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* The NA62 experiment at the

CERN kaon beam facility




The NA62 experiment at CERN NIIEZQ

A fixed target experiment at the CERN SPS dedicated to the study
of rare decays in the kaon sector.

A § + Detector installation completed in 2016
* Physics runsin 2016, 2017 and 2018

e Data taking resumed in July 2021,
approved up to CERN Long-Shutdown-3...

g e RS  Main goal: BR(K* — ©*vv) measurement

' : & ° Broad physics program thanks to unpre-
Kl cedented statistics for many decay
‘ modes

5
*
P
Pt

~300 physicists from 31
institutes in 11 countries

+ NA31 NA62 Run2

1986-98 " 19972007 2002  2003-4 2007-8  2016-18  2021...
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The NA62 kaon beam

NA62 JINST 12 PO5025
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SPS beam: 400 GeV/c proton on beryllium target, 3 102 /spillL

One year ~ 2 10'8 protons on target ~ 5 10'? K* decays
Beam structure: ideally, uniform over a 4.8 s long spill

In practice, significant variations of instantaneous beam
intensity during the spill
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Instantaneous beam intensity [MHz]

75 £ 1 GeV/c unseparated secondary hadron beam (70% pions, 24% protons, 6% kaons)
Decay in-flight technique: the high energy kaons decay in a ~¥60 m fiducial region
Beam rate: 600 MHz; K* rate ~ 35 MHz; 4 MHZ K* decays in the fiducial volume

IntenS|tv Vs tlme durlng the spill
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The NA62 detector NIIEZQ

JINST 12 (2017) 05, P0O5025

>

Fiducial decay region | _— |
Liquid Krypton
0m 105 m 165 m e.m. calorimeter 255 m

STRAW CHAMBERS: Dipole IRC/SAC:
spectrometer (4 straw-tracker stations) CHODs y veto

GigaTracker: Beam tracking
Hadron Beam (Si pixels 4 stations) Vacuum ~ O(106) mbar

750 MHz l \ ]
Target\ T EecEs ‘J‘ e B B -4 . I
- amlet === = |
KTAG: Differential / / ]
Cherenkov for K* ID VetoCc]>Iunter \ A —
(scintillator)
CHANTI: Anti0: LAV- | arde ana £ hotor f f / /
: nti0: muon LAV: Large angle photon RICH: u/z ID MUV: u-veto (Fe/scint)
Charged veto halo veto vetoes (OPAL lead glass) 1 atm Ne
 Beam Si pixel spectrometer (GTK) e LKr: electromagnetic calorimeter
e Decay products magnetic spectrometer * Veto system (LAV, iRC, SAC, CHANTI, MUV,
(STRAW) HASC)
e Particle identification system (KTAG, RICH, * CHOD: scintillator hodoscopes

MUVs) e Multilevel (LO, L1, L2) trigger
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. Run 1 integrated luminosity
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* Run1(2016-18): N~ 10*3 useful K* decays with the main trigger » Currently: ~ 2 10'8 pot/year,
Sample 2016 (30 days, ~ 1.3 X 101 ppp): 2 X 101! useful K* decays ~5 102 K+ decays/year

~1.9 X 1012 2 X 1012 < Beam-dump mode:
Sample 2017 (160 days, ~1.9 X 10** ppp): 2 X 104 useful K+ decays ~ 410" pot collected so far
Sample 2018 (217 days, ~2.3 X 10*2 ppp): 4 X 1012 useful K+ decays

* Run2(2021-...): in progress (up to 3 X 102 ppp), approved till 2025

Precision measurement Flavor Physics Dump mode: Hidden sector Physics
Search for new physics with | | Search for lepton flavor & | | Search for New Physics below the
precision measurement to test | | lepton number violation, EW scale (MeV-GeV) feebly-coupled
the Standard Model. rare & forbidden decays. to SM particles via direct detection
of long —lived particles.
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% Searches for Lepton Flavour and

Lepton Number violation
in kaon decays
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Candidates observed: 11041
BR(K+— n*tete~) = (3.00%+0.09) X 107
K+ decays in FV: (1.015%+0.032) x 1012

Expected background: 0.43+0.09 evt
Candidates observed: 0
BR(K+—metet) <5.3x10-1" at 90% CL
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Searches for K*-> 1~ pu* p* NA6Z

SM selection: m(m* u* ")

LNV selection: m(mr~ u* u?)
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Expected background: 0.91=+0.41 evt
Candidates observed: 1

BR(K*—m-pwu*) < 4.2 X 10-1 at 90% CL
PLB 797 (2019) 134794

Candidates observed: 8357
Background: 0.07%

BR(K+*—n+utu-) = (0.962+0.025) x 10-7
K+ decays in Fid.Volume: (7.94%0.23) x 101




Squared missing ma
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Expected background: 0.044+0.020 evt
Candidates observed: 0
BR(K+*—n~ nletet) < 8.5 % 10-1%at 90% CL

PLB 830
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Expected background: 0.26 +=0.04 evt
Candidates observed: 0
BR(K*—u-vetet) < 8.1 X 10-11at 90% CL

PLB 838 (2023) 137679
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Expected background: 0.92+0.34 evt
Candidates observed: 2

BR(K*—mu-e*) < 6.6 X 10-1 at 90% CL
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Search for K= 7°rue decays

NAGZ
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I
450 500 550 600

550 |161(()1?°n‘u*e6‘)5?MeV/02] 40 500 50 g?:?"n’u-e???MeV/czl m(n°n‘u*e§;5?MeV/c"’]
Mode Expected Candidates Upper limit of BR
background observed at 90% CL
Kt>non-u+e* 0.33+0.07 0 2.9x10-10
K*—>non*u-e* 0.004+0.003 0 3.1x10-10
K+>n0n+u*e- 0.29+0.07 0 5.0x10-10

3 new results! to be published

C. Biino 12
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LNV/LFV K* and n° decays, NA62 Run 1

102 107" 10 "° 10°°
Upper limits of decay BRs at 90% CL

SUSY 2024 LFV/LNYV searches C. Biino 13
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% Searches for Hidden Sectors

in kaon decays
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K*—>n*nor°
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p_. [GeV/c]

K+ —> mtvv decay

Main K* decay modes
(>90% of BR) rejected
kinematically.

Resolution on m?_,..:
0=1.0x10"3 GeV*/c?2.

Measured kinematic
background suppression:

v Kon*n?% 1x107-3;
vV K>utv:  3x1074

Further background

suppression:

v" PID (calorimeters & RICH):
u suppression ~10-8,

n efficiency = 64%.
Hermetic photon veto:
n%—yy rejection

factor = 1.4x10-8,

C. Biino
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g 12 lmmgmu Expected background
s 10 + Observed data
2 F i
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= B : H :
Z 8 __ . . .
6 N —
4t
Y Y WA NS T T Y ATUR. WU U [ SO ST ST SR NN SN ST S A N U3 SRR N :
15 20 25 30 35 40 45 2 ,
7 momentum [GeV/c] 4 H N —
. ° ° ° : xsusu ||E|| ||E|| 1||llllilgl!ulilg!lllhlmi# igalll 11
20 events observed in the signal region e
® Combining the complete Run 1 data set and assuming BRg(8.4 == 1.0) 101! Category
Nexe = 10.01 =042 . = 1.19
o _ o et JHEP 06 (2021) 093
N background — 7.03 ** -0.82

SES = (0.839 % 0.053,,, ) x 10!

BR(K* — " v ¥ ) =(10.6 **9 3 4 | 5ot £ 0.9,:) X 101! 3.4 significance

SUSY 2024 K+— atvv C. Biino 16
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Squared missing mass (2018 data)
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JHEP 06 (2021) 93

0.08

 Signal regions R1,R2: search
for K+ — n+X (X=invisible),
0 <my < 110 MeV/c? and
154 < my < 260 MeV/c2.
- Interpretation: dark scalar,
ALP, QCD axion, axiflavon.
- Main background: Kt—m+vv

"« Search for 7° — invisible in the

ntnl region

- Negligible SM rate (t°>4v)
- Observation = BSM physics.
- Reduction of % - yy
background: optimised

" momentum range.

- Interpretation as K+ — n*X
with my between R1 and R2.

JHEP 02 (2021) 201



UL on BR(K*—n*X) at 90% CL

Dark scalar searches below the K mass

UL at 90% CL of BR(K* = 1t* X) vs my

i m— ‘ R ~ 107 ! z - I 5 =
- vs assumed lifetigne | | \ [\/ o - ; 3
N 1! L & P s | n%—invisible i ]
10° “ L (NA62 2017 data) i KTEV :
- z '\WOONE 21
- %5 107’ £ KOTO (2020) 1T\ LHCb
1070 & g —— gy e W ‘ ]
= o e HAI V;E‘ i
K - R | '
2 / =100 ps 2 : :'\
1071 '/ < =200ps S 10 .
© =500 ps wv ALSND 1
t=1ns X 0 \\\ #* 5
[ [—Na62 st s 5 | K — 77X K= n*X '
_ t=5ns [T BRIK'— '¢) p12 - y 7
D ' | (KOTO)  (NA62 Run 1) :
0 50 100 150 200 250 O s I - Pr0g- Phys. -
2 E 86 (2023) 016201]3
my [MeV/c] 20 50 100 200 500
m, [MeV/c2]

Mass resolution is dmy ~ 40 MeV/c? at my=0, and improves with my
Upper limits of BR(K*—>7nt*X) established depending on X mass and lifetime
Improvement on BNL-E949 [PRD79 (2009) 092004] over most of my range

Interpretation shown here: the dark scalar model
Note the KOTO result based on 2016-18 data. [PRL125 (2021) 021801]

SUSY 2024 K+ — nt X JHEP 06 (2021) 93




* Basic event selection same as for K* - n*vv decays

* Rejection of (K* = n*n’(y), ©° — vy) decays: simulations based on single-photon
efficiency [JHEP 02 (2021) 201].

* Validates n° rejection estimates for BR(K* = m*vv) measurement

e 2017 data only — reaching limits from photon veto inefficiency

* K., trigger and selection used, with 0.015 < m?_,. < 0.021 GeV?/c*
. Y rejection vs mt momentum UL at 90% CL of BR(K+ — n* X) vs my
10
* = - ’
& C O 10"
‘_T_ , S 102
107 Region D 03
- —T— used for 3 L
: the search l = T -2
— 10°
10'85— I 6
S 1 10
L v v T 10-7
10° % 10‘:
- . 22 — B
C Exp' bkg' 10+ -8 g 1?10 Ty = T, =5ns T, =2ns T, =1ns
- Observed: 12 10 T, =500ps 7, =200ps T, =100 ps
1009520 2% 30 3B a0 45 L A S
.\ tum [GeV/ 011 012 013 014 015  0.16
7t momentum [GeV/c] m,, [GeV/c?]

19 SUSY 2024 BR(TCO—) inViSibIE) <4.4x10° at 90% CL C. Biino 199
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Pair production of exotic states - Kt — et e~ ete”

Mo e omA e mm e M P e R N R e A e e

Topologies at leading QED/ChPT order: ,wt
Theory: SM allowed - .
BR=7.2 £ 0.7 X 1071 (outside m° pole) W }{é
(1) K*>m+y* (2a) Kr>my*y* (2b) K*—>n*n0*

Dark sector probe:
K* - mraa with a - e*te- QCD axion, e.g. m;=17 MeV BR=1.7 X 10>
K* = m*S with S > A’A’ dark scalar and A’ = e*e™ dark photon (mg > 2mA’)

w
[&)]

)

Goal: Search for: 1) SM process (K ,4.); 2) QCD di-axion; 3) Dark cascade

T

Condition on m,,

T f K*-S>rmtaa K* - m*S with § - A’A’ dark scalar
< 3H Uniform phase space S B : : '
1 o 3 L = L i
Signal: K4.and Kt—>mtaa “Dark”) {:25:\ Mass scan 5 MeV/c? step 2300- ..............
Same selection as K4, ¢ L Exclude the QCD Axion -l
Choice of the optimal e *e ~mass pair & 2\ as explanation.for the £250 o
5 f \ 17 MeV anomaly »
O 15f
§
®
-
=

: N
1 \
Normalization: K*->mtn0p) : . / :
0.5_ \._______/ - . .
- — Di-axion:AA mass:scan 10°
07720 720 60 80 100 120 140 160 100 (mA’ m) distribution

Axion mass [MeV/c?|

smoothing (low MC

50

Fattcti \
SLAlistics)

SM: BR(K 54,) < 1.4 108 @90% CL

1 l 1 1 1 111 111 111 111 111 111 1
20 40 60 80 100 120 140 160
A' mass [MeV/c?]

[ ] ] +
Limits on K* = m*aa and Dark cascade PLB 846 (2023) 138193
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RUN1
» Trigger lines: K, for K"—>e*N; Control/400 for K*—>u*N.

< Numbers of K* decays in fiducial volume:
Ny =3.5x10"2in the positron case; Ny=4.3x10? in the muon case.

% Squared missing mass: m?;..=(Px—P;)?%, using STRAW and GTK trackers.
* HNL production signal: a spike above continuous missing mass spectrum.

Squared missing mass: (Px—Pe)? Squared mlssmg mass: (Px-P,)?
g : 109 E_+ .............. o g Data
N>106 . o : _K —H V, ! I Koutviy)
8 E : 108 BR ..... 64% ........................ j (non-Gaussian tail)
P s | A= : -2 2G candidates _ K -pv(y)
8 [ || BR= (O N S S o [ Korrr
S  LJ|]||3-9Mcandidates. T T~ . B K -n'ncy
- i [ Uncertainty on the
S10% ] Lo e, TO T estimated background
i F L1 P N N N ____________________________
+ +
al . p —>e’vv
10 E - I’J'[+—)e+v ...................................
. (suppressed by
. good vertex (accidental | M
B resolution) U mis-tagging)’
- .
1 I 1 1 1 I 1 1 1 1 l 1 1 .
0 0.05 0.1 0. 15 0.2 -0.1 -0.05 0 0.05 0 1 0.15
mlss [GeVZ/C ] mnss [GeVZ/C ]
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. T | g % 1
| [Rept.Prog.Phys. 86 (2023) 016201]] = E
L i o Michel | / .l
10 10 ] electron |/
_1_ < | - = KEK | & 1l
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a [Treay K'SeN| & 1~ \\\& lJ‘A6q 1
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= . s - L J
! Electron coupling 1 - : Muon coupling
10" 107"
102 10" 1 1072 10 1
my [GGV] my [G(’V]

% For |U.4|?, complementary to search for n*—>e*N at PIENU.

< For |U,4|?%, complementary to search for K*—u*N at BNL-E949.

“ In both cases, complementary to HNL decay searches at T2K.

% Future kaon and pion experiments will approach the seesaw bound.

< An upper limit at 90% CL: BR(K*—>u*vvv)<1.0x1076,
and similar limits of BR(K*—>u*vX), with X=invisible.

SUSY 2024 PLB 807 (2020) 135599 PLB 816 (2021) 136259



Physics program with charged kaons successfully pursued at CERN SPS by NA62.
Run 2 (2021-): in progress (up to 3 X 10%? ppp), approved till 2025.

®* Kaon decays: a unique probe for new physics
v’ Large decay samples are available (~10% decays)
v’ Often simple and clean final states, low backgrounds
®* NAG62 at CERN is collecting data from 2016 till at least 2025
v World’s largest multi-purpose sample of K* decays
v" First measurement of the ultra-rare K* — w*vv decay

* NA62 LFV/LNV programme: stringent limits on 10 decay modes

® Searches for hidden sectors in kaon decays at NA62 address a
range of PBC benchmark scenarios
V'Kt — 1t X yisinie: dark scalar and ALP K* — £* N: heavy neutral
leptons

SUSY 2024 Outline C. Biino 23






Search for leptonic decays of the dark photon at NA62, arXiv: 2312.12055 [hep-ex] (2023), submitted to Phys. Rev. Lett.
Measurement of the K* — w+~~ decay, Phys. Lett. B. 850 (2024) 138513.

Search for K* decays into the n*ete ™ et e™ final state, Phys. Lett. B. 846 (2023) 138193.

A study of the KT — w%et v~ decay, JHEP 09 (2023) 040.

Search for dark photon decays to u* ™~ at NA62, JHEP 09 (2023) 035.

A search for the Kt — p~ vete™ decay, Phys. Lett. B 838 (2023) 137679.

A measurement of the Kt — n ™ u™ decay, JHEP 11 (2022) 011.

Searches for lepton number violating K — 7~ (n0) etet decays, Phys. Lett. B 830 (2022) 137172.
Search for Lepton Number and Flavor Violation in K+ and 0 Decays, Phys. Rev. Lett. 127 (2021) 131802.
Measurement of the very rare K — 7" viv decay, JHEP 06 (2021) 093.

Search for K decays to a muon and invisible particles, Phys. Lett. B 816 (2021) 136259.

Search for a feebly interacting particle X in the decay K™ — = X, JHEP 03, (2021) 058.

Search for ¥ decays to invisible particles, JHEP 02, (2021) 201.

An investigation of the very rare K™ — nt v decay, JHEP 11 (2020) 042.

Search for heavy neutral lepton production in K+ decays to positrons, Phys. Lett. B 807 (2020) 135599.
Searches for lepton number violating K+ decays, Phys. Lett. B 797 (2019) 134794.

Search for production of an invisible dark photon in w° decays, JHEP 1905 (2019) 182.

First search of K — w+vir using the decay-in-flight technique, Phys. Lett. B 791 (2019) 156.

Search for heavy neutral lepton production in K decays, Phys. Lett. B 778 (2018) 137.
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