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Flavour Physics Hidden sector Physics
Search for New Physics atthe = Search for lepton flavour Search for New Physics below the EW
EW scale with sizeable coupling and number violation, scale (MeV-GeV) feebly-coupled to SM
to SM particles via indirect rare and forbidden particles via direct detection of long-
effects in loops: decays: lived particles:
Experiment main goal: K+ s nt Fet Dark Photon(DP), Axion Like
BR(K+ Ly ot _) n _,u+ 1 Particle (ALPs), Dark Scalar (S),
Bl S K* =7 1"l Heavy neutral Lepton(N)
KT = utvX

+ 7+
(Kt — nt7%) 79 = invisible KT =N



The NA62 experiment at the SPS

p on 40 cm Be target.
75 GeV/c unseparated hadrons beam:

m*(70%), K* (6%), p(24%).
100 mrad divergence (RMS)
60x30 mm? transverse size.

NA62 @ CERN North Area, exploits a
400 GeV/c primary proton beam from
the SPS. 2 x 1012 protons/spill



Y [m]

1 Target KTAG
—)Izat:—l—H= iz

|SPS proton beam

o
|

N
]

The NA62 detector

AV

STRAW

Vacuum

\

Upstream particle:

GTK: Si pixel tracker
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Decay region detectors (m*): Vetos:

KTAG: Differential Cherenkov for K* ID STRAW: Track momentum spectrometer LAV/IRC/SAC:
CHOD: Scintillator hodoscope photons

CHANTI: Anti-counter for inelastic RICH: For /u/e ID MUV3:
LKR/MUV1/2: Calorimetric systems muons 4

interactions



K+ — mtvv decay

B(KT — ntwp)
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Uncertainties
[Buras et al., JHEP11(2015)033]

® FCNC loop processs —d coupling with high CKM suppression
® Clean theoretical prediction: short distance contributions
e Hadronic matrix elements: obtained from KI3 measurements and SU(2) isospin symmetry

- o B VI | 2.8
BR(K* — nu) = (0.84 £ 0.03) x 1010 ( Vel (
JF 2 mm) = 3) X 0.0407

2l
73.2°

0.74 |
) = (0.84 £ 0.10) x 10~V

® Channel sensitive to physics BSM



— qttyv selection

2 2
, Mmiss = (PK Bl PW)
Selection steps: < o012l . 2018 Data
e K*and m* track reconstruction o TeRE ' SM K*—mtvv
. St .
O LO: presence of charged particles ©, 0.1
and u/y veto ~E 0.08
O L1: K*ID+ photon veto 0.06 .
e K*-1r* matching TE .« ° - .
o Excellent time resolution O(100ps)  ©0-04 | - . e -
e Decay vertex FV + other cuts 0.02 | sibhitmifetatliod el . L i st s
e 1" ID (ut rejection ~ 107) 0 ! ey
e Photon rejection (~ 107) 0.02F
e Kinematic cuts (M2, Px): -
Signal regions + control regions defined: -4~ -~~~ .
blind analysis performed 15 20 25 30 35 40 45
e Normalized wrt K*—m*m© acquired with Vo = 10012042, £ 119, 7" momentum [GeV/c]

.. . . o NP = 7.03500
a Downscaled minimum bias trigger S e o 17 events observed



Br (K* —mt+vv) results

bins from 15-45 GeV/c to increase

§ 1zl Bxpected background
s " _I_ Ubserved.daty e Maximum likelihood fit using
é _2016 2017 it . observed data and background
Z 8 i i expectations in each category
i e 2016, 2017,2018 with old
6 —— collimator (S1) and 2018 with new
i collimator (S2)
4 =1 e S2:sample splitin 5 GeV/c wide
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JHEP 06 (2021) 093

BR(K' — mtvp) = (10.615 0star. £0.95,4:.) x 107 (3.40 significance)




K+ — nt*vv and New Physics
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Marzocca et al., Eur. Phys. J. C (2022)
Generic scalar Leptoquark model
addressing B anomalies

® Large deviation from the SM

expectation seems to be
excluded

A more precise measurement is
needed: Run2 (2021- LS3) with

the goal of reaching O(10%)
uncertainty measurement

See also, for example:
Buras et al., JHEP11 (2015) 166

Isidori et al., Eur. Phys.J. C (2017) 77

8
Tessio B. de Melo et al., Phys.Rev.D 103 (2021) 11




UL on BR(K*—>7*X) at 90% CL
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JHEP 06 (2021) 093

Feebly interacting particles K* — n*X,,,,

Feebly interacting scalar or pseudaoscalar X: K* = m*X;,, has same signature as K* — sttvv
Searches performed looking for a peaking signal in the m2,,;;; = m2x distribution

Upper limits @90% CL for a stable or

decaying X particle with lifetime t
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Flavour Physics Hidden sector Physics
Search for New Physics atthe = Search for lepton flavour Search for New Physics below the EW
EW scale with sizeable coupling and number violation, scale (MeV-GeV) feebly-coupled to SM
to SM particles via indirect rare and forbidden particles via direct detection of long-
effects in loops: decays: lived particles:
Experiment main goal: K+ s nt Fet Dark Photon(DP), Axion Like
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Motivation for LNV and LFV searches

Lepton Number (L) and Lepton Flavour (L, Ly, L;) are foreseen in some BSM
theories: conservation laws in SM are not imposed by any local gauge symmetry

Observation of neutrino oscillations provided the first proof of LF non
conservation, however no evidence of LNV has been observed so far

Searches for K decays violating LV and LN conservation are powerful probes of BSM
models at mass scales up to O(100TeV)

K meson decays complement searches in B meson or lepton decays:

Pure leptonic LFV processes: p — ey or p — 3e (MEG, MU2E, MU3E)

Quark-lepton LFV processes of the type d — due as the neutrino-less conversion p+ (A, Z) — e + (A, Z)
Quark-lepton LFV processes of the type s — dpe as the kaon decays: K" — n'ue (NA62)

Lepton number violating decays as the neutrino-less 2f-decay or K" — n I'l", B" — X" I'l", where X = 1,K p (NA62,

LHCb, Belle II) y



LFV and LNV in Kaon decays

Lepton Number (L) and Lepton Flavour (L., L, L;)

¢ Lepton number violation:

eg: Kt >m ute*
AL=2 via Majorana neutrinos, Type |
see-saw mechanism

¢ Lepton flavour violation: eg: K* >m - e
Ale=1and AL,=1
Kot s " ! o+ Via leptoquark (couples with
5 T d fermions of more than one family),
- Z' (family non universal coupling) ,
12

+ oF FV ALPs..



LNV and LFV analysis strategy

Blinded analysis strategy: signal region kept closed until final background validation
in control regions

Track selection: momentum direction from STRAW, time from CHOD + RICH
Reconstruct the 3 particle decay vertex within the FV

Particle identification PID LKr, MUV3, RICH. Photon veto LAV

The invariant mass M of the three selected tracks build under the PID hypothesis is
used to distinguish between signal and background (typically o,~1.4 MeV)

M, = (Z’ P; )2 where P is the four momentum of the selected track

Normalization channel chosen according to the different final states, in order
to optimise the cancellation of systematic effects such as trigger efficiency or
intrinsic detector inefficiencies

Different trigger Downscaling factors are kept into account when applicable

13



LNV and LFV analysis strategy

JHEP 03 (2023) 122

Trigger line Downscaling LO triggers [10°] L1 triggers [107]

PNN 1 1540 74
_ Non-y 200 30 12

MT 100 39 4

2uMT 2 150 30
eMT 8 193 22
uMT 5 99 10
DV-u 5 140 0.3
DV-2u 3 160 5

Neutrino 15 10 3

Control 400 94 94

e Different trigger Downscaling factors are kept into account when applicable

14



Background sources

1. Mis-identification (mis-ID) probabilities measured z L"“; Lxr:::i(n-)
from data as not well modelled in MC: g0 Fm Mesesessin
Prie: t* - e* from sample K* - " n* v o f \R.‘EGL’:S;&TJE:-)
Pert: e* - nt* from sample K* - nile*v _§1°’
n* - u* and u* - e* have been considered 10+ LKRICH based 10 (=
(accidentals in muon detector (MUV3)). :
Prou: (2-3)x103 Peu: (10%) 10°

2. Decay in Flight (DIF)

T — [y
L H
u-—ev
0 + £ .
n° — e ¢y (Dalitz decay)
Pion decays accurately described in the

simulation - Biased MC with forced decay

3. Accidental background. Mostly due to pile-up muons
coming from beam particle decay

Pen

—e— MisID probabiity, LKr based
—— |D inefficiency, LKr based
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Search for K* — - utu*

Normalization channel: K* - t* utu

BR(K* - n* u*u)=(0.962 + 0.025) x 10”7
from PRL 697,2 (2011)

NAG62
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PLB 797 134794 (2019)

Search for K* — - utu*

Normalization channel: K* - t* utu
BR(K* = mt* u*u)=(0.962 + 0.025) x 10”7
from PRL 697,2 (2011)

Partial data sample, not full Runl

. . . < F Dat
Error on the bkg is dominated by statistics 208 -NAG62 S S
Process Expected background g E [ | K+—>n+1t'u+v
K3z (no 7 decays) 0.007 £0.003 = al B K >nety
IK3,, (one 7* decay) 0.25+0.25 10% = B K on'utye

K3 downstream (at least two 7% decays) 0.20£0.20 E2] = o+ e
K37 upstream (at least two 7w+ decays) 0.24+0.24 qC) 3 r ‘-I K —>H VIH u-(x10)
Kt —>natutu~ 0.08+0.02 >10° = -
Kt —>nata—puty 0.05+0.05 w B
K+ > ntr—etv 0.07 +0.05 -
K+ > ptoptp~ 0.0140.01 10%:
Total 091041 -

LNV A= 9.81% assuming uniform 0=

phase space densities 1L

SES=(1.28 £0.04) x 1011 107"

Nops = 1

10_2 Lt g
BR(K+ ST ”+M+ ) <42 1011 @ 90% CL 380 400 420 440 460 480 500 520

m(n u*p*) [MeV/c?] 17




PLB 830 137172 (2022)

Search for K+ — srete”

Normalization channel: Kt > it efe-
BR(K* = mt* e*e’)=(3.00 £ 0.09) x 10/
fLom PDG, PTEP, 083C01 (2020)

Data sample: full Runl

% f o} ‘
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= F =
o B X 1 ¢
o L o

10°E

E 10—1:_

10 F

1
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107" | il
350 400 450 500 200 250 300 350 400 450 500 550
m(n*e*e’) [MeV/c?] m(re*e*) [MeV/c?] 18



Search for K+ — srete”

Normalization channel: Kf > it ete-

BR(K* - 1t* e*e’)= (3.00 + 0.09) x 107

from PDG, PTEP, 083C01 (2020)

PLB 830 137172 (2022)

Data sample: full Runl

| |—e— Data ¢

)
e 3 3 = 5 - + +, +_—
Mode Lower region Upper region Masked region Signal region %’ | K'—e've'e
K'->nle'v
K+ — 7T+7T+7T_ 0.9 = - - E = K+_>n91t+n
<
=+ +r—pt _ _ _ 1 iR
KT —>mTm e v 3.3 : 1:-K"‘_),,t+1t e+v
K+ —>natn) - 0.02 0.01 - e F
Kt — ety 3.74+0.7 1.204+0.24 1.23+0.25 0.29+0.06 5 L
Kt —etvete 0.740.1 0.76+0.15 0.47 £ 0.09 0.14+0.03 |_|>J -
Total 8.6+0.9 1.98 +0.39 1.714+0.34 0.43 £ 0.09 i
Data 8 1 1 0 10 '+
LNV A= (4.32) % assuming uniform i
phase space densities -
1072

SES = (2.28 £ 0.07 ) x 1011

Nobs = 0

BR(K* >t e'e’ ) < 5.3 10X @ 90% CL

200 250 300 350 400 450 500 550
m(n e*e*) [MeV/c?] 19



PLB 830 137172 (2022)

Search for K* — mnlete*

Normalization channel: Kt > it efe-
BR(K* = mt* e*e’)=(3.00 £ 0.09) x 10/
fLom PDG, PTEP, 083C01 (2020)

Data sample: full Runl

QSJ " B °¢>\-> L |-e-Data
210, 3 A EKe ‘
N F ~ [ | E>10Mev
51 oL < | [EK-r'nm
— | + +
= E 2 HK >n*ndy
L% - 010" | E<10MeV
) B w . .K+—)1I:+1t0D'Y
10°g - | E>10 MeV
- 102E
10E -
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10~

300 350 400 450 500 550

_4
10400 420 440 460 480 500 520 540 560 580 600
m(n*e*e’) [MeV/c?]

m(r le'e*) [MeV/] 20



Search for K* — mnlete*

Normalization channel: Kt > it efe-
BR(K* = mt* e*e’)= (3.00 £ 0.09) x 10/
from PDG, PTEP, 083C01 (2020)

Mode Control region Signal region
| «x*—>nata'z) 0.16 +0.01 0.019
Kt > nataly 0.06 4 0.01 0.004
Kt — nletvy 0.05+0.02 -
K+t — ntnlete 0.01 0.001
| pilewp 0.20 +0.20 0.020 + 0.020
Total 0.48 +0.20 0.044 +0.020
Data 1 0

LNV A= (0.27140.003 sys) % assuming
uniform phase space densities

SES = (3.69 + 0.12) x 1010

Nops =0

BR(K* - "% etet ) < 8.5 1010 @ 90% CL

PLB 830 137172 (2022)

Data sample: full Runl

% - |-e-Data
g 1L |[lK >nge'vy
= E| E>10Mev
= T *_ ot 0-0
g L [BK —n'ntng
2 - WK -ty
010" =| E<10MeV
w C K oy
- | E>10 MeV

4 I
10400 420 440 460 480 500 520 540 560 580 600

m(r rle‘e*) [MeV/] 2



Search for K*—mn* u* et (m°—u-et)

Normalization channel: Kt > vt vt v
BR(K*—> 3 mt)=(5.583 + 0.024) 10 -2 from

PDG, PTEP, 083C01 (2020)

Source Kt > zaptet KM >atuet 729 = pet

K" - atata” 022+0.15 00.84+0.34 10.224+0.15
Kt - ztete 10.63+0.13 negligible negligible
Kt = ytyeter  0.1340.02 negligible negligible
Kt > gta~etv, 0.07%£0.02 0.05£0.03 0.01 £0.01
Kt - atutu 0.01+0.01 0.02 £0.01  negligible
K" = ety uty~  0.01£0.01 0.01 £0.01  negligible

Total 1.07 £0.20 092+0.34 0.23+0.15

Kt>m ut et

-
T T T

-
o
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w

-
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T T

T T

i

s

¢ Data
B K onnte
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B K-ty
B K onete
B K —p've's

K'—sru'u—

Events / (4 MeV/c?)

K'—e'vuu-
~ Total uncertainty

i

}.

Data/MC _.

BK* - nutet) <42 x 1071,
BK* = rtue™) <6.6x 107!,
B(n’ - uet) <32x 10710,

i ,f.rq

E"lTT'!ﬂT]Tﬂml!mlm T

OO0 —=a
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N ) | 11
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00 "550 600 .
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e MEV/C?]

K¥ > pte’ ! my= 107 1020,
Kt > ntu=et: nyy =0.92+0.34,
= p~et: np, =023 +0.15,

PRL127 131802 (2021)

K+%T[+ H— e+

¢ Data
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PLB 838 137679 (2023)

Search for K* — uvetet

Normalization channel: Kt > it efe-
BR(K* = mt* e*e’)=(3.00 £ 0.09) x 10/
frgm PDG, PTEP, 083C01 (2020)

Data sample: full Runl

© | g [~ Data
>10° 12K >’
2 O HmK'-r'ne'v
< h g [ K:—m"ng
240°k i o LK —nr'e’e
:’j 1 ¢ f % .........
0 10 ———j———i———f L,
10 o o
i _ Y
10 E P
i | 1
o

500 55 _0.02 -0.01 0 001 002 003 004 005
m(n*e’e’) [MeV/c?

mZ,. [GeV¥c] %




PLB 838 137679 (2023)

Search for K* — uvetet

Normalization channel: K* - nt* e*e- Data sample: full Runl
BR(K* - mt* e*e’)=(3.00 + 0.09) x 107’
from PDG, PTEP, 083C01 (2020)

"g ——Data
Mode | Region Lower Signal Upper o 1 02 | I:l K+ Sttt
m —
K+ > atmtm <0.07 <0.07 1412+ 11 o O ot
I+ = ata—etv 001+001  016+002  867+1 - 0 - §+—>n+1coe M
K+ — m+m+n— (upstream) < 0.03 006+0.03 15+03 g HEIK —-n'mg
K+ m+mretv (upstream)  0.01£0.01  0.01+0.01  0.14+0.03 o H[ 1K —-n'e’e
K+ - nle*v 002+001  0.01+001  0.02+0.01 T - o
K+ > etvputp- <0.01 <0.01 0.05+0.02 °
-
Total expected 004+0.02 026+0.04 228111 210 e
(TR it st s + £ ) T e
Data 0 0 2271
Y
LNV A ,vee= (£ Sys) % assuming uniform
phase space densities ]
SES =(3.53+0.12) x 1011
NOQS=O Laa gl aaaldg

BR(K+ N Wwv etet ) < 81101 @ 90% CL -0.02 001 O 0.01 0.02 O.r(')‘g‘Iss ?G.oe4\/2/c?4.]05 24




NA62 LNV and LFV searches recap

Decay channel Previous B UL (PDG) NA62 B UL statistics improvement
Kt —saputpt 8.6 x 101 4.2 x 107 ref ® | 25% of Run 1 | ~ factor 2
KT > eter 6.4 x 1071 5.3 x 1071, ref ? full Run 1 ~ factor 12
Kt — nnltet — 8.5 x 107, ref 7 full Run 1 —

Kt s aputet 5.0 x 10710 4.2 x 1071, ref 8 2017-18 ~ factor 12
Kt s atuet 5.2 x 10710 6.6 x 1011 ref ® 2017-18 ~ factor 8
7 = pet 3.4x107° 3.2 x 10710, ref 8 2017-18 ~ factor 10
K™ — p vete® 2.1 x 1078 8.1 x 107, ref ? full Run 1 ~ factor 250

NAG62 is significantly contributing to these searches

25
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Heavy neutral lepton searches

Right handed neutrinos or Heavy Neutral Leptons (HNL) are included in several extension
of the Standard Model

Search for HNL produced in K decays: K*>u*N, K*>e*N due to mixing with standard
model neutrinos /

Production: K" — 1" N \

Search for apeakinm’=m_. *= (P _-P)

K" —>I'v)=IK" —I"v) - p(m,) - [U,

Width of the K + leptonic

. . . squared neutrino mixin
decay involving SM neutrino q g

parameter HNL N can be considered
HNL productionis - gffnematietacy stable in production
enhanced kinematically 3s- .
wrt SM decays (except 3 experlments

near kinematic 2.5
endpoints). 2

Factor ~10° 15t
enhancement in the +
K* — e*N case: 0.5

helicity suppression is o o bl  ovusel
Cb 50 100 150 200 250 300 350 400 450 500
relaxed. HNL mass [MeV/c?] 27




Search for HNL production in K* decays to leptons

* Precise tracking and PID to reconstruct e*/ u*: matching the two tracks together
* Veto every other in time activity O(100ps)
e K*-I*N decay should appear as a positive sharp bump in m?, at the side of the K* >I*v peak

© n Kt > etN|— Data B ety - 10° ge+ St ‘ Data
>10° | K'>e' A TeY ‘f C 1K —u'v()
8 DK+ + |:| " ¢ I 8 108 = (non-Gaussian tail)
ot :—m Y ] —)u v (upstream) [|! N = B K —pve)
8 S 167 = K s
= S E E B K'—>n’u'v
P "'r,..rﬁff., . \L“\ s - [] Uncertainty on the
§105 Fal Slgnal S == i 10 § estimated background
g 7 10° :
- = Signal region
10* £
10 = C
10?
| | | | I I | 5 | H
0.1 0.15 02 01 005 0 0.05 0.1 015 28
mmiss [GeV /C ] mrzniss [Gev2/c4]
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Search for HNL in Run I

Right handed neutrinos or Heavy Neutral Leptons (HNL) are included in several extension of
the Standard Model

/ NAB2 (K.,)

2015 data, |
[

T T T TTTTT

NABZ (K )
b ] 2015 data NA62 (K N)
2016-2018 data

T |||IIII|

|

| M
e =
| E949 (K,y) A W
C 1
[ PIENU (1) | [N, RN Y (| J,-ﬂv ui
| 4% i \ ‘*“\ \TT‘LL}“.‘! l“ | |

2016-2018 data

T IIIIII|

'ARTRIAN
Al

lII!lll]llllllllllllllllllllllllllllllllIIJ

50 100 150 200 250 300 350 400 450
HNL mass [MeV/c?]

e ((107) limits on |Ue4|?

® Big Bang nucleosynthesis (BBN) allowed
range (dashed lines) improved up to 340
MeV/c?

e ((10°8) limits on |Uu4]|2 over the HNL mass
range of 200—-384 MeV/c?

e Results consistent with E949 experiment
and UL extends at higher masses

e More than 2(1) order of magnitude
improvement for e*(u*) Run | results

compared to 2015 results
PLB 807 (2020) 135599 PLB 816 (2021) 136259 29




LETTER of INTENT CERN-SPSC-2022-031

Phase | Proposal:

High Intensity Kaon Experiments

Flavour Physics Hidden sector Physics
Search for New Physics at the = Search for lepton flavour Search for New Physics below the EW
EW scale with sizeable coupling and number violation, scale (MeV-GeV) feebly-coupled to SM
to SM particles via indirect rare and forbidden particles via direct detection of long-
effects in loops: decays: lived particles:
Experiment main goal: K+ s rE Feot Dark Photon(DP), Axion Like
BR(K+ + _) i _,u+ T Particle (ALPs), Dark Scalar (S),
( e I K™ — 1"l Heavy neutral Lepton(N)
Kt s utvX

Kt S IT™N

(KT — 7t7%) 7% — invisible
Phase Il and Phase Il proposal: multiporpose K, experiment and K, = n®vv



K* — mtvv BSM in HIKE

* Goal of the experiment is to have a statistics after acceptance, eff : Nmvv/year ~ 100
* Inthe SM, K* - mt*vv has only vector nature

* In BSM theories, LNV/LFV contribution can ari§e Deppisch et al, JHEP 186 (2020)
B(K* = ntvv) = B(K" — nvi)sm + Z B(K" — 7r+v,-vj)LNV.
i<j

From simulation:
Purely vector

¥ [

x10 X107

0.16

Purely scalar:

M

0.12 ; 0.25

0.14

T

T

01

Illllll

0.06

T

0.04

IIIIIIII

i 0 31
70 80
p, [GeVic]




Feebly interacting particles K — n*X, ., in HIKE

Feebly interacting scalar or pseudaoscalar X: K* = m*X;,, has same signature as K* — sttvv

Searches performed looking for a peaking signal in the m2,,;;; = m2x distribution
Xiny : €ither dark scalar mixing with the Higgs Boson

Projection of the sensitivity for the search for HIKE phase | assuming x40 statistics wrt
NAG62 runl (Kaon mode, left)
The same measurement is accessible in HIKE beam-dump mode with complementary

o 107
ol

=
47

10

HIKE Phase

m [GeV/c?]

sin%)

107
10—42—
10—5;—
10-6;—
10-7;—
10—8;—

NA62 Runl (K-navv, n%-inv)

o[/
10 = LHCb )
L0-10[MECHARM Production
f—HIKE (10'%)
10~ [—HIKE (5x10'%) S—>ee upu
10-12: M | TR | T | L
g 19 =" 10"
mg [GeV]

sensitivity
(right)

of B > KIS,
nut, KK decays
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90% CL
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Heavy neutral leptons in HIKE

i OKA (K,y) NA62 (K
TRIUMF (r eN) . 2015 data
= EK- (Ko uN)
- \ \ H" r\ |
— \ ' \ \ ) |1\ M -"J JI ‘I \|1 ‘
I l\ {”.J \ ‘\q M, ) A o llr» N
B 1 " N \'w/' L !
o g / u \ yr Y/ \
= Y'l I‘Wl\ |{x\}",\| I \\‘Dﬂ NAGZ (KW
— '\4 'ﬂﬂj M || N \ 2015 data NA62 (KpN)
i \ 2016-2018 data
'5 |P‘. ) E949 (K,p)
=Y
- |
- | HIKE Phase 1)
L |
L PIENU () ™ ¥y 4 \
NA62 (K.,) x\,\'v'wl.‘ ﬂ. A ) m‘h
= 2016-2018 data / \/\\"v,1“||lw\,’}l|'/'|" | i s
- . v W ‘H \
| HIKE Phase 1
I|IIIl|]III|IIlI|IIII|IIIIIIII|IIII|IIII|I
50 100 150 200 250 300 350 400 450

HNL mass [MeV/c]

Upper limits at 90% CL of the
HNL mixing parameters for NA62
and sesitivity for HIKE Phasel

Highly downscaled software
trigger is coservatively assumed

One order of magnitude
improvement foreseen if a
triggerless data taking is
implemented
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Conclusions

The NA62 experiment is contributing to Flavor physics and complements BSM
searches

Evidence of the K* - m*vv decay has been measured in Run | with ~40%
uncertainty on the BR. A O(10%) uncertainty measurements is expected at the end
of Run I

Large improvements on most LN and LF violating K* and m® decays ULs: upper limits
down to 1011

A search for HNL production in K* decays to leptons has been performed,
imposing upper limits on the | Uy |2 down to 10 covering a large mass range

A new experiment, HIKE, is at proposal state with exciting prospects:
- BSM physics can be discriminated with a K* - vy measurement more precise
than 10%
- LN and LF violating decays are limited by statistics: expect improvements with
Run2 and HIKE (one order of magnitude in the SES)
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Spare slides
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Aebischer et al, arXiv: 2203.09524 [hep-ph]

NP Scenario References Decays
Z-FCNC 100{101,107,108/113] Kt — ntvi, K, — v, €/e
A /56(100]101]105]106], K+ = mtup, Ki — i, AMy, €' /e
Simplified Models 76 Ky — v, &' /e
LHT 11411116] All K decays
331 Models 105] Small effects in K — 7vw
Vector-Like Quarks 58 K+ = ntvp, K = 7%0p and AMg
Supersymmetry 117——120?,_121-—125 K* = ntvp and K — mlvi
2HDM 126)[127] K+ — ntvp and K, — nvi
Universal Extra Dimensions 128]129] K* — ntvp and K, — 7vi
Randall-Sundrum models 81}[130133] All rare K decays
Leptoquarks 86,109, 110] all rare K decays
SMEFT 101 134] several processes in K and B system
SU(8) 135 b— stti—, KT — ntvp, K — nvi
Diquarks 136/137] ex, K¥ = ntvp, K;, — 7w
Vectorlike compositeness 138] R(K®), R(DW), e, K* — wtvp, K — v




[Target is
removed!

1[proton bean

NA62 in beam dump mode
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CDA,,, [mm]

Search for A’ — u+u-

Expected signal:
CR

80
70
60
50
40;

30:
SR

40 0 10 20 30 40 50

CDA:ax closest distance of
approach between the beam
direction at the TAX entrance

Z:ax — longitudinal position

0.0012 =

m

0.001

0.0008

f events / [2 mm x

10N Of

0.0006

Fract

Background mainly from
random time superposition of
two uncorrelated muons:
0.016 £ 0.002

0.0004

10~%g

0.0002

10—k

w 1075¢

107

|
Excluded region 10~

1078

10*3:

arXiv2303.08666 (2023), submitted to JHEP

90% CL UL
—— NAG2 A’ = L, obs.
A= puu, exp. £lo .
A' = uu, exp. 220 ]
Past experiments

1 event observed

(2.40 significance)

E

— B0
M, [MeV]
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Search for A’ — et*e

CR = control region

— 200
S

SR =signal region _
T T NAGZPrSlIaTy
100
50F
950

No data event has been observed in the
Signal Region

=
o
S

Ev./[0.5 mMm X 0.5 m]

&
=
o

S

[uy
9
w

1074¢

Background mainly secondaries of
particle’s interactions with traversed
material (“prompt”):

0.0094%3-953 @ 90% CL

ETTTIT D T T T T T T TRV T IR TR T

90% CL UL
Past experiments
—— NA62 A’ - ee, exp.
A’ ee, exp. 10 |
A’ - ee, exp. £20

NA62 Prleliminary:

104
My [MeV/c?]
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NA62 LNV and LFV searches recap

Previous UL NA62 UL
@ 90% C.L @ 90% C.L
K — il'-lll+,ll+ 8.6 x 1011 4.2 x 1011 2017 data — improved by factor 2
K — rete" 6.4 x 10710 5.3 x 101! 2017+2018 data — improved by factor 12
Kt — mrnletet no limit 8.5 x 10710 2017+2018 data — first limit
K — it',ll+e+ 5.0 x 10°1° 4.2 x 1011 2017+2018 data — improved by factor 12
|_K+ — 7T+lll'£’+ 5.2 x 101 6.6 x 10 2017+2018 data — improved by factor 8
7I0—>y'e+ 3.4x10° 3.2 x 1010 2017+2018 data — improved by factor 13
K — 7t+”+e' 1.3x 10 - sensitivity similar to the previous search
7r0—>,u+e' 3.8 x 10°1° - sensitivity similar to the previous search
K — ‘ll'\'e+£’+ 2.1x 102 8.1 x 1011 2017+2018 data — improved by more than 2 order of magnitude
K — evu'u® no limit - Ongoing analysis: 2017+2018 data S.E.S ~ 10!

40



TT T T [T T T T [T T T T [T T T T [T T T T[T TTTJ T

. Central value and total errors
Statistical+systematic errors
Statistical errors only

PDG average (2022), without NA62 r
E787 (1997)

207 events

- H——t

E865 (2000)

430 events

HyperCP (2002)

110 events

NA48/2 (2011)
3120 events

NA62 (2022) ?
27679 events

IIIII|IIII|IIIIIII|I|IIIIIIIIII

4 5 6 7 8 9 10
B(K* - wtut )

Form factor parameter b,

Form factors (FF)

¥
dl'/dz o« GpME(a + bz) + W™ (z) [z=m(*17)?/Mz]

K+ —mt utu results
* Model indipendent measurement of the Bruu branching fraction

* Determine the form-factor parameters a. b,
* Forward-backward asymmetry

JHEP11(2022)011

a, =-0.575+0.013
b, =-0.722 + 0.043

BR(K* > m*u*tp™) =(9.15+0.08) x 10~8

_0.5 J_ T 171 l T T T | EJE BN § I L '. T—T N'A'62' (;t‘l'u)‘ llll M
B 68% CL contours: I %] L L L
r NAG2 (rpp) 2 0.034¢ —— Ky, Data
0 6; o | NA48/2 (nup) g 0.032F [ SM prediction
el B NN | NA48/2 (nee) H r ]
- o N\ R (nce) (stat only) | § 0.03f E
0.7 R . ‘_é 0.028F E
. 1 5 0.026F .
C ] z X 1
0.8 N - 0.0241 =
C ] 0.022f r
-0.9F - 0.02
C ] 0.018
1 - 0.016
—I L1 1 I L1 1 [ JL | I 11 1 | L1 11 1 I | | : 0'01 4
0.64-0.62 06 ~0.580.560.54 052 -05 4 05 0 0.5 1
Form factor parameter a. cosHK#
Lepton universitality: same a, b forl = e, u 41



K+ — mt*vv New Physics

NP affects K* and K, BRs differently: measure of both can

discriminate among new physics scenarios

N
o

MFV:
arg A,
= arg Vi3V

[ur}
u

BR(K, — n%¥) X 101

A; or Ap only:
2
ICK |NP o< Im Ai(}{) / A’IZ(:)

Ap +Ag | x|AT
\General NP I_M

M

20

15 25
BR(K* — 7) x 10"

0 5 10

30

Models with CKM-like flavor structure:
O Minimal Flavor Violating models

Models with new flavor-violating
interactions in which either LH or RH
couplings dominate:
o Z/Z' models with pure LH/RH
couplings
o Littlest Higgs with T parity

Models with general LH and RH NP
couplings

Grossman-Nir bound:
0 Model independent relation
BR Oyy
(KL_WW_)X&SI 42
BR(Kt = mtvy) 1




K+ — mt*vv and New Physics

[
=]

® Large deviation from the SM
expectation seems to be
excluded

]
L1

=]

® A more precise measurement is
needed: Run2 (2021- LS3) with
the goal of reaching O(10%)

% uncertainty measurement
BR(K* — ztvy) X 10"

BR(K; — #'vv) % 10"

0 5 10 13 20 25

BR(Kt — ntvp) = (10.6 73 sta. = 0.95,¢.) x 10711 (3.40 significance)




K+ — m*vv beyond the Standard Model

Buras et al.,JHEP11 (2015) 166

Z' (5TeV) : Constrained MFV

10

- -
3 {ex, AMg} Q20 40
| == | {A.‘/n\,. A“[,;_} Q20
" b—sp p @20 (1503.06199) | |
| =
= R 30
~ % :<
N ]
2 T
& = 2f
= 2
o =
= X
..:: —
(et
M
(l~ - L L 0
6 8 10 12 14

I {
BR(K* — wtww) [1071]

New Physics: BR sensitive to the highest mass sca

New Physics Models: MFV; Simplified Z, Z’; LFU violation;MSSM; Leptoquarks..

10 |

Isidori et al., Eur. Phys.J. C (2017) 77
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BR(K — n'vi) [1071]

10

K+ — m*vv beyond the Standard Model

Buras et al.,JHEP11 (2015) 166

Z' (5TeV) : Constrained MFV

3 {ex, AMg} @20
mm {AMp,AMp} Q20

b—sptp @20 (1503.06199) | |

L4
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L4
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¢ L d
L4 4
o NA62 o
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BR(K* — wtww) [1071]

10° x BR(B* = K**vi)

Isidori et al., Eur. Phys.J. C (2017) 77
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New Physics: BR sensitive to the highest mass scale

New Physics Models: MFV; Simplified Z, Z’; LFU violation;MSSM; Leptoquarks..
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K+ — mt*vv and New Physics

- T ] 10°° : 1.6

%Y
—

B(K; ~r%vy) x 101
BR(K * —n )

i | _10-3
Vi Vi =10
102 103 104

2.0 myz (GeV)

1012

B(K " =ntyy) x 1010

Marzocca et al., Eur. Phys. J. C(2022) Tessio B. de Melo et al., Phys.Rev.D 103 (2021) 11
Generic scalar Leptoquark model Z' mediated interactions, setting lower limits on

addressing B anomalies the 7 mass mZ’~5TeV at =0 45




Feebly interacting particles K* — — n*X, , in HIKE

Feebly interacting scalar or pseudaoscalar X: K* = m*X;,, has same signature as K* — sttvv
Searches performed looking for a peaking signal in the m2,,;;; = m2x distribution

* Projection of the sensitivity for the search for HIKE phase | assuming x40 statistics wrt
NA62 runl
Xiny : €ither dark scalar mixing with the Higgs Boson (left) or an ALP with fermionic coupling

@ 103 i 107t
£ =
N |
1072
1075
10°¢
1073
1077
1078 10
-9 [ - :
10 HIKE Phase 1
10—5 I I VS VR TR P A 1
1072 107! j | 47
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—

Mass resolution [MeV/c?]

HNL mass resolution

e Selection for each HNL mass
hypothesis (my) requires
| rnmiss - le <:I--Sa.m

IIIillllillIlillllillllilllIillllillllil
. 100 150 200 250 300 350 400 450

HNL mass [MeV/c?]
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Selection Sketch NAG2Z ()

SM: Kt - ntete™
LNV: Kt - n7etet

Select 3-track events forming a Q=+1
vertex in the FV.

Each track has momentum of 6—44 :
GeV/c with >200mm separation at LKr.

|pnee(7mee) - pbeaml <2(3)GeV/e,
pr <30MeV/c.

LAV photon veto

For K — 7 n'¢*e™ search
reconstruct 7° — yy decay from 2
isolated LKr clusters (neutral & charged

vertices must be consistent).

2N = 2LKkr — D12V E1 By /mxg
yJoeI Swallow

> MoriondEW March 2022 5
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HIKE design
HIKE Phase 1 (K™) -

Electromagnetic Calorimeter

Focusing & Large Angle Vetos _ I RICH_ Calorimeter / M;:t';(\:g:
Sweeping Magnets / Ny \\\’ e i
TAXes / \ Cherenkov I \ p = u ] /St
Kaon Tagger S Calorimeter
an
U [ ]}
_— LY T / e 1 )
P - N . Small Angl
e b . Veto Counter — ) ANTI-0 f N Elecc;t"l%:ir:ré?\e%i(
Charged Anti-coincidence Downstream Spectrometer Timing _"l‘s‘lzz't‘:z:’,::‘gf]::‘cg
‘ Detector Fiducial Volume with STRAWTracITers Detecll:or CalariTmr |
I Y S N I T T N | I I | ' — i | T T [ |
0 510 50 100 150 200 250
Z[m]
o : Improved timing is the crucial element
: 1.2 103 protons on T10 per spill (4.8 sec) P 8

to be able to increase intensity 4 x NA62
» Decay in flight technique, experience from NA62 and similar layout

« Essential K* ID, momentum, space and time L
+ High-rate, precision tracking of pion Statistical power:

« Minimize material 2 10®3 Kaon decays in decay volume

« Highly efficient PID for photons, pions, electrons and muon vetoes per year

+ Highly efficient and hermetic photon vetoes

- High-performance EM calorimeter (energy resolution, time, granularity)  Technological solutions exists for all detectors

Slide by C. Lazzeroni 50



Test of Lepton Universality and Explicit SM Violation

Lepton Universality tests:
kKrs@mtpti skt eswtete . Ry = I =g )Tk~ =)
Search for LFV and/or LNV :

PDG 2022
LFV mode 90% CL Experiment  Yr./Ref. Type
upper limit
Kt—srte ut  1.3x107l BNL-865 2005/ [16] LFV
K+ —rtety~  6.6x10711 NA62 2021/ [17] LFV
K1 — pe 4.7x10~12 BNL-871 1998/ [18] LFV
K —7epu 7.6x10~ 1 KTeV 2008/ [19] LFV
K — 1% 11010 KTeV 2008/ [19] LFV
Kt —smetet 5.3x10~ 11 NA62 2022/ [20] LNV
K+ —nnltet 8.5x1010 NA62 2022/ [20] LNV
Kt —rutpt  4.2x1071 NA62 2019/ [21] LNV
Kr—etfetpTuT 4.12x10~1 KTeV 2003/ [22] LNV
Kt—aputet  4.2x1074 NA62 2021/ [17] LNFV

Slide by C. Lazzeroni

Search for feably interacting particle production:

Kt > I*N, KT > ntX, ..
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Scientific goals of HIKE

The HIKE comprehensive programme consists of several phases using shared detectors
and infrastructure:

Phase 1: K*

A multi-purpose K* experiment  (after LS3)

Scrutiny the K* physics with the highest precision:

*Measurement of the K* - m*vv branching ratio to a 5% relative precision, matching the
SM theoretical uncertainty.

*Precision measurements of K* - m*I*I~ decays, and a precision lepton universality test.
*Searches for lepton flavour/number violating decays and lepton universality tests
*Measurement of the ratios of the branching ratios of the main decay modes to permille relative
precision

*Improvement of other existing rare decay modes

*Searches for production of feebly-interacting particles in K* decays.

*Collection of a dataset in the beam-dump mode

Slide by C. Lazzeroni 52



Scientific goals of HIKE

Phase 2 and 3 : K, (not before LS4)

Phase 2: a multi-purpose K, experiment

Measure K, modes of particular interest:

*Observation of the ultra-rare decays K; - m°l*I” or establishment of stringent upper limits at

0(1071) level

*Measurement of the K; - u*u~ decay branching ratio to a 1% relative precision

Search for lepton flavour violating decays at the O(107?) sensitivity

*Measurement of the ratios of the branching ratios of the main decay modes to permille relative precision
*Collection of a further dataset (up to 5x10° POT) in the beam-dump mode (with appropriate time sharing
with kaon mode)

*Characterisation of the neutral beam necessary to proceed to the third phase of HIKE.

Phase 3 (KLEVER):

Measure K; > vV to 20% relative precision

*Search for production and decay of feebly-interacting particles
*Search for additional FCNC K, decays and forbidden K decays

Slide by C. Lazzeroni 53



