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Kaon physics why? — test and challenge the Standard Model (SM)
This talk covers

e Kt = vy

e K* decays and Lepton Number Violations (LNV)

e K* decays and Heavy Neutral Leptons (HNL)

and a brief overview of other activities at NA62
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*PDG: Phys. Rev. D 98,
030001 (2018)

The K* = w* vv decay

«These loop-induced rare decays are sensitive to new physics, and will allow a
determination of B, independent of its value measured in B decays.»*
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FCNC: Strongest CKM suppression in the Kaon sector = strongest constraints.
Very clean theoretically: Short distance contribution. No hadronic uncertainties.
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The Kaon Factory: NA62

NA62 has around 200 participants from
the following Universities or Institutes:

Birmingham, Bratislava, Bristol, Bucharest,
CERN, Dubna, Fairfax GMU, Ferrara, Florence,
Frascati, Glasgow, Lancaster, Liverpool,
Louvain, Mainz, Moscow, Naples, Perugia, Pisa,
Prague, Protvino, Rome |, Rome Il, San Luis Potosi,
TRIUMEF, Turin, Vancouver UBC
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The Kaon Factory: NA62

[NA62 beam and detector, 2017 JINST 12 P05025]
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http://iopscience.iop.org/1748-0221/12/05/P05025

The Kaon Factory: NA62

[NA62 beam and detector, 2017 JINST 12 P05025]
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Secondary beam: 75 GeV/c positively charged particles, 70% nt*, 23% p, 6% K.
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2017: 1.9x10? protons/spill, 3.5s spill, particle rate at GTK: ca. 500 MHz
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The Kaon Factory: NA62
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The Kaon Factory: NA62

X [m] [NA62 beam and detector, 2017 JINST 12 P05025]
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Decay-in-flight technique

X [m] [NA62 beam and detector, 2017 JINST 12 P05025]
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K* = m vv: Main background decay modes

Decay mode | BR | Main rejection fools

pu—ID + kinematics
v-veto + kinematics
multi + kinematics

v-veto + kinematics
e—ID + ~-veto
u—ID + ~v-veto




The Kaon Factory: NA62
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The Kaon Factory: NA62
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The Kaon Factory: NA62
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Trigger and data collected

Run 1:

2016: Physics run (45 days*) 1.9 x 10'2 proton per
2017: Physics run (160 days*)  SPill on target (3s)
2018: Physics run (217 days*) ~2X 10** K* decays

Dec 17 Apr 18 Aug 18 Dec 18

* Includes periods with beam off
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Trigger and data collected

Run 1:

2016: Physics run (45 days™) 1.9 x 10'2 proton per
2017: Physics run (160 days*)  SPill on target (3s)
2018: Physics run (217 days*) ~2X 10** K* decays

Dec 17 Apr 18 Aug 18 Dec 18

* Trigger streams (hardware LO + software L1) * Includes periods with beam off
« “PNN”:
* LO: presence of a charged particle, photon and muon veto
* L1: kaon identification, photon veto, STRAW track reconstruction
e “Control”: minimum bias, presence of a charged particle downscaled by 400
e Offline analysis
« Data samples: PNN; Control: K* = it'r®, K* = p'v, K* = i'rt'ie, KY = timcetv
 Blind analysis procedure: signal/validation regions masked during the analysis



K* = 1 vv: Signal selection

K* decay events in the fiducial decay region selected Signal region 1 and 2 are blinded.
before PID and y/multi-track rejection Selection criteria

K-m*rtr * 7w*identification: g, ~ 64%
K*->m*non? « Single track decay topology

* - multi-track rejection

* K*-7m* matching: 110 m < Z,tex < 165 m
* Photon suppression

e 15 GeV/c < p,.. < 35 GeV/c, in order to have an optimal
nt/u separation in the RICH and reduction of early
decays.

Background suppression details:

* Muon suppression > 10’

* nt®suppression (from K* = rt*n® ) > 107

70 8g [(%%V/l?o « Excellent time resolution O(100 ps)

Signal region 1 « Kinematic suppression ~ 0(10%)
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K* = 1t vv: Signal acceptance

| | | | | | | | | | |
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Kt = T vv: 2017 data-set

o“ Control and signal region MASKED - data

o
‘6@0 Signal Region 2

Upstream background validation region
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K* = 1 vv: Single event sensitivity

N, # observed K* —= i
A signal acceptance from simulation (~8.5% *)
BR;: branching ratio * vactor form
R: reduction factor applied to CTRL trigger factor hypothesis
A signal acceptance from simulation(~3%*)

: Etrig: trigger efficiency

j i

NK'Z (Amv' €irig Crv Erv: random veto efficiency

J

j: momentum and intensity bins



Trigger and random veto efficiency

E4rigq- trigger efficiency measured on data Egys Measured on K*'>p*v decays in data
1 1

0.9

0.8
0.7
0.6
0.5
0.4

0.3 Photon + Multiplicity Rejection
0.2 Photon Rejection

LKr Veto

0. 1 LAV Veto

7" momentum [15,20] GeV/c

ciency

i

>
3
c
)
. p—
=
=
=
.
)
=1
=T
«
=
e

Random Veto Eff

Stat+systematic uncertainty
| | | |

200 400 600 800 00 100 200 300 400 500 600 700 800 9001000
Intensity (MHz) Intensity [MHz]




K* = 1 vv: Single event sensitivity 2017 data-set

NK'Z (Afw\,'E

J

Source

Uncertainty x 1010

LO trigger
Acceptance
Random veto

L1 trigger

Normalization background

V. |
wig €RV

+0.015
+0.012
+0.008
+0.003
negligible

# observed K* = trrt®

signal acceptance from simulation (~8.5% *)
branching ratio

reduction factor applied to CTRL trigger

* vector form
factor hypothesis

signal acceptance from simulation(~3%%)
trigger efficiency

random veto efficiency

momentum and intensity bins

S.E.S. = (0.389 4+ 0.021) x 10~ *°
BR(SM)/S.E.S. =

NP =216 £ 0.12 4 0.260,¢ (M)

UNZ4%




K* = 1t vv: 2017 data-set: background

Control K* — n*nt® data used to study
the tails of the m?_.__ distribution
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Kt = T vv: 2017 data-set:

Control K* — n*nt® data used to study
the tails of the m?_.__ distribution
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Kt = T vv: 2017 data-set:

Control K* — n*nt® data used to study
the tails of the m?_.__ distribution
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Kt = T vv: 2017 data-set:

Control K* — n*nt® data used to study
the tails of the m?_.__ distribution
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K* = m vv: 2017 data-set: background

Further background source:

Upstream background = Kaon decays or interactions

before the fiducial volume (FV):

- loss of all daughters except one ©t* that reaches FV

- ©* may undergo scattering in first tracking chamber
(STRAW 1)

» back-extrapolation leads to a fake vertex with other
beam particle falsely tagged as Kaon

In-time pileup =000 ? " extra . Fake decay
beam particle ! vertex

K*(75 GeV) |




K* = m vv: 2017 data-set: background

Further background source:

Upstream background = Kaon decays or interactions Total background
before the fiducial volume (FV):
- loss of all daughters except one n* that reaches FV Process Expected events

- m* may undergo scattering in first tracking chamber m
(STRAW 1) ' —

» back-extrapolation leads to a fake vertex with other Kt — nt7%(y) IB 0.29 £ 0.03 ¢4t £ 0.034y5
beam particle falsely tagged as Kaon Kt = utv,(vy) IB 0.15 £ 0.02414¢ £ 0.045y
K+ = ntnetu, 0.12 + 0.0510¢ =+ 0034
KT —natao gt 0.02 & 0.02,,
In-time pileup __ 2€Nromat o Mapoisiey ' eal? | Kt wty 0.005 + 0.005,,

beam particle | ], [TT=~£ NSty e vertex
~~~~~ n K+ — [T7%, negligible

—E—h@w = -
K*(75 GeV) i Upstreas background 0.9 £ 0.244 £ 0.2,

___________________

Total background 1.5 £ 0.2510¢ = 0.255



K* = 1t vv: 2017 data-set: result
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K* = 1t vv: 2017 data-set: result

+ data
2o a0 AR 0 Single event ) 329+ 0.021) x 100
= e sensitivity
‘ = \ Expected 15 +0.30
P~y P e T T background T
B
Expected

signal events 2.16 £ 0.12 * 0.26,,
(SM)

Events

30 35 40 observed
7" momentum [GeV/c]

Two events observed in signal region.



Kt = m vv: 2017 data-set: result
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K+ —) Tc V\—/: 2017 dat Observed Expected (background only) CL

Br(K* > ntvw) < 1.76 x 1071°  Br(K* - 7tvv) < 1.41 x 10710 90%
Br(K* - ntv) <211x1071°  Br(K*t ->ntvw) < 1.76 x 10719 959
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Historical evolution of measurements

v Camerini . o
B Ei::: upper mi & 20 € 2016 and 2017 result combined
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v carke Events observed 3
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Single event 10
. . (0.346 £ 0.017) x 10
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E787+E949 ) NAﬁZ EX ected
e 1.65  0.31

background

11
10 1960 1970 198 1990 2000 2010 2020

Year of Publication

Br(K* - ntvv) = (0.472372) x 10710




Historical evolution of measurements
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The ‘Exclusion plot” compared to SM prediction
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Testing the SM — other probes in NA62

n0—invisible with ©t°from K* decays : Preliminary result: BR(n® = inv.) < 4.4.10° @ 90% C.L. = factor 60
improvement wrt. state of the art.

* Lepton Number Violation (LNV) and Lepton Flavour Violations (LFV): test for Majorana (massive) nature
of the neutrino. = next slides

* Heavy Neutral Leptons (HNL): three right-handed (sterile) neutrinos N, are added to the SM , they mix
with classical neutrinos (Neutrino Minimal SM)—> next slides

* Lepton universality: Ry
 Dark photons from Kaon decays: K* = nt*n®, 19 = A’y, with A” = invisible .

» Axion like particles (ALPs)—> dark matter candidates: dump the beam ahead of detectors with copper
collimators closed = produce B and D mesons decaying promptly into exotic mediators and SM particle
- e.g. study ALP — yy

* Dark photons from visible decay e.g. A” = Il in beam dump events.
 HNL and Dark Scalar in beam dump events.

.. more exotic, rare decay studies and precision measurements.
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LNV: 2017 sub-data-set

Physics Letters B 797 (2019) 13479
LNV si

2 1 = B K —nmp'y » No new physics observed
2 21 o' = Pdiv
€ 8107 RSl K — o BR UL @ 90%
T o « NA62: 4.2 101
1 * PDG: 8.6 1011
" K*— 1 e*e*: BR UL @ 90%
1 « NA62: 2.2 1010
« PDG: 6.4 1010

107"

10°380 400 420 440 460 480 500 520 » factor 2 and 3 improvement in

A e Mevie] M i) [MeVic world upper limits

m(ne'e’) [MeVic’]

K* = rmre*e* : no event observed. K* = rtu*u* : 1 event observed.
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HNL: 2016 + 2017 data-set

E— | ——Data [l v e’y | + Preliminary results, 1/3 of

[ K>uvy (E <10 Mev) | N 1]k ey B wouy the full NA62 data set.

|:| K*outvy ‘E-Fm MeV) : D K"—m’v D n’:—m-‘v (upstrezjlm)

[ ] K’—m vy (upstream) | A . : 2l > No HNL production signals
R — are observed.

SM signal
region R
¢ 8l | U|?%: elements of the
-0.05 0 0.05 0.1 0. 15 0.2 extended neutrino mixing
Selection: K*>p*N m2._ [GeVZicY] Selection: K*>e*N M2, [GeVZ/c’] [y

Decays in the fiducial volume: ~1.6x108 K* = p*v and ~3.7x105 K* — e*v JNU/GEEVANNES NI QIS ARN ISV (o R AL/
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HNL: 2016 + 2017 data-set

KEK (1984) MYl © Preliminary results, 1/3 of

" ootN. K syt A (2017
K'—e™N, K'-p'N iy L_)“)N the full NA62 data set.
OKA (2018)\ M \I'.’
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Selection: K*>u*N m2,__ [GeVZ/c’] HNL mass [MeV/c?] re.sult and extends UL to
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This result: K'—e N

Decays in the fiducial volume: ~1.6x10% K* — p*v and ~3.7x10° K* — etv
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K* = T vv: summary and plans

TN S [ S = (0.389 + 0.021) x 10710 2 events in signal
CUYREEIN Fxpected background: 1.50 4 0.30 events [{EUEACIEISEREL

Al 5 (KT — 7)) < 1.85 x 10710 @ 90 % CL
p VISR P X N WA T\,0 sided 68% band:

vs SM prediction: (0.84 + 0.10) x 1010
result BR(KT — 7 vv) = 0477072 x 10710
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TN S [ S = (0.389 + 0.021) x 10710 2 events in signal
CUYREEIN Fxpected background: 1.50 4 0.30 events [{EUEACIEISEREL

Al 5 (KT — 7)) < 1.85 x 10710 @ 90 % CL
p VISR P X N WA T\,0 sided 68% band:

vs SM prediction: (0.84 + 0.10) x 1010
result BR(KT — 7 vv) = 0477072 x 10710

Plans and outlook

e 2018 data analysis on-going: 2 x 2017 data-set.
* On-going studies to increase signal efficiency.

* On-going studies to reduce the random veto.

e Event shape analysis.

* Plans to strongly suppress the upstream background in future runs.
* Hardware improvements such as beam line optimisation.

* Run 2(2021-2023): Run at higher beam intensity foreseen.



Summary and outlook: NA62

* With the NA62 experiment at CERN, a considerable spectrum of ongoing and
potential measurements to test and challenge the Standard Model is available.

* The high intensity Kaon beam and the beam dump configuration provide the basis
for rare decay studies, precision measurements as well as Dark Matter and New
Physics searches.

* Three K* = w*vv events observed (2016-17), moving the measured BR closer to SM
prediction and challenging its uncertainties.

* Results on Lepton Number Violation and preliminary searches for Heavy Neutral
Leptons suggest no new physics so far.

* More precise measurements to come with analysis of all data 2016-2018 ...

... and with future data recordings in Run 2 with higher intensity and O(10%8) POT
for beam dump.
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Backup
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ALP

ALPs with photon coupling. Current
bounds (filled areas) and prospects for
PBC projects on 10-15 years timescale

(solid lines) in the plane coupling g,,,
versus mass of ALP.

Prospects of NA62 with O(1018) POT.
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Dark photon in beam dump

Future upper limits at 90% CL for
dark photon in visible decays in the
plane mixing strength € versus mass
m, for PBC projects on a ~10-15 year
timescale.

Prospects of NA62 with O(1018) POT.

14/02/2020
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Dark Scalar in beam dump

Prospects on 10-15 year timescale
for PBC projects for the Dark Scalar . ]‘? RedTop, ]0'|pot
mixing with the Higgs in the plane . T CHARM | i)
mixing angle sin20 versus dark scalar

mass mg

(based on E949 data)

(US+AS2)HH
L =sin S—uw KLEVER, ';,\,",,”,M pot___
L=0 SN1987a

Search for two opposite sign charged
tracks in the NA62 fiducial volume.
Expected 90% CL exclusion contours
* Including trigger/acceptance/selection
efficiencies
e Assume zero background
14/02/2020 Simone Schuchmann, JGU Mainz
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