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q K+ from secondary beam 
u  pKaon = 75±1 GeV/c 
u  Kaons decaying in flight 

Rainer Wanke, FOKUS Seminar, Würzburg, July 30th, 2013

The NA62 Experiment
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NA62 
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2012: technical run 

2014: 1st K+oS+QQ run 

E. Goudzovski / EPS HEP 2013 / Stockholm, 20 July 2013 

Earlier: NA31

NA48
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Successor of 
NA48 in same 
experimental hall.

q Data taking until the LHC long shutdown 2 in 2018 
u  ~1013 K+ decays to be recorded in total 

q 62nd proposed experiment in the CERN North Area 
u  Successor of  the NA48 experiment 
u  Fixed target (Beryllium) 
u  400 GeV/c proton beam from SPS 

 

q 2014: first pilot run, 2015: commissioning/physics run 
 

q 2016 physics run à the SM sensitivity for Κ+ à π+νν̅ 
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Golden Rare Kaon Decays 
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q   Κ+ à π+νν̅  and  ΚL à π0νν̅  : very clean FCNC processes 
u  SM branching ratios ~10-10  
u  ΚL à π0νν̅  : completely CP-violating decay 

Rainer Wanke, Rencontres du Vietnam, Quy Nhơn, Sep 30th, 2016
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Relation with Unitarity Triangle 
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FIG. 3 Unitarity triangle from K → πνν̄.

E. sin 2β from K → πνν̄

Using (III.25) one finds subsequently (Buchalla and Buras, 1994b)

sin 2β =
2rs

1 + r2
s

, rs =
√

σ

!

σ(B1 −B2)− Pc(X)√
B2

= cotβ. (III.26)

Thus, within the approximation of (III.25), sin 2β is independent of Vcb (or A) and mt and as we will see in Section
IV these dependences are fully negligible.

It should be stressed that sin 2β determined this way depends only on two measurable branching ratios and on
the parameter Pc(X) which is dominantely calculable in perturbation theory as discussed in the previous section.
Pc(X) contains a small non-perturbative contribution, δPc,u. Consequently this determination is almost free from
any hadronic uncertainties and its accuracy can be estimated with a high degree of confidence. The recent calculation
of NNLO QCD corrections to Pc(X) improved significantly the accuracy of the determination of sin 2β from the
K → πνν̄ complex.

Alternatively, combining (III.1) and (III.15), one finds (Buras et al., 2004a)

sin 2βeff =
2r̄s

1 + r̄2
s
, r̄s =

√
B1 −B2 − P̄c(X)√

B2
= cotβeff (III.27)

where βeff = β − βs. As βs = O(λ2), we have

cotβ = σ cotβeff + O(λ2) (III.28)

and consequently one can verify that (III.27), while being slightly more accurate, is numerically very close to (III.26).
This formula turns out to be more useful than (III.26) when SM extensions with new complex phases in X are
considered. We will return to it in Section VII.

Finally, as in the SM and more generally in all MFV models there are no phases beyond the CKM phase, the MFV
relation (I.1) should be satisfied. The confirmation of this relation would be a very important test for the MFV idea.
Indeed, in K → πνν̄ the phase β originates in the Z0 penguin diagram, whereas in the case of aψKS

in the B0
d − B̄0

d
box diagram. We will discuss the violation of this relation in particular new physics scenarios in Sections VII and
VIII.

F. The Angle γ from K → πνν̄

We have seen that a precise value of β can be obtained both from the CP asymmetry aψKS
and from the K → πνν̄

complex in a theoretically clean manner. The determination of the angle γ is much harder. As briefly discussed in
Section IX and in great detail in (Ali, 2003; Buchalla, 2003; Fleischer, 2002, 2004; Hurth, 2003; Nir, 2001), there
are several strategies for γ in B decays but only few of them can be considered as theoretically clean. They all are

12. CKM quark-mixing matrix 15
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Figure 12.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

and the Jarlskog invariant is J = (3.06+0.21
−0.20) × 10−5.

Figure 12.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region.

12.5. Implications beyond the SM

The effects in B, Bs, K, and D decays and mixings due to high-scale physics
(W , Z, t, H in the SM, and unknown heavier particles) can be parameterized by
operators composed of SM fields, obeying the SU(3) × SU(2) × U(1) gauge symmetry.
Flavor-changing neutral currents, suppressed in the SM, are especially sensitive to beyond
SM (BSM) contributions. Processes studied in great detail, both experimentally and
theoretically, include neutral meson mixings, B(s) → Xγ, Xℓ+ℓ−, ℓ+ℓ−, K → πνν̄,
etc. The BSM contributions to these operators are suppressed by powers of the scale
of new physics. Already at lowest order, there are many dimension-6 operators, and
the observable effects of BSM interactions are encoded in their coefficients. In the SM,
these coefficients are determined by just the four CKM parameters, and the W , Z, and
quark masses. For example, ∆md, Γ(B → ργ), Γ(B → πℓ+ℓ−), and Γ(B → ℓ+ℓ−) are all
proportional to |VtdVtb|2 in the SM, however, they may receive unrelated contributions

August 29, 2014 13:59

PDG 2015 
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q New Physics models 
predicting different ways 
of  violating this harmony 
in the two rare decays 
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Table 3 and again the most precise are the ones in the last column so that our final
results for the four branching ratios are:

B(K+ ! ⇡

+

⌫⌫̄) = (9.11 ± 0.72) ⇥ 10�11

, (51)

B(KL ! ⇡

0

⌫⌫̄) = (3.00 ± 0.31) ⇥ 10�11

, (52)

B(Bs ! µ

+

µ

�) = (3.66 ± 0.26) ⇥ 10�9

, (53)

B(Bd ! µ

+

µ

�) = (1.09 ± 0.08) ⇥ 10�10

. (54)

In (48) we used the new lattice error estimates from [31] for a “sneak preview” of
how the CKM fit in strategy B will improve once the full results will be available.
Using these results for the observable predictions listed above will likewise lead to
reduced uncertainties: �B(K+ ! ⇡

+

⌫⌫̄) = 0.65, �B(KL ! ⇡

0

⌫⌫̄) = 0.28, �B(Bs !
µ

+

µ

�) = 0.22 and �B(Bd ! µ

+

µ

�) = 0.07.
As a comparison, using instead the fit results of (49) and (50), one gets

UTfit: B(K+ ! ⇡

+

⌫⌫̄) =
�
8.64+0.54

�0.53

� ⇥ 10�11

, (55)

B(KL ! ⇡

0

⌫⌫̄) = (2.93 ± 0.25) ⇥ 10�11

, (56)

CKMfitter: B(K+ ! ⇡

+

⌫⌫̄) =
�
8.17+0.61

�0.71

� ⇥ 10�11

, (57)

B(KL ! ⇡

0

⌫⌫̄) =
�
2.65+0.29

�0.28

� ⇥ 10�11

. (58)

It is also interesting to compare the results in (53), (54) with the most recent
prediction in the SM [73], with which our SM results are in perfect agreement,6 and
with the most recent averages from the combined analysis of CMS and LHCb [74]
that read

B(Bs ! µ

+

µ

�) = (2.8+0.7
�0.6) ⇥ 10�9

, (59)

B(Bd ! µ

+

µ

�) = (3.9+1.6
�1.4) ⇥ 10�10

. (60)

Note that the SM value of B(Bs ! µ

+

µ

�) is outside one sigma range of the exper-
imental value.

In Figure 6 the correlations of B(KL ! ⇡

0

⌫⌫̄) and B(Bs ! µ

+

µ

�) versus
B(K+ ! ⇡

+

⌫⌫̄) are shown, comparing the best result of strategy B, which in-
cludes all of the available inputs, with the inclusive, exclusive and average cases
of strategy A. We observe that the inclusive case of strategy A is very similar to
strategy B for K

+ ! ⇡

+

⌫⌫̄ and Bs ! µ

+

µ

�, as both have little sensitivity to |Vub|,
whereas KL ! ⇡

0

⌫⌫̄, which has a stronger |Vub| dependence, can di↵erentiate them.
In both plots our average for |Vub| and |Vcb| is seen to also pick the middle ground
for these observables.

Evidently, the present experimental value for B(Bs ! µ

+

µ

�) in (59) would
favour the exclusive determination of |Vcb| and a value of B(K+ ! ⇡

+

⌫⌫̄) in the
ballpark of 7 ⇥ 10�11 rather than 9 ⇥ 10�11. But then also the value of |"K | would
be below the data. It appears then that unless the experimental value for B(Bs !

6This is not surprising as these authors used the inclusive determination of |Vcb| that is very close to
the value determined by us.
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q BR(Κ+ à π+νν̅)  and  BR(ΚL à π0νν̅) 
uncertainties: 8% and 10% 
u  Theory uncertainty: only 2% ! 

o  Excellent precision in flavour physics   

Buras et al., JHEP11 (2015) 033 
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�1.4) ⇥ 10�10

. (60)

Note that the SM value of B(Bs ! µ
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�) is outside one sigma range of the exper-
imental value.

In Figure 6 the correlations of B(KL ! ⇡
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⌫⌫̄) and B(Bs ! µ
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�) versus
B(K+ ! ⇡
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⌫⌫̄) are shown, comparing the best result of strategy B, which in-
cludes all of the available inputs, with the inclusive, exclusive and average cases
of strategy A. We observe that the inclusive case of strategy A is very similar to
strategy B for K

+ ! ⇡

+

⌫⌫̄ and Bs ! µ

+

µ

�, as both have little sensitivity to |Vub|,
whereas KL ! ⇡

0

⌫⌫̄, which has a stronger |Vub| dependence, can di↵erentiate them.
In both plots our average for |Vub| and |Vcb| is seen to also pick the middle ground
for these observables.

Evidently, the present experimental value for B(Bs ! µ

+

µ

�) in (59) would
favour the exclusive determination of |Vcb| and a value of B(K+ ! ⇡

+

⌫⌫̄) in the
ballpark of 7 ⇥ 10�11 rather than 9 ⇥ 10�11. But then also the value of |"K | would
be below the data. It appears then that unless the experimental value for B(Bs !

6This is not surprising as these authors used the inclusive determination of |Vcb| that is very close to
the value determined by us.

q BR(Κ+ à π+νν̅)  and  BR(ΚL à π0νν̅) 
uncertainties: 8% and 10% 
u  Theory uncertainty: only 2% ! 

o  Excellent precision in flavour physics   

q The NA62 goal:  BR(Κ+ 
à π+νν̅) with 10% precision 

u  1012 background rejection factor to be achieved  
 

q Experimental status: E787/E949 experiments at BNL 

Introduction ⇡0 TFF Slope Measurement K+ ! ⇡+⌫⌫̄ Branching Ratio Measurement Summary Spares

Motivations for K+ ! ⇡

+
⌫⌫̄

FCNC loop process, highly CKM suppressed, theoretically clean

Dominated by short-distance contribution (BR ⇠ |V ⇤
tsVtd |2)

Sensitive to new physics, complementary to LHC searches

SM prediction:
BRSM(K+ ! ⇡+⌫⌫̄) = (9.11 ± 0.72)⇥ 10�11

[A.J. Buras et al., JHEP 1511 (2015) 033]

Previous measurement (7 observed events):

BRexp(K+ ! ⇡+⌫⌫̄) = (17.3 + 11.5
� 10.5)⇥ 10�11

[BNL E787/E949: PRL101 (2008) 191802]
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BNL E787/E949 PRL 101 (2008) 191802 

Buras et al., JHEP11 (2015) 033 
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The NA62 Detector Hall 

Gia	Khoriauli		-		Precise	Measurement	of	Κ+	->		π+νν̅			-		Ilia-Uni,	Tbilisi,	23.06.2016	

Detector hall + target hall = 270 m  
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The NA62 Detector 

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

z	

x	

Κ+ π+

ν ν̅

q 4.5 x 1012 K+ decays in the fiducial region per year 
u @ nominal intensity of  the primary proton beam: 3 x 1012/pulse  
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NA62 Strategy of Measurement 

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

Rainer Wanke, FOKUS Seminar, Würzburg, July 30th, 2013

How to measure                        ? 
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miss < 0.068 GeV2/c4 =⇒ Acc ≈ 14.5 %
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➜  Two regions without background from other K decays:

➜  Main background suppression by kinematics!

(only geometrical acceptance)

K+ ! ⇡+⌫⌫

mmiss
2 = P

K+ −Pπ +( )
2
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Signal and Background

01/05/2013 Giuseppe Ruggiero - KAON 2013 7

Background
1) K+ decay modes      2) Accidental single track matched with a K-like track

Kaon Decays

Accidental single tracks
Beam interactions in the beam tracker
Beam interactions with the residual gas in the vacuum region.

Signal
Kinematic variable: 𝑚 = 𝑃 − 𝑃

NA62 Strategy of Measurement 

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

Decay              BR 
Κ+ à	µ+νµ												63%    

Κ+ à	π+π0             21% 

Κ+ à	π+ππ          7% 

Under pion  
hypothesis 

12	

Κ+ à	π+νν̅	(×1010)	



]4/c2 [GeVmiss
2m

-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12

m
is

s
2

dm
Γd

 
to

t
Γ1

-710

-610

-510

-410

-310

-210

-110

1

)γ(
µν+

µ→+
K

eν
0π+ e→+K

µν0π+µ→+K

)γ(0π+π→+K

)1010× (νν+π→
+K

-π+π+π→+K
0π0π+π→+K

eν+e-
π+

π→+
K

R
eg

io
n 

I
Region II

Figure 3: Theoretical m2
miss

distribution for signal and backgrounds of the main K+ decay
modes: the backgrounds are normalized according to their branching ratio; the signal is
multiplied by a factor 1010.

5.12 IRC and SAC

Both TDC and FADC FE electronic (CREAM) are used to readout IRC and SAC. The
hits from TDC are reconstructed as for LAV. The time is aligned to the KTAG, corrected
for slewing and the resolution is measured to be better than 1 ns. Signals from CREAM
modules are fitted with a parabola to get a measurement of the time and the amplitude.
After baseline subtraction, the relation between pulse amplitude and energy release is
determined channel by channel using a sample of K+ ! ⇡+⇡0. The energy resolution of
the detectors for photons at 5 GeV is better than 12% in the SAC and around 30% for
IRC. The time is aligned to the KTAG and the resolution is measured to be better than
1.5 ns.

5.13 MUV0 and HASC

Signals from the TDC FE module of MUV0 are treated as in LAV to reconstruct hits.
Each signal from the SiPMs of HASC is digitized using a discriminator with 4 di↵erent
ADC thresholds and is reconstructed including T0s and slewing corrections.

6 Data Analysis

The physics analysis presently on-going are organized in three analysis working groups
(WG):

• ⇡⌫⌫ Analysis WG;

• Exotics Physics Searches Analysis WG;

12
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Under pion  
hypothesis 
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NA62 Tracking  
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Figure 11. KTAG hit time resolution in the 2015 run.

Figure 12. Schematic layout of the Gigatracker stations. GTK3 is positioned shortly before the 60m long
decay region (picture not original)
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z	

x	
			

q Silicon Pixel detector, 3 stations 
u 750 MHz total particle rate 
u  Track momentum & angle resolutions: 

0.2%  & 16 μrad 
u  Time Resolution ≈100 ps 
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In addition to the above, it is important to stress that the overall physics performance of NA62 
depends on a number of experimental necessities for the Straw Tracker:  

x Use of ultra-light material along the particle trajectory in order to minimize multiple Coulomb 
scattering, in particular, near the first chamber. 

x Integration of the tracker inside the vacuum tank. 
x An intrinsic spatial resolution that allows a precise reconstruction of the intersection point 

between the decay and parent particle. 
x Average track efficiency near 100%. 
x Capability to veto events with multiple charged particles 
x Sufficient lever arm between the four chambers allowing to re-use the exiting dipole magnet.   
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Figure 221. Schematic drawing of the four "Views" that compose each straw chamber. a) the x-
coordinate view with vertical straws, b) Y-coordinate View with horizontal straws, c) the U-coordinate 

view (the V-coordinate view is rotate by 90 degrees compared U-Coordinate), d) A full chambers 
consisting  of the X,Y,U and V Views; the active area of the chamber covers a diameter of 2.1m. The gap 

near the middle of each layer is kept free for the beam passage. 
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Figure 11. KTAG hit time resolution in the 2015 run.

Figure 12. Schematic layout of the Gigatracker stations. GTK3 is positioned shortly before the 60m long
decay region (picture not original)
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� 4 straw chambers in vacuum and 

a dipole magnet 

� Each chamber measuring 4  
coordinates (views) 

� High accuracy: 130 µm 

� Chamber dimensions: 
�  2.1 m long and  d = 9.8 mm;  
� Thickness: 50 nm Cu + 20 nm 

Au on 36 µm of Mylar 

� Total 7168 Straws (4x4x4x112) 

29 November 2016 Francesco Gonnella - University of Birmingham 11 

Final-state momentum: the straw spectrometer 

0 255 m 100 m 160 m Fiducial decay region Magnet 

z	

x	
			Table 7. Straw detector layout.

Number of Chambers: 4
Number of Views / Chamber 4
Number of Straws per View 448
Beam Hole Size (diameter) ⇡12 cm
Beam Hole O↵set X Y

Chamber 1 101.2 mm 0 mm
Chamber 2 114.4 mm 0 mm
Chamber 3 92.4 mm 0 mm
Chamber 4 52.8 mm 0 mm

Figure 25. Schematic drawing of the NA62 spectrometer. Four Straw Chambers are installed inside the
vacuum tank interleaved by a dipole magnet in the middle.

the beam passage. As the beam has an inclination of +1.2 mrad (upstream of the magnet) and
-3.6 mrad (downstream of the magnet) (see Figure 5), this hole is not centered on the axis, but has
custom o↵sets (in X direction) with respect to the chamber z-position (see Table 7). One chamber
has a round active area with a diameter of 2.1 m.

High detection redundancy is provided through a straw arrangement with four layers per view,
which detects typically 3 hits per track and per view (12 hits/Chamber).

Each chamber contains 1’792 straws with a diameter of ~10 mm and a length of 2’160 mm.
The straws are glued on both extremities into holes of the alumiium flange and held in position
by two intermediate spacer rings. The operation gas inside the straw is a mixture of 70% Argon
and 30% CO2 at 1 atm, at the outside, the straws are exposed to the beam vacuum of the decay
tank. The straws are well separated from each other, in order to allow the slightly flexible straw to
increase its diameter when the decay tank is pumped to vacuum.

The straw is made from 36 µm thick polyethylene terephthalate (PET), coated with 50 nm of
copper and 20 nm of gold on the inside. The straw is manufactured by ultrasonic welding with a
seam along the straw axis (see Figure 27). This allows for an axial pre-tension in the straw of 1.5
kg, which guarantee straight straws during the operation of the detector and minimizes the need for
supporting material.

The module design is optimized to minimize the multiple scattering and for good space res-

– 34 –

q 4 STRAW stations with ≥3-coordinates 
operating in vacuum – only 0.018X0 (total) 

 

q Silicon Pixel detector, 3 stations 
u 750 MHz total particle rate 
u  Track momentum & angle resolutions: 

0.2%  & 16 μrad 
u  Time Resolution ≈100 ps 
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7.5 Kinematic Reconstruction Performances

The fraction of K+ ! ⇡+⇡0 and K+ ! µ+⌫ events entering in the signal regions is mea-
sured using corresponding samples of K+ decays collected by the control trigger concur-
rently with the PNN trigger. Both selections start from kaon events. Two electromagnetic-
like clusters in LKr are looked for to select K+ ! ⇡+⇡0; the K+ decay vertex is computed
assuming that the clusters originated from �s’ from ⇡0 decay and is required to be within
115 < Z

vertex

< 165 m. The ⇡0 selection is kept fully independent of K+ and ⇡+ kinemat-
ical variables to avoid any bias in the reconstructed m2

miss

. The same criteria for particle
identification (“particle ID”) and photon rejection in LAV, IRC and SAC used to select
K+ ! ⇡+⌫⌫̄ (see Sections 7.6, 7.8) are applied also to select K+ ! ⇡+⇡0; a cut on the
extra activity in LKr cleans the sample further. K+ ! µ+⌫ are selected requiring a hit in
MUV3 associated to the track within ±5 ns from the pion time and MIP clusters in LKr,
MUV1 and MUV2. No RICH particle ID requirement is applied to the muon to avoid
biasing in the kinematics. The range 115 < Z

vertex

< 165 m is considered in the selection
of this sample. Photon rejection is applied like in K+ ! ⇡+⌫⌫̄ selection (Section 7.8).

The top-row plots in Figure 8 show the distribution of K+ ! ⇡+⇡0 control events
with 15 < p

⇡

+ < 35 GeV/c in the (m2
miss

(No GTK), m2
miss

) and (m2
miss

(RICH), m2
miss

)
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q 1-track selection 
u  Good track originated from a Kaon decay in the fiducial volume 

o  Pion track hypothesis  

 
NA62 Preliminary 
Data 2016 

16	



 [GeV/c]+π
p

0 10 20 30 40 50 60 70 80 90 100

]4
/c2

 [G
eV

m
is

s
2

m

0.1−

0.05−

0

0.05

0.1

1

10

210

310

410

Figure 7: Distribution of m2
miss

as a function of pion momentum for kaon events selected
on control data. The signal regions (red box) in the (m2

miss

, p
⇡

+) plane are drawn for
reference.

7.5 Kinematic Reconstruction Performances

The fraction of K+ ! ⇡+⇡0 and K+ ! µ+⌫ events entering in the signal regions is mea-
sured using corresponding samples of K+ decays collected by the control trigger concur-
rently with the PNN trigger. Both selections start from kaon events. Two electromagnetic-
like clusters in LKr are looked for to select K+ ! ⇡+⇡0; the K+ decay vertex is computed
assuming that the clusters originated from �s’ from ⇡0 decay and is required to be within
115 < Z

vertex

< 165 m. The ⇡0 selection is kept fully independent of K+ and ⇡+ kinemat-
ical variables to avoid any bias in the reconstructed m2

miss

. The same criteria for particle
identification (“particle ID”) and photon rejection in LAV, IRC and SAC used to select
K+ ! ⇡+⌫⌫̄ (see Sections 7.6, 7.8) are applied also to select K+ ! ⇡+⇡0; a cut on the
extra activity in LKr cleans the sample further. K+ ! µ+⌫ are selected requiring a hit in
MUV3 associated to the track within ±5 ns from the pion time and MIP clusters in LKr,
MUV1 and MUV2. No RICH particle ID requirement is applied to the muon to avoid
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q 1-track selection 
u  Good track originated from a Kaon decay in the fiducial volume 

o  Pion track hypothesis  
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Κ+ à	π+π0	
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Summary of the Performance 

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

q ~104 kinematic suppression of  the background 
u  GTK, STRAW 

q Highly effective photon veto system, ~108  π0 - rejection 
u  LAV (large angle vetos), LKr (as a medium angle veto), IRC and 

SAC (small angle vetos, down to 0 radian) 

q ~107 muon suppression from particle identification 
with calorimeters, fast muon veto (MUV3) and RICH 
u  LKr+MUVs: 105 muon rejection @ ~80% pion efficiency 
u  RICH: ~102 muon rejection in range 15 GeV/c < ptrack <35 

GeV/c 

q Good time resolution: ~100 ps 
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q After particle ID and photon veto cuts 
u  2.3×10 K+ decays (5% of  2016 data) used  

The total background is a factor four larger than expected. The suppression of the
K+ ! ⇡+⇡+⇡� background is not finalised yet because the detector capabilities are
not fully exploited. Preliminary studies already indicate the possibility to reduce this
background further by a factor between five and ten. The excess of background from
K+ ! ⇡+⇡0 and K+ ! µ+⌫ is due mainly to the kinematical tails, a factor three
larger than expected (Section 7.5), and to the µ+ suppression, 1.5 less e�cient than
predicted. Studies are on-going to reduce these backgrounds, showing substantial rooms
for improvements from kinematic reconstruction and optimization of the analysis method.
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Figure 14: Distribution in the (m2
miss

(RICH), m2
miss

) plane of PNN triggered events
passing the ⇡⌫⌫ selection, except for the cut on m2

miss

(No�GTK) (Section 7.5). Signal
regions (red tick boxes) and lines defining the background regions (light dashed lines) are
drawn. The event apparently left in region 1 has m2

miss

(No � GTK) outside the signal
region.

7.13 Result and Summary

No events are found in the three-dimensional (m2
miss

, m2
miss

(RICH), m2
miss

(No�GTK))
signal regions defined in Section 7.5 after the analysis of about 2.3 ⇥ 1010 K+ decays
in a 60 m fiducial region (5% of the available 2016 statistics), in agreement with the
expectations for signal and background. For illustration Figure 14 shows the events in

28

NA62 Preliminary 
Data 2016 
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q Expected signal: 0.064, 
expected background: 
0.057, observed: 0 events 
u  (The event in the box fails 

m2
miss(w/o GTK) cut)   

u  Signal acceptance: 3.3% 
o  Will be improved 
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q After particle ID and photon veto cuts 
u  2.3×10 K+ decays (5% of  2016 data) used  

q Expected ~15 signal events in 2017 data 

The total background is a factor four larger than expected. The suppression of the
K+ ! ⇡+⇡+⇡� background is not finalised yet because the detector capabilities are
not fully exploited. Preliminary studies already indicate the possibility to reduce this
background further by a factor between five and ten. The excess of background from
K+ ! ⇡+⇡0 and K+ ! µ+⌫ is due mainly to the kinematical tails, a factor three
larger than expected (Section 7.5), and to the µ+ suppression, 1.5 less e�cient than
predicted. Studies are on-going to reduce these backgrounds, showing substantial rooms
for improvements from kinematic reconstruction and optimization of the analysis method.
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7.13 Result and Summary

No events are found in the three-dimensional (m2
miss

, m2
miss

(RICH), m2
miss

(No�GTK))
signal regions defined in Section 7.5 after the analysis of about 2.3 ⇥ 1010 K+ decays
in a 60 m fiducial region (5% of the available 2016 statistics), in agreement with the
expectations for signal and background. For illustration Figure 14 shows the events in
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q Expected signal: 0.064, 
expected background: 
0.057, observed: 0 events 
u  (The event in the box fails 

m2
miss(w/o GTK) cut)   

u  Signal acceptance: 3.3% 
o  Will be improved 

 

q The SM sensitivity, BR<10-9, 
expected to be reached 

using the ~full 2016 data 
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SPS	beam	and	users	



NA62 Beam Operation Modes 
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q 75 GeV/c K+ beam or proton dump modes using “TAXes” 
u   Easily switchable modes in the current beam setup of  NA62 

22	

SPS	beam	and	users	 NA62	beam-line	from	target	to	decay	volume	
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q 75 GeV/c K+ beam or proton dump modes using “TAXes” 
u   Easily switchable modes in the current beam setup of  NA62 
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BSM without K+ beam: MeV Dark Sectors

upstream TAX system ⇠ 80m before fiducial

nominal beam / weakly
interacting from decay/ weakly
interacting from direct
production

dump complete beam by closing
collimator, removing Be target

Babette Döbrich (CERN) based on the work of NA62 and FUNKDark Sector data from MeV to eV: NA62 to FUNK CERN, 22/08/17 12 / 25

SPS	beam	and	users	 NA62	beam-line	from	target	to	decay	volume	

TAX1&2	

q TAXes: movable copper + 
iron made collimators of  
~22λI total thickness 



Example: Axion-like particle production from TAX

10-2 10-1
10-8

10-7

10-6

10-5

10-4

10-3

10-2

ma [GeV]

g
aγ

[G
eV

-1
] *

**
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[JHEP 1602, 018]

% too early decay

. too late decay

$ POT, Ebeam

ALP created by photon fusion (‘computationally clean dump’)

copper TAX ! coherent Z 2 enhancement with charge

decay length ��⌧ , ALP lifetime ⌧ ⇠ 1/(g2
a�m
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)

the projected limits fold as input: 1. the di↵erential cross-section for
production, 2. coincidence and acceptance in EM calorimeter, 3.
probability to decay within the decay volume

NA62 ! small d , large E : one day runtime as ‘dump’ (backgrounds!)
is sensitive to new physics (90% confidence at 0 background)

Babette Döbrich (CERN) based on the work of NA62 and FUNKDark Sector data from MeV to eV: NA62 to FUNK CERN, 22/08/17 13 / 25
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q Long-lived Axion-like particles created by photon fusion  
u  Copper TAX à coherent Z2 enhancement of  production rate 

q Expected limits on the mass and coupling assuming 1 
day/1 month of  data taking in the dump mode 

Example: Axion-like particle production from TAX

[JHEP 1602, 018]

% too early decay

. too late decay
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decay length ��⌧ , ALP lifetime ⌧ ⇠ 1/(g2
a�m

3
a

)

the projected limits fold as input: 1. the di↵erential cross-section for
production, 2. coincidence and acceptance in EM calorimeter, 3.
probability to decay within the decay volume

NA62 ! small d , large E : one day runtime as ‘dump’ (backgrounds!)
is sensitive to new physics (90% confidence at 0 background)

Babette Döbrich (CERN) based on the work of NA62 and FUNKDark Sector data from MeV to eV: NA62 to FUNK CERN, 22/08/17 13 / 25

q ALP lifetime dependence 
on its mass and coupling 
with photon 

Example: Axion-like particle production from TAX
p
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)

the projected limits fold as input: 1. the di↵erential cross-section for
production, 2. coincidence and acceptance in EM calorimeter, 3.
probability to decay within the decay volume

NA62 ! small d , large E : one day runtime as ‘dump’ (backgrounds!)
is sensitive to new physics (90% confidence at 0 background)

Babette Döbrich (CERN) based on the work of NA62 and FUNKDark Sector data from MeV to eV: NA62 to FUNK CERN, 22/08/17 13 / 25
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NP Searches in Dump Mode: ALP 
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q ~1 day NA62 data from running in dump mode already 
sensitive to ALPs at 90% CL 
u  Large proton energy, 400 GeV 
u  Long decay volume, 65 m 
u  Assume 0 background 

o  Rather realistic 

25	

q Dependence of  the 
projected limits on  
u  Production differential 

cross section of  ALPs and 
lifetime 

u  Acceptance photons in the 
LKr  electromagnetic 
calorimeter 



NP Searches in Dump Mode: A’ 
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q Search for displaced di-lepton decays: A’àe+e−, A’àμ+μ−	
u  2x1018 protons on target (~2 years) 
u  Limits at 90% CL, 0 background 

o  Production only in target, no TAXes 

26	

M. Mirra Hidden sector searches at NA6225/05/2017 25

Search for 𝑨′ → 𝝁𝝁: test on 2016 data

Statistics corresponds to ~1015 PoT

Track quality + acceptance cuts: forward detectors, CHOD, LKr, MUV3 associated to CHOD, 
LKr hits in time

Vertex quality: two-track distance < 1 cm

Vertex position: 105 < Z < 165 m

Test if total momentum 𝑷𝒕𝒐𝒕 = 𝑷𝝁 + 𝑷𝝁
stems from target

All two tracks vertices

Impact parameter of 𝑷𝒕𝒐𝒕 to  beam
line [cm]

Z of closest approach of 𝑷𝒕𝒐𝒕 to beam line [m]

Signal
region

Background from 𝑲, 𝝅 decays 
concentrated around beam after final 
collimator

𝑷𝒕𝒐𝒕
𝑷𝝁

𝑷𝝁
NA62 

Preliminary

0 40 80 120 160 200 240

q Higher sensitivity is expected considering direct QCD 
production of  A’ and dump on TAXes	

Dark Photons and HNLs

2-photon channel is peculiar, since we cannot track the photon.
charged final states: tracking & PID capabilities ! test if total
momentum stems from target

Dark Photons: 2⇥ 1018 POT (2 years): search for displaced dilepton
decays, e↵ective reach, 90% confidence at 0 background

HNLs: 2⇥ 1018 POT (2 years), more details on all of above:
indico.cern.ch/event/608491/contributions/2457796/

Babette Döbrich (CERN) based on the work of NA62 and FUNKDark Sector data from MeV to eV: NA62 to FUNK CERN, 22/08/17 14 / 25
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Dark Photons and HNLs

2-photon channel is peculiar, since we cannot track the photon.
charged final states: tracking & PID capabilities ! test if total
momentum stems from target

Dark Photons: 2⇥ 1018 POT (2 years): search for displaced dilepton
decays, e↵ective reach, 90% confidence at 0 background

HNLs: 2⇥ 1018 POT (2 years), more details on all of above:
indico.cern.ch/event/608491/contributions/2457796/

Babette Döbrich (CERN) based on the work of NA62 and FUNKDark Sector data from MeV to eV: NA62 to FUNK CERN, 22/08/17 14 / 25

q Search for visible decays of  long-lived HNL à πe, πµ
u  Limits depend on the relation of  HNL couplings with the SM 

leptons, Ue:Uμ:Uτ 
u  2x1018 protons on target (~2 years) 
u  Limits at 90% CL, 0 background 



NA62 in Run 2, 3 and 4 

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

q Run 2: K+ beam for Κ+ à π+νν̅, dark photon, HNL, LNV/LFV 
decays 

28	

q Run 3: many interesting fields to be studied with minimal 
(or no upgrades at all) of  the existing setup 
u  In K+ beam mode:  

o  If  needed improve Κ+ à π+νν̅, A’àinvisible, HNL single track decays 
§  All benefit from the same trigger signature   

u  In proton dump mode: 
o  ALPs, A’àvisible, HNL 

q Run 4: there are some ideas…   



KLEVER for ΚL
 à π0νν̅ Measurement 
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q Complementary search of  KOTO with the high energy of  
π0 , pπ0 = 70 GeV/c 
u  ~60 Standard Model events in 5 years of  running  

o  5x1019 protons on target 

u  Boosted photons from ΚL
 à π0π0 decays (main background), easy 

for vetoing  

q New large angle photon veto (LAV) detectors  



Summary 
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q NA62 experiment at CERN to measure K+ rare (BR 
~10-11) decay Κ+ à π+νν̅ 

q High energy & intensity proton beam + long decay 
volume & advanced detector system à NA62 as a very 
powerful tool to search for hidden sector particles 
u  Dark photon, Axion-like particles, Heavy neutral leptons 
u MeV to GeV mass range, weak coupling with the SM  
u  Visible and invisible decays 

q Operation in K+ beam or proton beam dump mode 
u  Easy to switch between the modes 
u  Both modes considered after the long shutdown 2 (2021) 

q Possible long term future: measurement of  ΚL à π0νν̅  
u KLEVER: modified beam-line, upgraded detector 

o  After long shutdown 3 (2027) 
o  The experiment logo will be changed 

30	
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in Section VIII a brief review of the existing results for both decays within specific extensions of the SM, like Little
Higgs, Z ′ and supersymmetric models, models with extra dimensions, models with lepton-flavour mixing and other
selected models considered in the literature. In Section IX we compare the K → πνν̄ decays with other K and B
decays used for the determination of the CKM phases and of the UT with respect to the theoretical cleanness. In
Section X we describe briefly the long distance contributions that are taken into account in the numerical analyses.
Finally, in Section XI we summarize our results and give a brief outlook for the future.

II. BASIC FORMULAE

A. Preliminaries

In this section we will collect the formulae for the branching ratios for the decays K+ → π+νν̄ and KL → π0νν̄
that constitute the basis for the rest of our review. We will also give the values of the relevant parameters as well as
recall the formulae related to the CKM matrix and the unitarity triangle that are relevant for our review. Clearly,
many formulae listed below have been presented previously in the literature, in particular in (Battaglia et al., 2003;
Buchalla and Buras, 1996, 1999; Buchalla et al., 1996a; Buras, 1998, 2003, 2005a,b; Buras et al., 2003a). Still the
collection of them at one place and the addition of new ones should be useful for future investigations.

The effective Hamiltonian relevant for K+ → π+νν̄ and KL → π0νν̄ decays can be written in the SM as follows
(Buchalla and Buras, 1994a, 1999)

HSM
eff =

GF√
2

α

2π sin2 θw

!

l=e,µ,τ

"

V ∗
csVcdX

l
NL + V ∗

tsVtdX(xt)
#

(s̄d)V −A(ν̄lνl)V −A (II.1)

with all symbols defined below. It is obtained from the relevant Z0 penguin and box diagrams with the up, charm and
top quark exchanges shown in Fig. 1 and includes QCD corrections at the NLO level (Buchalla and Buras, 1993a,b,
1994a, 1999; Misiak and Urban, 1999) and the NNLO calculated recently (Buras et al., 2005b, 2006a). The presence
of up quark contributions is only needed for the GIM mechanism to work but otherwise only the internal charm and
top contributions matter. The relevance of these contributions in each decay is spelled out below.

The index l = e, µ, τ denotes the lepton flavour. The dependence on the charged lepton mass resulting from the
box diagrams is negligible for the top contribution. In the charm sector this is the case only for the electron and the
muon but not for the τ -lepton. In what follows we give the branching ratios that follow from (II.1).

B. K+ → π+νν̄

The branching ratio for K+ → π+νν̄ in the SM is dominated by Z0 penguin diagrams with a significant contribution
from the box diagrams. Summing over three neutrino flavours, it can be written as follows (Buchalla and Buras, 1999;
Mescia and Smith, 2007)

Br(K+ → π+νν̄) = κ+(1 + ∆EM ) ·

$

%

Imλt

λ5
X(xt)

&2

+

%

Reλc

λ
Pc(X) +

Reλt

λ5
X(xt)

&2
'

, (II.2)

κ+ = (5.173 ± 0.025) · 10−11

(

λ

0.225

)8

. (II.3)

An explicit derivation of (II.2) can be found in (Buras, 1998). Here xt = m2
t /M

2
W , λi = V ∗

isVid are the CKM factors
discussed below and κ+ summarizes all the remaining factors following from (II.1), in particular the relevant hadronic
matrix elements that can be extracted from leading semi-leptonic decays of K+, KL and KS mesons. The original
calculation of these matrix elements (Marciano and Parsa, 1996) has recently been significantly improved by Mescia
and Smith (Mescia and Smith, 2007), where details can be found, in particular ∆EM amounts to −0.3 % which we
will neglect in what follows. In obtaining the numerical value in (II.3) (Mescia and Smith, 2007) the values (Yao
et al., 2006)

sin2 θw = 0.231, α =
1

127.9
, (II.4)

given in the MS scheme have been used. Their errors are below 0.1% and can be neglected. There is an issue related
to sin2 θw that although very well measured in a given renormalization scheme, is a scheme dependent quantity with

Buras et al., hep-ph/0405132 (2007) 

q Theoretically calculable Xl
NL and X(xt) loop functions 

u  Remarkable progress over the last decade 

s d
u,c,t

W

Z

s du,c,t

W

Z

s du,c,t

W W

q Amplitude ~ m2
u,c,t / m2

W    à   short-distance dynamics 
u Negligible up-quark contribution 
u  Effective theory framework for calculation of  the decay amplitude 
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Figure 9: Gaussian resolution of the m2
miss

measured on a K+ ! ⇡+⇡0 sample, as a
function of pion momentum. The black solid line is an analytical interpolation using the
expected resolutions for GTK and STRAW. The dashed lines correspond to the contri-
butions of the individual quantities entering in the computation of m2

miss

.

planes. The fraction of K+ ! ⇡+⇡0 in the signal regions (region 1 and 2) is estimated to
be (5.9± 0.2)⇥ 10�4 (1.6⇥ 10�4 and 4.2⇥ 10�4). Variations of ±0.4⇥ 10�4 are observed
among runs, not clearly correlated with the intensity. A two times larger fraction of events
is measured if signal regions are defined by cuts on m2

miss

only. A similar measurement is
performed on K+ ! µ+⌫ (bottom-row plots in Figure 8). In this case only the fraction
of events entering the signal regions projected onto the (m2

miss

(No GTK), m2
miss

) plane
is considered, because the rejection factor induced by m2

miss

(RICH) is fully correlated
with the RICH particle ID. The fraction of K+ ! µ+⌫ in this region is (2.9± 0.1)⇥ 10�4

(2.5 ⇥ 10�4 and 0.4 ⇥ 10�4). A ±0.3 ⇥ 10�4 variation is observed among runs, linearly
dependent on the beam intensity, ranging from 5% to 50% of the nominal one. The above
results are a factor 3 larger than previous MC estimations [6]. The fraction of K+ !
⇡+⇡+⇡� events entering the signal regions is 10�4 from MC simulations. A measurement
on data of the K+ ! ⇡+⇡+⇡� kinematic rejection factor is in progress.

The resolution of the m2
miss

is measured on the K+ ! ⇡+⇡0 sample. Two gaussian
functions are fitted to the m2

miss

; the second gaussian accounts for the worsening of the
resolution due to events with mis-matched K+. Figure 9 shows the result of the fit as
a function of the ⇡+ momentum. The resolution is fully compatible with the designed
resolutions of GTK and STRAW and is about �(m2

miss

) = 10�3 GeV2/c4.

7.6 Particle ID with Calorimeters

Events are rejected if a pion track has a MUV3 candidate matched in space within ±5 ns
from the pion time or clusters matched in LKr, MUV1 and MUV2 compatible with a MIP.
The energy associated to the pion track in LKr, MUV1 and MUV2 is exploited to separate

20

Photon Rejection with Vetos 

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

q Κ+ à π+π0  selection requiring 2γ in LKr compatible with π0 
u No photons in other sub-detectors 

NA62 Preliminary 

Data	2016	

σ(
m

2 m
iss
)		
[G
eV

2 /
c4
]	
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Search for K+→ π+νν at NA62 – M. Moulson (Frascati) – ICHEP 2016 – Chicago – 6 August 2016− 16

Secondary particle identification

NA62 preliminary
2015 data

r ri
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LKr + muon vetoes: Preliminary results from cut analysis with 2015 data
O(106) µ rejection at 50% π+ efficiency (efficiency expected to improve)

NA62 preliminary
2015 data

ptrack [GeV]

15 GeV < p(π+) < 35 GeV
Obtained in 2015:
•  O(102) µ/π separation
•  80% π+ efficiency

Goal: 107 µ/π separation, mainly for rejection of Kµ2 
Study with pure kinematic selection of Kµ2 and ππ0 events

Performance of RICH 

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

q ~102 muon suppression factor 
u  15 GeV/c < ptrack <35 GeV/c 
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Calorimeter Performance  

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

q   Total energy = LKr + MUV1 + MUV2 

q 105 muon rejection is reached at 80% pion efficiency 
u  On-going study to increase the efficiency up to 90% 
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Figure 76. RICH particle identification for track momenta between 15 and 35 GeV/c. Left: Squared
particle mass reconstructed using the velocity estimated by the Cherenkov angle measured by the RICH
and the momentum measured by the spectrometer, for positrons, muons, and charged pions selected using
spectrometer and calorimetric information. Right: Pion-ID e�ciency versus muon-ID e�ciency for di�erent
choices of the reconstructed mass range.

Etotal/ p

Figure 77. Ratio of the total energy measured in the calorimeters and the momentum of the particle
measured by the straw spectrometer. The solid (black) distribution corresponds to muons, the (red) shaded
distribution to pions and positrons. Positrons are under the peak around Etotal/p = 1 and their energy is
released in LKr only.

70% (40%), respectively. A multivariate analysis is under development to optimize the separation.
Preliminary studies show that a pion-ID e�ciency of up to 85% can be obtained while keeping the
muon suppression factor at the level of 105.

– 109 –
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NA62 Sensitivity to BR(Κ+ à π+νν̅)  

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

Decay            SM events/year 
Κ+ à	π+νν̅											                  45
Κ+ à	µ+νµ(γ)																																								1.5  

Κ+ à	π+π0(γ)                                            7.5 

Κ+ à	π+π+π-                          <1 

Others                             <1 
Σ background                <10  

q 10% precision after 2 years of  data taking  

q Monte-Carlo simulation 
u  10% signal acceptance 

35	



NP Searches with K+ Beam: A’  

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

q Dark Photon: K+ −>π+π0, π0 −>γA’ and A’−>χχ	 
u  Same trigger signature as the Κ+ à π+νν̅ decays 
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M. Mirra Hidden sector searches at NA6225/05/2017 27

Minimum bias
data: 2 γ on 

LKr, simulate 
1g loss

MC:
- mA’ = 30 MeV
- mA’ = 60 MeV
- mA’ = 90 MeV

Mmiss
2 (GeV2)

NA62 2016 data: dark photon from 𝝅𝟎 decay 

Decay chain: 𝑲+ → 𝝅+𝝅𝟎, 𝝅𝟎 → 𝑨′𝜸, 𝑨′ → 𝒊𝒏𝒗𝒊𝒔𝒊𝒃𝒍𝒆

¾ Signature:
• 1 photon + missing energy

¾ Selection:
• 𝜋+ as in 𝐾+ → 𝜋+𝜈  𝜈
• 15<𝑝𝜋+<35 GeV/c
• 1 𝛾 in LKr
• Missing momentum in LKr
• Extra 𝛾 veto

¾ Background:
• Negative tail of 𝑀𝑚𝑖𝑠𝑠

2

¾ Normalization:
• 𝐾+ → 𝜋+𝜋0 from minimum bias

𝑴𝒎𝒊𝒔𝒔
𝟐 = 𝑷𝑲 − 𝑷𝝅 − 𝑷𝜸

𝟐

NA62 
Preliminary

Sensitivity: preliminary estimate

Mauro Raggi, Sapienza Universita' di Roma 18

¤ Data-driven BG estimate (peak resolution mostly left-right-symmetric)

¤ Limited amount of statistics used 1.5x1010 K+ (6.5% of 2016 sample).

¤ Promising preliminary limit at 90% CL on invisible A’ decay

q Improved limits at 90% CL  (preliminary) in DP mass 
range: ~ 50 MeV/c2 < mA’ < 90 MeV/c2 
u  Data used: 1.5×1010 K+ decays (small fraction of  2016 sample)  



NP Searches with K+ Beam: HNL  

Gia	Khoriauli		-		The	Future	of	the	NA62	Experiment	-		Flavour	and	Dark	Ma?er		-		28.09.2017	

q Heavy Neutrino from Neutrino Minimal SM (νMSM) 
u  Three right-handed neutrinos: the lightest N1 – dark matter 

candidate 
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Summary and Outlook

Antonino Sergi | NUFACT2017 | New limits on Heavy Neutrinos from NA6213

• NA62 searches for heavy neutrino produc�on in charged 
kaon decays were presented

• No heavy neutrino signal observed

• Analysis of NA62 2007 data (arxiv:1705.07510):
• About 60 million K+ decays in the Cducial volume

• Improves limits on               for 

• Analysis of NA62 2015 data (paper in prepara�on):
• About 300 million K+ decays in the Cducial volume

• New limits on               reaching                             for

• Future prospects: 
• Major analysis improvements with NA62 2016 high intensity 

data set, e.g. fully working beam tracker

Limits from heavy neutrino 

produc@on searchesUpper Limits on |Ul4|
2

Antonino Sergi | NUFACT2017 | New limits on Heavy Neutrinos from NA6212

• NA62 2007 data analysis:
• Extends the mass range for 

upper limits on

• Most stringent limit in 

• NA62 2015 data analysis:
• Reaches                           limits 

on               in the range   

q Κ+ à µ+Ν :  NA62 2007 
data (arXiv:1705.07510) 

 

q Κ+ à e+Ν :  NA62 2015 
data (paper in preparation) 
u  Improved limits on|Ue4|2 in 

the mN range ~ 170 MeV/c2 
– 450 MeV/c2 

See	Le%zia	Peruzzo’s	talk	on	Monday	


