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NA62 and the GigaTracker
mmiss
2 =|pK−pπ|

2

Kaon physics experiment (CERN) aiming for BR(K π⁺➔ ν⁺ ν) at 15% by 2025Challenge: BR is (8.4 ± 1.0)·10⁻¹  with ¹ two neutrinos in final statePrevious results from E787 (BNL) using stopped beamMain kinematical variable is the squared missing mass:  m²miss = |pK-pπ|   ²NA62: decay in flight technique at CERN SPSContinuous beam: 750MHz, (6% K , 24% p, 70% π ) at 75 GeV/c⁺ ⁺Decay in flight technique requires a beam spectrometer: GigaTracker GTK
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GTKBeam SpectrometerMeasures momentum, angle andtime of all beam particlesSustains high particle flux (750MHz)Minimized material budgetDesign (~2009)Three (four from 2021) planes of time resolved pixel 

The NA62 GigaTracKer: a low mass high intensity beam 4D tracker with 65 ps time resolution on tracks, JINST 14, P07010

https://doi.org/10.1088/1748-0221/14/07/P07010
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Need for TimingAssociation with other NA62 sub-detectors based on time coincidenceTracking in GTK relies on time (little geometrical redundancy with 3 planes)

Z [m]

80 85 90 95 100

Y [
mm]

30
20

10
0
10

20
30

X 
[m

m
]

15
10
5

0
5
10
15

GTK1
GTK2

GTK3

0.100
0.075
0.050
0.025

0.000
0.025
0.050
0.075
0.100

Ti
m

e 
[n

s]

Typical Event at 30% of nominal intensity



19/09/2023 6 / 23

Need for Timing

Z [m]

80 85 90 95 100

Y [
mm]

30
20

10
0
10

20
30

X 
[m

m
]

15
10
5

0
5
10
15

GTK1
GTK2

GTK3

20
10

0
10
20
30
40
50

Ti
m

e 
[n

s]

Typical Event at 30% of nominal intensity
Association with other NA62 sub-detectors based on time coincidenceTracking in GTK relies on time (little geometrical redundancy with 3 planes)



19/09/2023 7 / 23

Need for Timing
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Single 3×6 cm  ² sensor (n-in-p) hybridized to 2×5 TDCPixTDCPix:a custom made chip with 97ps TDC bin(the best time precision on the market since 2009)significant power consumption (1.7W/cm )²

GTK Design          
PCB

Sensor + Chips

Cooling Plate

Sensor Side

Cross Section

TDCpix pixel detector ASIC with 100 ps time stamping, Nucl. Inst. Meth. A, 2023, 168331

https://doi-org.ezproxy.cern.ch/10.1016/j.nima.2023.168331
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Single 3×6 cm  ² sensor (n-in-p) hybridized to 2×5 TDCPixTDCPixa custom made chip (IBM 130nm) with 97ps TDC bin(the best time precision on the market since 2009)300×300 μm  pixels²significant power consumption (1.7W/cm )²Microchannel cooling plate (1st implementation)200μm thick150 channels of 200×70μmLiquid C6F14 at -10°C, 3g/s

GTK Design          
Cross Section

PCB
Sensor + Chips

Cooling Plate

150um

200um

70um

Cooling Side

Cross Section

TDCpix pixel detector ASIC with 100 ps time stamping, Nucl. Inst. Meth. A, 2023, 168331

https://doi-org.ezproxy.cern.ch/10.1016/j.nima.2023.168331
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Time resolutionPrecise time calibration of the pixelis required to get good time resolutionPerformanceTrack Time resolution: 75 psHit Time resolution: 130 ps (gauss fit)Dominant contribution is the weighting filedpotential and charge straggling.Time resolution improve with higher bias 
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Time resolution stabilityTDCPix also accept p-in-n sensor which has much worse time resolutionTime resolution degrades with integrated fluencePerformance are recovered by increasing the bias voltage (and annealing)
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Kinematics for K π νν⁺➔ ⁺Recall: main analysis variable is squared missing mass m²miss = |pK-pπ|²Resolution of the m²miss evaluated on a sample of K π π⁺➔ ⁺ ⁰
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OutlineNA62 and the GigaTracKerResults from NA62Future ProjectsHigh Intensity Kaon Experiment (HIKE)Tagged Neutrino Experiment (NuTAG)
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NA62:                           RUN1=2016+2017+2018 
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Figure 7: The K+
! ⇡+⌫⌫̄ candidate events in the 2018 (left) and 2016–2018 (right) data

sets. Left: Reconstructed m2

miss
as a function of ⇡+ momentum for events satisfying the K+

!

⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
signal acceptance in the plane. The two boxes represent the signal regions. The events observed
in Regions 1 and 2 are shown together with the events found in the background and control
regions. Right: Expected numbers of background events and numbers of observed events in
the nine categories used in the maximum likelihood fit to extract the K+

! ⇡+⌫⌫̄ branching
ratio. Categories 0,1 and 2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3
to 8 correspond to the six 5 GeV/c wide momentum bins of the S2 subset. The observed data
for each category are indicated by black markers with Poissonian statistical errors. The shaded
boxes show the numbers of expected background events and the corresponding uncertainties.

compatible with the SM value within one standard deviation. The first uncertainty is statistical,
related to the Poissonian fluctuation of the numbers of observed events and expected background,
while the second is systematic, resulting from the uncertainty in the signal and background
estimates.

This result is the most precise measurement of the K+
! ⇡+⌫⌫̄ decay rate to date and

provides the strongest evidence so far for the existence of this extremely rare process.

8 Search for K+ ! ⇡+X decays

The existence of a new feebly interacting scalar or pseudo-scalar particle, X, is foreseen in
several BSM scenarios. If X decays to invisible particles or lives long enough to decay outside
the detector, the signature of a K+

! ⇡+X decay is the same as that of the K+
! ⇡+⌫⌫̄

decay. The two-body decay K+
! ⇡+X would result in a peak in the reconstructed m2

miss

distribution, centred at the squared value of the X mass, m2

X
. Using the event sample selected

in the K+
! ⇡+⌫⌫̄ measurement, a search for a peaking signal in the 2016–2018 data set is

performed following the procedure detailed in [35]. The width of a signal peak is determined by
the resolution of the m2

miss
observable, which decreases monotonically from 0.0012 GeV2/c4 at

mX = 0 to 0.0007 GeV2/c4 at mX = 260 MeV/c2.
The SES is determined, for each mX, according to equation 1, by replacing A⇡⌫⌫̄ with the

acceptance for K+
! ⇡+X decays, which is obtained from simulation. Acceptance values for X

with finite lifetime, ⌧X, decaying to visible SM particles are estimated by weighting simulated

18

0 1 2 3 4 5 6 7 8
Category

0

2

4

6

8

10

12

N
um

be
r 

of
 e

ve
nt

s

S2S120172016

Expected background

Observed data

Figure 7: The K+
! ⇡+⌫⌫̄ candidate events in the 2018 (left) and 2016–2018 (right) data

sets. Left: Reconstructed m2

miss
as a function of ⇡+ momentum for events satisfying the K+

!

⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
signal acceptance in the plane. The two boxes represent the signal regions. The events observed
in Regions 1 and 2 are shown together with the events found in the background and control
regions. Right: Expected numbers of background events and numbers of observed events in
the nine categories used in the maximum likelihood fit to extract the K+

! ⇡+⌫⌫̄ branching
ratio. Categories 0,1 and 2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3
to 8 correspond to the six 5 GeV/c wide momentum bins of the S2 subset. The observed data
for each category are indicated by black markers with Poissonian statistical errors. The shaded
boxes show the numbers of expected background events and the corresponding uncertainties.

compatible with the SM value within one standard deviation. The first uncertainty is statistical,
related to the Poissonian fluctuation of the numbers of observed events and expected background,
while the second is systematic, resulting from the uncertainty in the signal and background
estimates.

This result is the most precise measurement of the K+
! ⇡+⌫⌫̄ decay rate to date and

provides the strongest evidence so far for the existence of this extremely rare process.

8 Search for K+ ! ⇡+X decays

The existence of a new feebly interacting scalar or pseudo-scalar particle, X, is foreseen in
several BSM scenarios. If X decays to invisible particles or lives long enough to decay outside
the detector, the signature of a K+

! ⇡+X decay is the same as that of the K+
! ⇡+⌫⌫̄

decay. The two-body decay K+
! ⇡+X would result in a peak in the reconstructed m2

miss

distribution, centred at the squared value of the X mass, m2

X
. Using the event sample selected

in the K+
! ⇡+⌫⌫̄ measurement, a search for a peaking signal in the 2016–2018 data set is

performed following the procedure detailed in [35]. The width of a signal peak is determined by
the resolution of the m2

miss
observable, which decreases monotonically from 0.0012 GeV2/c4 at

mX = 0 to 0.0007 GeV2/c4 at mX = 260 MeV/c2.
The SES is determined, for each mX, according to equation 1, by replacing A⇡⌫⌫̄ with the

acceptance for K+
! ⇡+X decays, which is obtained from simulation. Acceptance values for X

with finite lifetime, ⌧X, decaying to visible SM particles are estimated by weighting simulated

18

Joel Swallow

Result : 2016+17+18 data

12/4/2021NA62 : PNN 12

[2018 data: arXiv:2103.15389] Ha]R = 20

$. L% significance
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Result : 2016+17+18 data

12/4/2021NA62 : PNN 12

[2018 data: arXiv:2103.15389] Ha]R = 20

$. L% significance

[JHEP 06 (2021) 093]

Most precise determination of the decay rate to date

Nobs (2018) = 17

Nobs (Run1) = 20

Prospects: Run 2 (2021-2025) with nominal beam intensity, modified beamline and 
additional detectors.
Aim to measure BR(K +→ π+νν) at O(15%) precision by LS3 6

NA62 re
sults (E

PS-2023
)
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23)

Neutrino Tagging at NA62
• Proof-of-principle of a novel method for accelerator 

based experiments [Eur. Phys. J. C (2022) 82:465]

• Associate each 𝝊𝝊 interaction to the 
𝝊𝝊 reconstructed kinematically at
production (K+,π+→µ+νµ)
Pristine access to neutrino flux
Excellent 𝜐𝜐 energy resolution: <1%

• NA62 as tagged-𝝊𝝊 experiment
~1012 K+→µ+νµ per year
 νµ interactions in the 20 ton of LKr
 K+ and µ+ reconstructed in trackers

𝑁𝑁𝐾𝐾𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.23 ± 0.02 𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵 = 0.04 ± 0.02

𝜐𝜐

𝜇𝜇

Distance between 𝜐𝜐 interaction in LKr and expected 𝜐𝜐 position [mm]

𝝊𝝊 interaction 

Two tagged 𝝊𝝊 candidates
observed!

NA62 Run 12477 Evt 2333361

Full details on B. De Martino Talk @ NuFact-23
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Toward a full scale tagged ν experimentIdeal tool to study neutrino interactions at a short baseline experimentdominant systematicsuncertainties for DUNE/T2HKIdeal tool to study neutrino oscillations at a long baseline experimentexcellent energy resolution (<1%)low systematic uncertaintiesoscillation studied event-by-event:ν tracked from creation to detectionNeed a tracker able to sustain very highbeam particle flux 10-100 Mhz/mm , 10 π /s² ¹² ⁺ Precision on δCP is up to 10 times better than at upcoming experiments
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Future: NA62  HIKE➔HIKE a multi-purpose high-intensity kaon decay-in-flight experimentsPhase 1: 2031-2041 ( K π νν at ~5% precision)⁺ ⁺🡲Phase 2: 2043-2048 (KL π l l  at ~20% precision)🡲 ⁰ ⁺ ⁻High intensity beam4-6 times NA62New beam tracker is needed
now 2025 2031 2041

NA62 HIKE 
Construction

Phase 1
Data Taking



19/09/2023 19 / 23

HIKE Beam TrackerDesign similar to GigaTracKer, but using the timeSPOTtechnology (initially developed for LHCb) new sensor with better time reso: 3D trench pixelsnew electronics (28nm, <1.5W/cm )²cooling frame instead of plate to reduce materialbudget to 0.3% X₀operated tilted by 20° to get full efficiency
Charged-particle timing with 10 ps accuracy using TimeSPOT 3D trench-type silicon pixels. Front. Phys., 2023.

Plate

Frame

Timespot1: a 28 nm CMOS Pixel Read-Out ASIC for 4D Tracking at High Rates, JINST 18 P03034

https://doi.org/10.3389/fphy.2023.1117575
https://iopscience.iop.org/article/10.1088/1748-0221/18/03/P03034


19/09/2023 20 / 23

Radiation Hardness and EfficiencyNo significant performance degration observed up to 2.5·10  n¹⁶ eq/cm !²Detection efficiency fully recovered with a 20° tilt angle

A. Lampis et al 2023 JINST 18 C01051
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Neutrino TaggingSpecifications are even more stringent than for HIKE, as to be competitive, a tagged neutrino experiment need to track about 10  π/s¹²
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Tracker for Neutrino Tagging TimeSPOT technology can allow to build such tracker, but requires very advanced integration techniquesCooling power will ultimately determine the time resolution (>1.5W/cm )²3D integration is considered with an active cooling plate to distribute power, clock, data (10 Gbps/cm  with photonics intergrated circuits on cooling ²plate) and reach the desired efficiency and low material budget
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Summary and ConclusionsNA62 has open a new road to study very rare decays with 4D trackers4D tracker could also open a new road for high precision neutrino physics with the neutrino tagging techniqueThe first two tagged neutrino candidates have been observed at NA62
Both projects are to be continued with HIKE and the development of a tagged neutrino experiments (SBL and LBL)Impressive (σ =10ps) ₜ technological achievements have been reached and pave the way for the next generation of 4D trackers
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