	the	s?nger	
of	a	scorpion	

•  Heavy	Neutral	Lepton	
–  A	RH	cousin	of	the	neutrino	that	

may	explain	dark	maFer,	neutrino	
mixing	and	baryogenesis	

•  Dark	Photon	
–  Invisible	(or	visible)	heavy	photon	

that	may	explain	the	g-2	anomaly	
and	dark	maFer	

•  Dark	Scalar	
–  A	minimally	coupled	scalar	field	

postulated	to	account	for	the	dark	
maFer	

•  Axion	like	par?cle	
–  Something	like	an	extension	of	the	

“QCD	axion”	that	couples	to	EM	
and	strong	interac?ons	

hFp://bes?ary.ca/beasts.htm	

Granada,	May	14,	2019	 A.	Ceccucci			 1	

Middle	Age																																																								Modern	Times	

I	will	refer	to	the	comparisons	presented	in	the	BSM	group	of	the	“Physics	Beyond	

Collider”	(PBC)	study	(arXiv:1901.09966)	and	in	the	PBC	summary	(arXiv:1902.00260)	



Heavy	Neutral	Leptons		
	Physics	Beyond	Collider	(PBC)	Summary:		arXiv:1902.00260	

									PBC	BSM	WG	Report:		arXiv:1901:09966	

PBC	BC7	Benchmark:	HNL	coupling	to	µ

Experiments	considered	in	the	PBC	study	

Granada,	May	14,	2019	 A.	Ceccucci			 5	

PBC	BC8	Benchmark:	HNL	coupling	to	τ



Granada,	May	14,	2019	 A.	Ceccucci			 6	



NA62: π0à	γ+A’	(invisible)	

	arXiv:1903.08767	

~4	108	tagged	π0	
from	K+à	π+π0	
~1%	available	stat.		

Granada,	May	14,	2019	 A.	Ceccucci			 7	

Complementary	to	searches	with	electrons	

Invisible Dark Photon



Dark	Scalar		
	Physics	Beyond	Collider	(PBC)	Summary:		arXiv:1902.00260	

									PBC	BSM	WG	Report:		arXiv:1901.09966	

PBC	BC4	Benchmark:	Dark	Scalar	

Experiments	considered	
in	the	PBC	study	

Granada,	May	14,	2019	 A.	Ceccucci			 8	
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N.B.	What	can	be	explored	with	accelerators	is	a	?ny	frac?on	of	the	ALPs	parameter	space	
This	plot	made	for	photon	couplings,	studied	also	for	fermions	and	gluons	
	



NA62	Prospects	(Longer	term)		
NA62x4		K+àπ+	νν	[δBr/Br~5%]	?		

	1.   Four	Lmes	more	protons	as	proposed	for	KLEVER	
2.   4D	Pixel	trackers	with	<50	ps	Lme	resoluLon/staLon		
3.   Large	surface	fast	“massless”	trackers	
4.   High	performance	EM	calorimeters	with	~10	ns	FWHM		

K0Làπ0	νν	[δBr/Br~20%]	?		
	



1.			4D	Tracking	State-of-the-art:	NA62	Gigatracker	(K+	à	π+	νν)	

300	x	300	micron^2	Vme	res	~	65	ps,	~	0.5%	X_0/staVon			

1	GHz	hadron	beam,				intensity	limited	by	tracker	performance,	not	by	proton	availability	

à	Push	Lme	resoluLon	to	<	50	ps	/	staLon,	reduce	pixel	pitch		(e.g.	LHCb	Upgrade	2?)		

NA62	



2.		Fast	“Massless”	tracking	



Mike	Lamont,	PBC	close	out,		November	6,	2019		
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Mike	Lamont,	PBC	close-out,	November	6,	2019	+	My	commentaries		

And	NA62x4à5%	(K+)			



Summary:	NA62	and	the	Sols5ce		

1	

Winter	Sols5ce	is	the	best	moment	to	take	stock,	reflect	and	plan	for	the	future,	NA62	
(and	its	sequels)	will	be	ready	to	aCack	SM	and	explore	the	unknown	for	the	years	to	come		

Analemma,	Greenwich,	noon	GMT	(Wikipedia)	
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