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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
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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
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Buras et al., JHEP11 (2015) 033 

q Main uncertainty from the knowledge of  |Vub| and |Vcb| 
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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% 
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o  Excellent precision in flavour physics   
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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   

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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NA62 Collaboration Meeting 
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The NA48/2 and NA62 experiments @ SPS

Mauro Raggi, Sapienza Universita' di Roma 6

Jura mountains

Geneva airport

France

Switzerland
SpS

NA48/2 & NA62

NA48/2   collaboration: 15 institutes from 8 countries:
NA62      collaboration: 29 institutes from 13 countries
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Detector hall + target hall = 270 m  
12	

q K+ from the target 
u  pKaon = 75 GeV/C ±1% 

o  ~6% of  secondary beam 
at this momentum 



The NA62 Detector 
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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  

13	
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Rainer Wanke, FOKUS Seminar, Würzburg, July 30th, 2013

How to measure                        ? 
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miss < 0.068 GeV2/c4 =⇒ Acc ≈ 14.5 %

(Beide mit 15 < pπ < 35 GeV/c, keine Analyseselektion.)

Rainer Wanke, Montagsmeeting, Mainz, 4. Mai 2009 – p.11
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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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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: 𝑚௦௦

ଶ = 𝑃 − 𝑃గశ ଶ

NA62 Strategy of Measurement 
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Decay              BR 
Κ+ à	µ+νµ												63%    

Κ+ à	π+π0             21% 

Κ+ à	π+ππ          7% 

Under pion  
hypothesis 

15	

Κ+ à	π+νν̅	(×1010)	
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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 

16	

Κ+ à	π+νν̅	(×1010)	
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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)

– 16 –

z	

x	
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q GigaTracker (GTK) consists of  three stations of  silicon 
pixel detectors 
u  Operates together with the achromat of  the dipole magnets 
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z	

x	
			

18	
Vertex 2017 E.Migliore /Torino 9

The GigaTracker detector

Three stations of hybrid silicon pixel detectors

sensor+ASICs  

assembly

O-ring

steel vessel 

(in vacuum)

q GTK Pixel Detector 
u 3 equal stations 

o  18000 channels/station 

o  300x300 μm2 pixels 
o  200 μm thickness 
o  0.005X0/station 

u 750 MHz total rate 
o  ≈1.5 MHz/mm2 peak 

rate 

u 10 TDCPix (IBM) 
readout ASICs / station 
o  Thinned down to 100 μm   



Beam Spectrometer Pixel Detector 
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q Performance 
u Momentum resolution: 0.2% 
u  Angular resolution (in x-z and y-z planes): 16 μrad 
u  Single hit resolution: 200 ps 
u  Single track resolution: 74 ps (2016) 

q Irradiation 
u  Fluence at the nominal beam intensity: 4x1014 neq/cm2 in 1 

year of  data taking (~200 days) 
u  Operating at −15 °C to minimize radiation damage 
u  About 100 days of  continues operation w/o any significant 

degradation of  performance 
u  Replacement of  single station requires only one day 
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q 4 chambers of  straw 
detectors 

q Dipole magnet 
u  B=0.38 T 

z	
x	

20	

� 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 

q 70% Ar and 30% CO2 at 1 
bar 

q First time straw chambers 
operating in vacuum! 
u  0.018X0 in total! 
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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. 

 
From these constrains follow the main requirements of the detector:  

x Spatial resolution ≤  130 Pm per coordinate and  ≤ 80Pm per space point 
x ≤  0.5%  of  a radiation length (X0) for each chamber 
x Installation inside the vacuum tank  (P = 10-5 mbar) with minimum gas load for the vacuum 
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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 
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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 14: Completion of the straw installation after verification of straw straightness
and leak tightness.

11 RICH

The RICH detector is needed to suppress the µ+ contamination in the ⇡+ sample by a
factor of at least 100 between 15 and 35 GeV/c momentum, to measure the pion crossing
time with a resolution of about 100 ps and to produce the L0 trigger for a charged track.
The detector will consist of a 17 m long tank, filled with neon gas at atmospheric pressure,
with a mosaic of 20 spherical mirrors with 17 m focal length, placed at the downstream
end, and 2000 photomultipliers placed at the upstream end. The RICH vessel execution
drawings are in the final phase of preparation, and the tendering starts in May this year.

The RICH will consist of a vacuum proof vessel, made of construction steel, subdi-
vided into four sections of decreasing diameter between 3.9 m (upstream end) and 3.2 m
(downstream).

The vessel is expected to be installed in late spring 2013. An aluminum beam pipe
will span the length of the RICH to keep undecayed beam particles in vacuum in order to
avoid interactions. The dimension of the beam pipe is under study to satisfy requirements
of sti↵ness and transparency to photons. An aluminum honeycomb panel will be placed
in front of the downstream end-cap of the vessel to support the mirror mosaic; this panel,
50 mm thick and divided into two halves, was designed to be sti↵ enough for the 400 kg
load of the mirror mosaic but at the same time as transparent as possible to photons to
be seen from the downstream LKr calorimeter. The mirror mosaic (Fig. 15) will be made
with 18 spherical mirrors of hexagonal shape (350 mm side) and 2 of semi-hexagonal
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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  
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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
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Resolution of Spectrometers 
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q Κ+ à π+π0  selection requiring 2γ in LKr compatible with π0 
u No photons in other sub-detectors 
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Particle Identification - RICH 
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z	

x	

q Ring Image CHerenkov Counter 
u  Neon at 1 bar 
u  70 ps track time resolution 

o  Reference detector for L0-trigger 

			

Figure 41. Schematic view of the RICH detector: The hadron beam enters from the left and travels
throughout the length of the detector in an evacuated beam pipe. A zoom on one of the two disks accom-
modating the light sensors (PMs) is shown on the left; the mirror mosaic is made visible through the neon
container (vessel) on the right.

The radiator vessel is evacuated before being filled with neon gas. During operation, the neon
pressure is then kept constant at about 990 mbar with the vessel sealed. Small gas losses due to
leaks are compensated by occasional top-ups. This concept has the advantage that temperature
variations do not influence the gas density.

The photon detection sensitivity range starts at wavelength above 190 nm, which makes the
detector performance practically insensitive to impurities like oxygen and H2O in the gas. Other
impurities, like for example CO2 are not present naturally and can be kept su�ciently low [39].

The neon density influences the refractive index n following the relation

n = 1 + (n0 � 1) ⇢
⇢0
, (9.1)

where n0 is the refractive index (1.000067) and ⇢0 is the density (0.9001 kg/m3) of neon gas at
NTP; ⇢ is the density at operating conditions (⇡ 0.814 kg/m3 for T= 25oC and P ' 1 bar).

9.2 Mirror layout

A mosaic of 20 spherical mirrors is used to reflect the Cherenkov light cone into a ring on the PM
array in the mirror focal plane (Figure 42-left). To avoid absorption of reflected light by the beam
pipe the mirrors are divided into two spherical surfaces: one with the centre of curvature to the left
and one to the right of the beam pipe. The total reflective surface exceeds 6 m2.

The mirrors have a nominal radius of curvature of 34 m and hence a focal length of 17 m. The
mosaic includes 18 mirrors of regular hexagonal shape (350 mm side) and two half mirrors. The

– 55 –
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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)
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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 
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q ~102 muon suppression factor 
u  15 GeV/c < ptrack <35 GeV/c 
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Summary of Detector Performance 
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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+MUV1/2: 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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Figure 3. Schematic layout and optics of the high-intensity K+ beam from the T10 target to the entrance of
the decay region. In each view, the solid line corresponds to the trajectory of a particle leaving the target
from the centre at nominal momentum and at the angle indicated. The dashed line indicates the trajectory of
an initially on-axis 75 GeV/c momentum particle.

3.1 K12 beam line layout

The T10 target is immediately followed by a 950 mm long, water-cooled, copper collimator, o�ering
a choice of bores of di�erent apertures; a 15 mm diameter hole is generally selected to transmit
the desired secondary particles. The first active elements of the high-intensity beam are a triplet of
radiation-hard, small-aperture, quadrupole magnets (Q1, Q2, Q3), which collect a large solid angle
acceptance (± 2.7 mrad horizontally and ±1.5 mrad vertically) at 75 GeV/c central momentum
(figure 3). Shortly downstream follows a front-end achromat (A1) to select the beam of 75 GeV/c
with a 1% rms momentum bite. The achromat consists of four vertically-deflecting dipole magnets.
The first two magnets produce a parallel downward displacement of the beam by 110 mm, while the
following two magnets return the beam onto the original axis. In between, the beam passes through
a set of graduated holes in two motorized and water-cooled beam-dump units, TAX1 and TAX2, to
make the momentum selection whilst absorbing the remaining primary proton beam and unwanted
secondary particles (figure 3).

At a double (horizontal and vertical) focus between TAX1 and TAX2, a “radiator” consisting
of an arrangement of tungsten plates with a choice of thickness up to 5 mm (1.3 X0) is introduced

– 7 –
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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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Figure 3. Schematic layout and optics of the high-intensity K+ beam from the T10 target to the entrance of
the decay region. In each view, the solid line corresponds to the trajectory of a particle leaving the target
from the centre at nominal momentum and at the angle indicated. The dashed line indicates the trajectory of
an initially on-axis 75 GeV/c momentum particle.

3.1 K12 beam line layout

The T10 target is immediately followed by a 950 mm long, water-cooled, copper collimator, o�ering
a choice of bores of di�erent apertures; a 15 mm diameter hole is generally selected to transmit
the desired secondary particles. The first active elements of the high-intensity beam are a triplet of
radiation-hard, small-aperture, quadrupole magnets (Q1, Q2, Q3), which collect a large solid angle
acceptance (± 2.7 mrad horizontally and ±1.5 mrad vertically) at 75 GeV/c central momentum
(figure 3). Shortly downstream follows a front-end achromat (A1) to select the beam of 75 GeV/c
with a 1% rms momentum bite. The achromat consists of four vertically-deflecting dipole magnets.
The first two magnets produce a parallel downward displacement of the beam by 110 mm, while the
following two magnets return the beam onto the original axis. In between, the beam passes through
a set of graduated holes in two motorized and water-cooled beam-dump units, TAX1 and TAX2, to
make the momentum selection whilst absorbing the remaining primary proton beam and unwanted
secondary particles (figure 3).

At a double (horizontal and vertical) focus between TAX1 and TAX2, a “radiator” consisting
of an arrangement of tungsten plates with a choice of thickness up to 5 mm (1.3 X0) is introduced
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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 
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q Run 2: K+ beam for Κ+ à π+νν̅, dark photon, HNL, LNV/LFV 
decays 
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q Run 2: K+ beam for Κ+ à π+νν̅, dark photon, HNL, LNV/LFV 
decays 
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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 
and also some efforts too   



Summary 
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q NA62 experiment at CERN to precisely measure K+ rare 
decay Κ+ à π+νν̅ (BR ~10-11) indirectly searching for NP 
effects 

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) 
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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  Effective theory framework for calculation of  the decay amplitude 
u Negligible up-quark contribution 
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d↔ u
s u

W

u
K + 0

+

q QCD symmetry under Isospin rotation 
u  Same Form Factors for semi-leptonic Κ à π transitions 

Hadronic Matrix Element 
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q Non-perturbative QCD problem 

s d
u,c,t

W

Z

u
K + +

BR ≈ 5% BR ~ 10−10 

π +νν Heff
SM K +

q Precisely measured leading order decay Κ+ à π0e+ν 
u  Extracted Form Factors used in BR(Κ+ à π+νν̅) calculations 

o  Known small corrections due to broken Isospin symmetry 
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• computation of complete NLO electroweak corrections to the top quark con-
tribution to K

+ ! ⇡

+

⌫⌫̄ and KL ! ⇡

0

⌫⌫̄ in [8];

• reduction of uncertainties due to mt(mt), mc(mc) and ↵s(MZ), with the last
two relevant in particular for the charm contribution to K

+ ! ⇡

+

⌫⌫̄.

While incorporating these advances in our presentation we will also include

• NLO QCD corrections to the top quark contributions [1–3] and NNLO QCD
corrections to the charm contribution [4–6];

• isospin breaking e↵ects and non-perturbative e↵ects [10, 11].

2.1 K+ ! ⇡+⌫⌫̄

The branching ratio for K

+ ! ⇡

+

⌫⌫̄ in the SM is dominated by Z

0 penguin di-
agrams, with a significant contribution from box diagrams. Summing over three
neutrino flavours, it can be written as follows [3, 11]

B(K+ ! ⇡

+

⌫⌫̄) = 

+

(1 + �
EM

)·
"✓

Im�t

�

5

X(xt)

◆
2

(3)
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✓
Re�c

�

Pc(X) +
Re�t

�

5

X(xt)

◆
2

#
, (4)

with
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= �0.003. (5)

Here xt = m

2

t /M
2

W , � = |Vus|, �i = V

⇤

isVid are the CKM factors discussed below,
and 

+

summarises the remaining factors, in particular the relevant hadronic matrix
elements that can be extracted from leading semi-leptonic decays of K

+, KL and KS

mesons [11]. �
EM

describes the electromagnetic radiative correction from photon
exchanges. X(mt) and Pc(X) are the loop functions for the top and charm quark
contributions, which are discussed below. An explicit derivation of (3) can be found
in [33]. The apparent large sensitivity of B(K+ ! ⇡

+

⌫⌫̄) to � is spurious as
Pc(X) ⇠ �

�4 (see (9)) and the dependence on � in (5) cancels the one in (3) to a
large extent. Therefore when changing � it is essential to keep track of all the �

dependence.
In obtaining the numerical values in (5) [11], the MS scheme with

sin2

✓w(MZ) = 0.23116, ↵(MZ) =
1

127.925
, (6)

has been used. As their errors are below 0.1% these can currently be neglected.
Note, however, that although the prefactor of the e↵ective Hamiltonian, ↵/ sin2

✓w,
is precisely known in a particular renormalisation scheme (MS in this case) it re-
mains a scheme dependent quantity, with the scheme dependence only removed by
considering higher order electroweak e↵ects in K ! ⇡⌫⌫̄. An analysis of such ef-
fects in the large mt limit [9] demonstrated that in principle this scheme dependence
could introduce a ±5% correction in the K ! ⇡⌫⌫̄ branching ratios, and that with
the MS definition of sin2

✓W these higher order electroweak corrections are found

BR(K+ à π+νν)̅ Master Formula  
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below 2%. However, only the complete analysis of two-loop electroweak contribu-
tions to K ! ⇡⌫̄⌫ in [8] for the top contribution could put such expectations on firm
footing. The same applies to the NLO electroweak e↵ects in the charm contribution
to K

+ ! ⇡

+

⌫⌫̄ evaluated in [7].
The short distance function X(xt) relevant for the top quark contribution, in-

cluding NLO QCD corrections [1–3] and two-loop electroweak contributions [8], is

X(xt) = 1.481 ± 0.005
th

± 0.008
exp

, (7)

where the first error comes from the remaining renormalisation scale and scheme
uncertainties, as well as the theoretical error on the MS parameters due to the
matching at the electroweak scale, while the second one corresponds to the combined
experimental error on the top and W masses entering the ratio xt, and on the strong
coupling ↵s(MZ). The central value and errors in (7) have been obtained using the
MS couplings with full NNLO precision [34] – 3-loop running in the SM and 2-
loop matching at the weak scale (plus 4-loop QCD running of ↵s and 3-loop QCD
matching in ↵s and yt) – and varying the renormalisation scale between Mt/2 and
2Mt. The NLO EW correction has been included, using the result presented in [8],
in order to eliminate the large EW renormalisation scheme dependence of the pure
QCD result. See Appendix A for details about the di↵erent contributions to X(xt).

The parameter Pc(X) summarises the charm contribution and is defined through

Pc(X) = P

SD

c (X) + �Pc,u, �Pc,u = 0.04 ± 0.02, (8)

with the long-distance contributions �Pc,u calculated in [10]. Future lattice calcu-
lations could reduce the present error in this part [35]. The short-distance part is
given by

P

SD

c (X) =
1

�

4


2

3
X

e
NNL

+
1

3
X

⌧
NNL

�
(9)

where the functions X

`
NNL

result from QCD NLO [3, 36] and NNLO calculations
[4,5]. They also include complete two-loop electroweak contributions [7]. The index
“`” distinguishes between the charged lepton flavours in the box diagrams. This
distinction is irrelevant in the top contribution due to mt � m` but is relevant
in the charm contribution as m⌧ > mc. The inclusion of NLO and NNLO QCD
corrections have reduced considerably the large dependence on the renormalisation
scale µc (with µc = O(mc)) present in the leading order expressions for the charm
contribution. The two-loop electroweak corrections on the other hand reduced the
dependence on the definition of electroweak parameters. An excellent approximation
for P

SD

c (X), including all these corrections, as a function of ↵s(MZ) and mc(mc) is
given in (50) of [7] (see Appendix B). Using this formula for the most recent input
parameters [37, 38]

� = 0.2252(9), mc(mc) = 1.279(13) GeV, ↵s(MZ) = 0.1185(6) (10)

we find
P

SD

c (X) = 0.365 ± 0.012. (11)

Adding the long distance contribution in (8) we finally find

Pc(X) = 0.404 ± 0.024, (12)
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fects in the large mt limit [9] demonstrated that in principle this scheme dependence
could introduce a ±5% correction in the K ! ⇡⌫⌫̄ branching ratios, and that with
the MS definition of sin2

✓W these higher order electroweak corrections are found

q λt = V*
tsVtd   -  known from |Vub| and |Vcb| measurements 
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where we have added the errors in quadratures. We will use this value in our
numerical analysis. In obtaining the error in (12) we kept � fixed at its central
value, as its error is very small and the strong dependence on � in P

SD

c (X) is
canceled by other factors in the formula for the branching ratio as discussed above.

2.2 KL ! ⇡0⌫⌫̄

The branching ratio for KL ! ⇡

0

⌫⌫̄ in the SM is fully dominated by the diagrams
with internal top exchanges, with the charm contribution well below 1%. It can be
written then as follows [39,40]

B(KL ! ⇡

0

⌫⌫̄) = L ·
✓

Im�t

�

5

X(xt)

◆
2

, (13)

where [11]

L = (2.231 ± 0.013) · 10�10


�

0.225

�
8

. (14)

We have summed over three neutrino flavours. An explicit derivation of (13) can
be found in [33]. Due to the absence of Pc(X) in (13), the theoretical uncertainties
in B(KL ! ⇡

0

⌫⌫̄) are due only to X(xt) and amount to about 1% at the level of
the branching ratio. The main uncertainty then comes from Im�t, which is by far
dominant with respect to the other parametric uncertainties due to L and mt, with
the latter present in X(xt).

2.3 Experimental prospects

Experimentally we have [42]

B(K+ ! ⇡

+

⌫⌫̄)
exp

= (17.3+11.5
�10.5) · 10�11

, (15)

and the 90% C.L. upper bound [43]

B(KL ! ⇡

0

⌫⌫̄)
exp

 2.6 · 10�8

. (16)

The prospects for improved measurements of B(K+ ! ⇡

+

⌫⌫̄) are very good.
One should stress that already a measurement of this branching ratio with an accu-
racy of 10% will give us a very important insight into the physics at short distance
scales. Indeed the NA62 experiment at CERN [20, 21] is aiming to each this pre-
cision, and it is expected to accumulate 100 SM events with a good signal over
background figure by 2018. In order to achieve a 5% measurement of the branching
ratio, which will be the next goal of NA62, more time is needed. The planned new
experiment at Fermilab (ORKA) could in principle reach the accuracy of 5% [44].4

Concerning KL ! ⇡

0

⌫⌫̄, the KOTO experiment at J-PARC aims in the first
step in measuring B(KL ! ⇡

0

⌫⌫̄) at SM sensitivity and should provide interesting
results around 2020 on this branching ratio [15,22]. There are also plans to measure
this decay at CERN and one should hope that Fermilab will contribute to these

4Unfortunately the US P5 committee did not recommend moving ahead with ORKA and it appears
that the precision on B(K+ ! ⇡

+
⌫⌫̄) will depend in the coming ten years entirely on the progress made

by NA62.
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• computation of complete NLO electroweak corrections to the top quark con-
tribution to K

+ ! ⇡

+

⌫⌫̄ and KL ! ⇡

0

⌫⌫̄ in [8];

• reduction of uncertainties due to mt(mt), mc(mc) and ↵s(MZ), with the last
two relevant in particular for the charm contribution to K

+ ! ⇡

+

⌫⌫̄.

While incorporating these advances in our presentation we will also include

• NLO QCD corrections to the top quark contributions [1–3] and NNLO QCD
corrections to the charm contribution [4–6];

• isospin breaking e↵ects and non-perturbative e↵ects [10, 11].

2.1 K+ ! ⇡+⌫⌫̄

The branching ratio for K

+ ! ⇡

+

⌫⌫̄ in the SM is dominated by Z

0 penguin di-
agrams, with a significant contribution from box diagrams. Summing over three
neutrino flavours, it can be written as follows [3, 11]

B(K+ ! ⇡

+

⌫⌫̄) = 

+

(1 + �
EM

)·
"✓

Im�t

�

5

X(xt)

◆
2

(3)

+

✓
Re�c

�

Pc(X) +
Re�t

�

5

X(xt)

◆
2

#
, (4)

with



+

= (5.173 ± 0.025) · 10�11


�

0.225

�
8

, �
EM

= �0.003. (5)

Here xt = m

2

t /M
2

W , � = |Vus|, �i = V

⇤

isVid are the CKM factors discussed below,
and 

+

summarises the remaining factors, in particular the relevant hadronic matrix
elements that can be extracted from leading semi-leptonic decays of K

+, KL and KS

mesons [11]. �
EM

describes the electromagnetic radiative correction from photon
exchanges. X(mt) and Pc(X) are the loop functions for the top and charm quark
contributions, which are discussed below. An explicit derivation of (3) can be found
in [33]. The apparent large sensitivity of B(K+ ! ⇡

+

⌫⌫̄) to � is spurious as
Pc(X) ⇠ �

�4 (see (9)) and the dependence on � in (5) cancels the one in (3) to a
large extent. Therefore when changing � it is essential to keep track of all the �

dependence.
In obtaining the numerical values in (5) [11], the MS scheme with

sin2

✓w(MZ) = 0.23116, ↵(MZ) =
1

127.925
, (6)

has been used. As their errors are below 0.1% these can currently be neglected.
Note, however, that although the prefactor of the e↵ective Hamiltonian, ↵/ sin2

✓w,
is precisely known in a particular renormalisation scheme (MS in this case) it re-
mains a scheme dependent quantity, with the scheme dependence only removed by
considering higher order electroweak e↵ects in K ! ⇡⌫⌫̄. An analysis of such ef-
fects in the large mt limit [9] demonstrated that in principle this scheme dependence
could introduce a ±5% correction in the K ! ⇡⌫⌫̄ branching ratios, and that with
the MS definition of sin2

✓W these higher order electroweak corrections are found

q No charm quark contribution 

q No QED radiative corrections 
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3 CKM inputs from tree-level observables 8

For the CKM angle � we take the current world average of direct measurements [49]

� = (73.2+6.3
�7.0)

�

. (20)

Using this, together with |Vus| = � already given in (10), we can determine the full
CKM matrix.

In particular, we can determine the quantities �t and �c, which enter the expres-
sions for the branching ratios in (3) and (13), as functions of these input parameters.
These expressions are:

Re�t ' |Vub||Vcb| cos �(1 � 2�

2) + (|Vub|2 � |Vcb|2)�
✓

1 � �

2

2

◆
, (21)

Im�t ' |Vub||Vcb| sin �, (22)

Re�c ' ��

✓
1 � �

2

2

◆
, (23)

which, with respect to their leading order in �, are accurate up to O(�4) corrections.
The (exact) numerical values for Re�t and Im�t obtained from our three di↵erent
choices of Vub and Vcb in (17)-(19) are given in Table 2.

These expressions can then be directly inserted into (3) and (13) in order to
determine the two branching ratios. Using our averages from (19) together with
(20) gives

B(K+ ! ⇡

+

⌫⌫̄) = (8.4 ± 1.0) ⇥ 10�11

, (24)

B(KL ! ⇡

0

⌫⌫̄) = (3.4 ± 0.6) ⇥ 10�11

. (25)

In Figure 1 we show the error budgets for these two observables, and see that
the CKM uncertainties dominate. In particular in the case of K

+ ! ⇡

+

⌫⌫̄ we
observe large uncertainties due to |Vcb| and �, while in the case of KL ! ⇡

0

⌫⌫̄ the
uncertainty due to |Vub| dominates but the ones from |Vcb| and � are also large. The
remaining parameters, which each contribute an error of less than 1%, are grouped
into the “other” category.

For convenience we give the following parametric expressions for the branching
ratios in terms of the CKM inputs:

B(K+ ! ⇡

+

⌫⌫̄) = (8.39 ± 0.30) ⇥ 10�11 ·
 |Vcb|
40.7 ⇥ 10�3

�
2.8

�

73.2�

�
0.708

, (26)

B(KL ! ⇡

0

⌫⌫̄) = (3.36 ± 0.05) ⇥ 10�11·
 |Vub|
3.88 ⇥ 10�3

�
2

 |Vcb|
40.7 ⇥ 10�3

�
2


sin(�)

sin(73.2�)

�
2

.

(27)

The parametric relation for B(KL ! ⇡

0

⌫⌫̄) is exact, while for B(K+ ! ⇡

+

⌫⌫̄)
it gives an excellent approximation: for the large ranges 37  |Vcb| ⇥ 103  45
and 60�  �  80� it is accurate to 1% and 0.5%, respectively. In the case of
B(K+ ! ⇡

+

⌫⌫̄) we have absorbed |Vub| into the non-parametric error due to the
weak dependence on it. The exact dependence of both branching ratios on |Vub|,
|Vcb| and � is shown in Figure 2.
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Strategy B: Here the assumption is made that the SM is the whole story and
all available information from flavour-changing neutral current (FCNC) processes is
used to determine the CKM matrix. Our strategy here will be to ignore tree-level
determinations of |Vub| and |Vcb|, as the discrepancies mentioned above could also
result from experimental data, which will improve only at the end of this decade.
Similarly, the tree-level determination of � will be left out. Then the observables to
be used for the determination of the CKM parameters will be 2

"K , �Ms, �Md, S KS , (2)

accompanied by lattice QCD calculations of the relevant non-perturbative param-
eters. In this manner also |Vcb|, |Vub| and � can be determined. This is basically
what the UTfit [27] and CKMfitter [28] collaborations do, except that we ignore
the tree-level determinations of |Vcb|, |Vub| and � for the reasons stated above. As
the dominant top quark contribution to "K is proportional to |Vcb|4 and �Ms,d

are proportional to |Vcb|2, a useful determination of |Vcb| can be obtained from
these quantities.3 The full UT is then constructed by using the ratio �Md/�Ms

and S KS . We find that with the most recent lattice QCD input on the parameter
⇠ [31], the determination of � in this manner is impressive, and also the value of |Vcb|
is significantly more accurate than from tree-level decays. In the case of |Vub| the
accuracy is found to be comparable to the most recent exclusive determination [32].

It should be emphasised that while strategy A is ultimately the one to use
to study extensions of the SM, the virtue of strategy B at present is the greater
accuracy of the SM predictions for the observables that we consider. By simply
imposing constraints from several measurements we arrive at narrow ranges for the
parameters in (1) – given that the SM is the whole story.

In the present paper we will follow these two strategies using the most recent
inputs relevant for both of them, in particular the ones from lattice QCD. In Sec-
tion 2 we summarise the present status of the K

+ ! ⇡

+

⌫⌫̄ and KL ! ⇡

0

⌫⌫̄ decays
in the SM and discuss the main uncertainties with the help of analytic expressions.
In Sections 3 and 4 we follow strategies A and B, respectively, and present in some
detail our numerical results. In Section 5 we present an updated analysis on the
ratio "

0

/" in the SM. We conclude in Section 6. In the appendices we collect a
number of additional expressions that we used in our analysis.

2 Basic formulae

We present here the basic formulae for the branching ratios for the K

+ ! ⇡

+

⌫⌫̄

and KL ! ⇡

0

⌫⌫̄ decays in the SM. This section can be considered an update to the
analogous section (Section 2) of [12], a review of these decays from 2007. The main
advances in the last seven years are:

• computation of complete NLO electroweak corrections to the charm quark
contribution to K

+ ! ⇡

+

⌫⌫̄ in [7];

2Note that the present determination of S � has no impact on the CKM parameters in the SM.
3The strategy for the determination of |Vcb| from "K is not new [29] and has been considered recently

in [30]. See in particular formula (29) in that paper.

q Parameterization of  λt and λc  

q Direct measurement from leading order decays 
u  Insensitive to New Physics effects 
u  Discrepancy between exclusive vs. inclusive |Vub|and|Vcb| 
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• computation of complete NLO electroweak corrections to the top quark con-
tribution to K

+ ! ⇡

+

⌫⌫̄ and KL ! ⇡

0

⌫⌫̄ in [8];

• reduction of uncertainties due to mt(mt), mc(mc) and ↵s(MZ), with the last
two relevant in particular for the charm contribution to K

+ ! ⇡

+

⌫⌫̄.

While incorporating these advances in our presentation we will also include

• NLO QCD corrections to the top quark contributions [1–3] and NNLO QCD
corrections to the charm contribution [4–6];

• isospin breaking e↵ects and non-perturbative e↵ects [10, 11].

2.1 K+ ! ⇡+⌫⌫̄

The branching ratio for K

+ ! ⇡

+

⌫⌫̄ in the SM is dominated by Z

0 penguin di-
agrams, with a significant contribution from box diagrams. Summing over three
neutrino flavours, it can be written as follows [3, 11]
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with
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Here xt = m

2

t /M
2

W , � = |Vus|, �i = V

⇤

isVid are the CKM factors discussed below,
and 

+

summarises the remaining factors, in particular the relevant hadronic matrix
elements that can be extracted from leading semi-leptonic decays of K

+, KL and KS

mesons [11]. �
EM

describes the electromagnetic radiative correction from photon
exchanges. X(mt) and Pc(X) are the loop functions for the top and charm quark
contributions, which are discussed below. An explicit derivation of (3) can be found
in [33]. The apparent large sensitivity of B(K+ ! ⇡

+

⌫⌫̄) to � is spurious as
Pc(X) ⇠ �

�4 (see (9)) and the dependence on � in (5) cancels the one in (3) to a
large extent. Therefore when changing � it is essential to keep track of all the �

dependence.
In obtaining the numerical values in (5) [11], the MS scheme with

sin2

✓w(MZ) = 0.23116, ↵(MZ) =
1

127.925
, (6)

has been used. As their errors are below 0.1% these can currently be neglected.
Note, however, that although the prefactor of the e↵ective Hamiltonian, ↵/ sin2

✓w,
is precisely known in a particular renormalisation scheme (MS in this case) it re-
mains a scheme dependent quantity, with the scheme dependence only removed by
considering higher order electroweak e↵ects in K ! ⇡⌫⌫̄. An analysis of such ef-
fects in the large mt limit [9] demonstrated that in principle this scheme dependence
could introduce a ±5% correction in the K ! ⇡⌫⌫̄ branching ratios, and that with
the MS definition of sin2

✓W these higher order electroweak corrections are found

Buras et al., JHEP11 (2015) 033 
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Kaon Identification – KTAG 
(CEDAR) 
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Figure 9. Right: KTAG optics; the Cherenkov light exiting from the 8 quartz windows is deflected radially
out; each sector is equiped with 32 PMT’s. Left: CEDAR optics; Cherenkov light is reflected on the mirror
at the rear CEDAR end; an adjustable diaphrgam allows to select sharply the peak region of the cherenkov
angle.

Table 3. Detector performance parameter
Sector Coincidences E�ciency
�1 sector 100%
�2 Sectors 100%
�3 Sectors 99%
�4 Sectors 99%
�5 Sectors 98%
�6 Sectors 96%
�7 Sectors 88%
�8 Sectors 57%

Di↵erential signals from the anode and last cathode of each photomultiplier are read into
front-end boards consisting of a mother board with 64 analogue di↵erential inputs and outputs,
an ELMB for remote control and services, and 8 mezzanines each with a NINO ASIC [9]. The
front-end electronics is housed within a cooled and insulated Faraday cage with environmental
monitoring capabilities. The LVDS outputs feed into a 128-channel TDC board enabling the times
of leading and trailing edges of the signal to be measured and thereby enabling slewing corrections
to be implemented. The TDC board is used as a daughter board for TEL62 boards , for a maximum
of 512 channels readout in each TEL62 board. Additional splitter boards act between the front-end
and the TDC boards to in order to equalize the data rate in each TEL62. Further details of the

– 13 –

			
z	

x	

q ChErenkov Differential 
counter with 
Achromatic Ring focus 
u  Filled with Nitrogen 
u  Time resolution ≈70 ps 
u  45 MHz of  total rate 

q Gas pressure adjusted for K+ selection with pK = 75 GeV/c 
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KTAG Performance – Pressure 
Scan 
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Figure 10. Pressure Scan taken with a diaphragm of 1mm aperture. Plotted is the number of normalised
coincidences (4 to 8 sectors fired) versus the gas pressure.

Table 4. Detector dimensions.
Full Detector:

Full size 28.2 x 60.8 mm
Active Area 27 x 60.8 mm

Number of Pixels 18,000
Number ROCs 10

Single Readout Chip (ROC):
Full size 19.5 x 12 mm

Active Area 13.5 x 12 mm
Number of Pixels 1,800

Pixel Size 300 x 300 µm
Thickness:

Sensor 100 µm
ROC 100 µm

Cooling Plate 210 µm
Total Thickness in active Area ⇡ 0.5 mm

– 15 –

NA62 Preliminary 

Data	2015	
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Large Angle Photon Veto  
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Figure 19. Design studies (left) and completed prototypes (right) of LAV stations A1 (top) and A12 (bot-
tom).

7.1.2 Construction details

The OPAL modules (lead-glass block plus PMT) were manufactured by Hamamatsu during the
mid-1980s. Their recycling required substantial care throughout the assembly procedure.

The interface between the stainless-steel flange and lead glass block is fragile, and was found
to be critically damaged in a few percent of the modules upon first examination. This was at-
tributed to thermally-induced stress from the di↵ering expansion coe�cients of the steel and glass.
The first step in the processing of the modules at Frascati was therefore to reinforce the interface.
Using epoxy resin, 27 cm2⇥0.3-mm thick stainless-steel plates were attached across the glass-steel
interface on all four sides of the block. Calculations indicated and static tests confirmed that the
reinforced bond is several times stronger than the original bond. In any case, to prevent break-
age, a concerted e↵ort was made to avoid exposing the modules, even in those in fully assembled
detectors, to temperatures outside the range of 15–30 �C. This led to special considerations dur-
ing storage, installation, and above all, transport of the completed detectors to CERN during the
summer and winter months.

– 27 –
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Figure 18. A module from the OPAL calorimeter, without wrapping and with reinforcement plates at the
interface between the glass and the steel flange.

this limit. For events in which one of the two photons is not intercepted, the energy of the escap-
ing photon is below about 200 MeV. Conversely, most photons inside the LAV angular acceptance
have energies higher than this value. To secure the needed overall photon rejection power of 108,
these photons must be detected with high e�ciency; indicatively, ine�ciencies of less than 10�4

are required. In addition, the large-angle vetoes must have good energy and time resolution (10%
and 1 ns for 1 GeV photons) and must be compatible with operation in vacuum.

7.1.1 Design and layout of the LAV detectors

The NA62 LAV detectors make creative reuse of lead-glass blocks recycled from the OPAL electro-
magnetic calorimeter barrel [15], which became available in 2007 when various technologies were
under consideration for the construction of the LAV detectors. Other solutions considered included
a lead/scintillating tile design originally proposed for use in the (later canceled) CKM experiment
at Fermilab [16] and a lead/scintillating-fiber design based on the electromagnetic calorimeter for
the KLOE experiment [17]. Prototype instruments based on each of the three technologies were
obtained or constructed, and tested with the electron beam at the Frascati Beam-Test Facility. These
tests demonstrated that all three technologies are suitable for use in NA62 [18]. In particular, the
ine�ciency for the detection of individual tagged electrons with the OPAL lead-glass modules was
measured to be 1.2+0.9

�0.8 ⇥ 10�4 at 203 MeV and 1.1+1.9
�0.7 ⇥ 10�5 at 483 MeV. Basing the construction

of the LAV system on the OPAL lead-glass modules resulted in significant savings on construction
costs.

The modules from the central part of the OPAL electromagnetic calorimeter barrel consist of
blocks of SchottTM SF57 lead glass. This material is about 75% lead oxide by weight and has a
density ⇢ = 5.5 g/cm3 and a radiation length X0 = 1.50 cm; its index of refraction is n ⇡ 1.85 at
� = 550 nm and n ⇡ 1.91 at � = 400 nm. Electromagnetic showers in the lead glass are detected
by virtue of the Cerenkov light produced; our measurements indicate that, averaged over modules,
minimum ionizing particles produce about 0.34 p.e. per MeV of deposited energy. The front and
rear faces of the blocks measure about 10 ⇥ 10 cm2 and 11 ⇥ 11 cm2, respectively; the blocks are
37 cm in length (the precise geometry depends slightly on the ring of the OPAL calorimeter from
which each block is extracted). Each block is read out at the back side by a Hamamatsu R2238
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q 12 ring-shaped stations 
u  11 stations operating in vacuum 
u  Angular coverage: 8.5 – 50 mrad 
u  Detection inefficiency: 10-4 

o  Eγ > 200 MeV 

q Sensitive material: lead-glass 
blocks from the OPAL calorimeter 

q At least 21X0 depth for incident 
particles 

41	



Middle Angle Veto – EM Calorimeter 
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Figure 21. The Liquid Krypton calorimeter

mi quis quam pulvinar at malesuada arcu rhoncus. Cum sociis natoque penatibus et magnis dis
parturient montes, nascetur ridiculus mus. In rutrum accumsan ultricies. Mauris vitae nisi at sem
facilisis semper ac in est.

7.2 Liquid Krypton Calorimeter (LKr)

7.2.1 LKR Detector)

NA62 is re-using the former NA48 Liquid Krypton calorimeter, which is described in [21]. The
LKR is a quasi-homogeneous calorimeter filled with about 9,000 liters of liquid Krypton at 120
K, housed inside a cryostat. The calorimeter extends from the beam pipe (R=8cm) to a radius
of 128 cm and the depth is 127 cm (27 radiation length). The sensitive area is divided in 13,248
longitudinal cells of about 2x2cm cross-section. The cells are formed by Cu-Be electrodes aligned
along the experiment axis (Z), they have a zig-zag shape to avoid ine�ciencies when a particle
shower is very close to the anode (see Figure 22). The signal produced by a particle crossing the
LKr is collected by preamplifiers mounted inside the cryostat, directly attached to the calorimeter
strips, and is then sent out using 50 ⌦ coaxial cables and feedthroughs on the top of the cryostat.
The signals are then sent to the transceiver boards, plugged directly on the feedthroughs and sharing
the Faraday cage made by the cryostat.

The external components of the cryogenics and the auxiliary parts of the readout system
(power supplies, transceivers, HV, calibration system) have been consolidated in order to prepare
the detector for a new decade of data talking. The former NA48 LKR readout system [22], based
on gain-switching, 10-bit FADCs was phased out to satisfy the demanding rate requirements of
NA62.

7.2.2 Performances of the LKR

The excellent energy, space and time resolutions of the LKR calorimeter have been demonstrated
by NA48 [21]. In NA62 the LKR detector is a key element for vetoing photons (in the region from
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q 9000 litres of  liquid krypton 
u  T = 120 K 
u  13,248 readout cells 
  

q As a middle angle photon veto 
u  Angular coverage: 1- 8.5 mrad 
u  Time resolution: 300 ps 
u  Detection inefficiency 10-3 – 10-5 

o  Eγ = 1 – 10 GeV 

q <1% Resolution @ 20 GeV 
u  27X0 
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Small Angle Photon Vetos: IRC & SAC 
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q Intermediate Ring Calorimeter 

z	

x	

q Small Angle Calorimeter 
 
q 108 total π0 rejection 

together with large and 
middle angle photon vetos   
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Particle Identification – Muon Veto 
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Figure 48. Overview of the muon veto system (MUV) Picture to be updated. Why xxxxx

.

The iron plates are interleaved with 23 layers of scintillator strips of 9 mm thickness and 60 mm
width (54 mm width for the 4 innermost strips which end at the beam pipe). Most of the strips have
a length of 2620 mm and span the whole transverse extension of the detector (Figure 49), with the
exceptions of the 4 outer strips, which are shorter to accomodate the support structure, the inner
strips, which end at the beam pipe, and the two (three) innermost horizontal (vertical) strips next
to the beam pipe, which are split in two strips of half length to accommodate the high particle
rate left and right of the beam pipe. Consecutive layers of scintillators are alternately aligned in
horizontal and vertical direction, resulting in 12 layers with horizontal and 11 layers with vertical
strip direction.

The strip width of 60 mm is a compromise between the need of high granularity and the af-
fordable number of PMTs and read-out channels. Monte Carlo studies showed, that a smaller strip
width of 40 mm would increase the muon rejection only on a percent level. The scintillating strips
were produced at IHEP (Protvino) by melting polystyrene (Styron 143E) together with additions of
p-terphenyl and POPOP in a vacuum of 10�4 bar at about 250 °C. All strips were diamond polished
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q MUV1 & MUV2 
u  “Sandwich”-type 

calorimeters 
o  Iron + scintillator 

u  7.4λ 

q MUV3 
u  Fast muon L0 trigger  
u  2 orthogonal planes of  

scintillator slabs 

q 105 muon suppression 
factor 
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MUV1 Construction Work in Mainz 
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q 12 horizontal and 
11 vertical layers of  
scintillator strips 
with WLS optical 
fibers 
u  1218 strips in total 

New Layout 
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MUV1 Construction Work in Mainz 
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Κ+ à π+νν̅ Analysis in Data 2016 
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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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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 

47	

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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NP Searches in Dump Mode: ALP 
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q ~1 day NA62 data from running in dump mode already 
sensitive to ALPs (created in photon fussion) at 90% CL 
u  Large proton energy, 400 GeV 
u  Long decay volume, 65 m 
u  Assume 0 background 

o  Rather realistic 
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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 
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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



NP Searches in Dump Mode: HNL 
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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 


