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Seeking new physics through Flavour

Flavour physics is a special laboratory to look for physics beyond the Standard Model (SM)
* Loops are sensitive to the presence of new physics
* Inrare processes new interactions can give major contributions

* New interactions can have different symmetries with respect to the SM

Two strategies:
* Search for deviations with respect to SM predictions
— e.g. specific Flavour Changing Neutral Current (FCNC) processes
» Search for processes forbidden by (accidental) symmetries of the SM

— e.g. Lepton Number (LN) and Lepton Flavour (LF) violating decays
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Seeking new physics through kaon decays

Strange particles provided many building blocks in the construction of the SM

Kaon physics continues to help building the SM

Recent NA62 results covered in this talk

FCNC:

« K¥ > vy } very clean theoretically =~ «——— the main reason of NA62
e Kt »mtutu } looking for new physics beyond the branching ratio

LNV, LFV:

« K" > ete”

P S new results

- Kt > nputet

« Kt s>ty et
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NA62 experiment @ CERN Super Proton Synchrotron

Fixed target experiment installed in the CERN North Area

* Runl: 2016, 2017, 2018
* Run2:in progress, from 2021 till LS3

La Thuile, 11/03/2022
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NA62 beam and detector

[2017 JINST 12 P05025]
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* Secondary hadron 75 GeV/c beam: 70% pions, 24% protons, 6% kaons

* 60 m long fiducial region, ~ 5 MHz K* decay rate, vacuum ~ O(10°®) mbar
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The decay K = mvv

1% 74
B(Kt — ntup) B(Kp — mvi)
* FCNC process with highest CKM suppression 5P, 7
ch
Exceptional SM precision 2.0% PO(X) 0%
* Basically free from hadronic uncertainties Vo] 1.8%

X;

other

9.9%

1.0%

SM branching ratios:  [arXiv:2109.11032]
Kt - rntvi(y) = (8.60 +0.42) x 10~ 11

14.9%

Y

K; » %y = (294 +0.15) x 1011 Vol
Theoretical error budget ~ [JHEP11(2015) 033]
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K — mvv : an example of sensitivity to new physics

Correlations are model-dependent
[JHEP11 (2015) 166]
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B(K* — ntvp) [1071]
* Models with MVF
* Z/Z’ models with pure LH/RH couplings, Littlest Higgs with T parity

* Randall-Sundrum
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Important to look at the global picture (K, D and B)
[Eur. Phys. J. C (2017) 77:618]
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* New interactions responsible for LFUV coupling mainly
to the third generation of left-handed fermions
* EFT with new interaction satisfying an approximate
U(2)q X U(2), flavour symmetry



NAG2: KT — vy 2016+2017 data
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2016 + 2017 data

BR(K* - mtvv) < 1.78 x 10710 (90% CL)

= 0.48%372 x 1071°(68% CL)

Grossman-Nir limit: BR(K; - %) < 7.8 x 1019(90% CL)
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Grossman-Nir bound

(model independent)
BR(K-m%vv) _ 1,
BR(Kt-ntvv) 1
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NAG62: K™ - mv¥v 2016+2017+2018 data(RUN1)

[JHEP 06 (2021) 093]
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Category
BR(K+ - vY) = (10.6259 srar £ 095y5c) X 107 68% CL 5ES = (0.839 + 0.0534,5,) x 10~ 11

exp _
Most precise measurement of the decay rate to date Ny = 10.01 £ 04255 + 1.19x;

exp __ +1.05
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History of KT — mTv¥v measurement
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(10~ 1]

B(K = 7'vp)

Implications of K™ = w7 vv measurement
and prospects

Part of the parameters space is already ruled out

I[JHEP11 (2015) 166] LQ model in U(2)5 scenario [arX|v 2016 15630]
20

15

B(K;-n"w) x 10
>

o
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B(K*—ntvy) x 10'°

The dotted purple circle is the predicted precision

of the high intensity kaon experiments of the future

B(KT = rtvp) [1071]

Next target: reach at least x3 improved
precision to match theoretical uncertainty
0(10%) by LS3
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KT > atu™u": Theory

Sensitive to new physics, LFU test together with electron channel

* FCNC decay mediated by the virtual photon exchange K* » nty* » wtutu~
* Long-distance hadronic contributions

« Differential decay width expressed in term of the Dalitz variables z = m? _/MK and x = m +/MK

ut
Nucl. Phys. B291 (1987) 692-719, Phys.Part. Nucl. Lett. 5 (2008) 76-84
d’T(x,z) d?Ty(x,z
(z) _ dTo( )x(1+5(x,z))
dxdz dxdz Radiati .
adiative corrections
Eur. Phys. J. C70 (2010) 219-231
d?Ty(x,z)  a’Myg
= 2x+z—2—-212)(-2x—z+212) +z(z— 2 = 2rA)||W (2)|?

Ty 8n(4n)4[( X+ z ru)( X —Zz ru) z(z rn)]l (2)]

W(z) = GFMI%(a + bz) + W™ (2) Form factor parametrized at NLO in ChPT

JHEP 08 (1998) 004
Pion loop term from
Kt > ntntn~
La Thuile, 11/03/2022 F. Bucci 12
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K™ - ntu™u": Analysis

Analysis performed on NA62 2017+2018 data set

Kt - ntntn~used as normalization decay

Nsetected signar = 28011 (~ 9 X more than NA48/2), N cxpectea bkg = 12.5 £ 1.7(stat.)12.5(syst.)

FF parameters measured by reweighting the MC z spectrum to best fit the data

m(mt ut u™) after signal selection
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m(mtntn™) after normalization selection
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z spectrum of signal candidate events

with MC reweighted to best fit the data
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K™ - wtu™u": Results (2017+2018 data set)

Model dependent

a=-—0.592 1+ 0.015

b = —0.699 + 0.058

BR(Kt - ntutu™) = (9.27 £ 0.11) x 1078

rTyTrTT T T T T T T T T T T T T T T T T T T T T T T T T T pTT [rryrrryrrryrrrTrT T T T T T T T T
NAG62 Preliminary NA62 Preliminary

E865, K__ (1999) . E865, K___ (1999) .
10300 events — statistical error only 10300 events — statistical error only

NA48/2, K __ (2009) —.— NA48/2, K___ (2009) ——

7253 events 7253 events

NA48/2, an (2011) o NA48/2, Krtuu (2011) ———
3120 events 3120 events

NA62, an (2020) - this result — NA62, Krtuu (2020) — this result -
28011 events 28011 events

o b by v b b b v b v b g g Lo b v b v b v b b b 1 b
-0.9 -0.85 -0.8 -0.75 -0.7 -0.65 -0.6 -0.55 -2 -18 -16 -14 1.2 -1 -08 -06

Form factor parameter a,

Form factor parameter b,

Analysis performed on the full NA62 Run 1 data set

Forward-backward asymmetry measured

paper in preparation

Revised, more stringent trigger for di-muon and di-electron in 2021

La Thuile, 11/03/2022
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NA62 Preliminary
PDG Average (2020)
E787 (1997) 7
207 events
E865 (2000) 7 /
430 events
HyperCP (2002)
110 events
NA48/2 (2011)
3120 events /
NA62 (2020) - this result
28|0I11I|e“ilelntlsll L1 1| L1 | | III/é/IIII
4 5 6 7 8 9 10 11

B(K" - mp ) x 10°
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LNV and LFV in kaon decays

e Lepton Number (L) and Lepton Flavor (Le,L“,LT) are accidentally conserved quantities within the SM

* Violation of these conservation laws is a clear indication of BSM physics

» Searches for LNV and LFV kaon decays are powerful probes of BSM theories at mass scales up to O(100 TeV)

Lepton number violation (LNV)

Seesaw mechanism provides a source of
LNV through the exchange of Majorana
neutrinos as in OvSf decay

[JHEP 0905 (2009) 030]

La Thuile, 11/03/2022

Lepton flavour violation (LFV)

u > u
o i B |t
s eT

LFV processes can occur via the exchange
of leptoquarks, of a Zboson, or in SM
extensions with light pseudoscalar bosons

[JHEP 10 (2018) 148, Rev. Mod. Phys. 81, 1199 (2009),

JHEP 01 (2020)158]
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K+ —> T € * e * (LNV) [arXiv.2202.00331]

* Analysis based on the full NA62 Runl data set
« Kt > mntete™ used as normalization decay

* RICH-based e™ identification used to suppress the dominant backgrounds from K* - n*n) () - e*e~y) and
K* -» nte*e™ decays with double 77 — e*tand e~ — n~ misidentification

SM selection: m(ntete™) LNV selection: m(r~"e*e™)
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Expected bkg events: 0.43 + 0.09
Observed signal cand events: O
BR(Kt - metet) <53 x 10711 at90% CL

Events /

NA62 Preliminary
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K* decays in FV: (1.015 + 0.032) x 1012 m(r e'e’) [MeV/&]
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K+ —> T _T[O e T e T ( LNV) [arXiv.2202.00331]

* Analysis based on the full NA62 Runl data set
« Kt > mntete™ used as normalization decay

« w0 is reconstructed by its prompt 7° - yy decay

LNV selection: m(mr~nlete™)

- |-=-Data
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Signal region

NAG62 [Preliminary

Mode Control region  Signal region
KT — nta%7% 0.16 +0.01 0.019
KT — 7r+7r%'y 0.06 £ 0.01 0.004
KT — 7hetvy 0.05 + 0.02 -

Kt - ntaVete~ 0.01 0.001
Pileup 0.20 £ 0.20 0.020 £ 0.020
Total 0.48 £ 0.20 0.044 £ 0.020
Data 1 0

m(n nle*e?) [MeV/c]

Expected bkg events: 0.044 + 0.020
Observed signal cand events: O
BR(K* - n nlete™) <85 x 10719 at 90% CL

First search for this mode

F. Bucci
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Kt >nutet INVand Kt > wtu~e® (¥ - u~e™) LFV

* Analysis based on the NA62 2017+2018 data set

« K* - ntntm~ used as normalization decay. K *decays in FV: (1.07 + 0.20) x 10*?

* 3 charged tracks consistent with t¥ute* final states coming from K *decay

* Invariant mass mg,used to distinguish between signal and background (Omy,. = 1.4 MeV/c?)

* To search for the decay chain K* - n*n%(®® - u~et) the reconstructed mass of ue pair required to be consistent
with 7% mass

Main background contributions arise from K *decays followed by:
* particle misidentification

tt = et (4-5)x1073 et =7t (1-3)%x1072
Tt =ut(2-3)x1073 pt=nrt15x%x1073

e n* > [Ty, (I = e) decays in flight

La Thuile, 11/03/2022 F. Bucci 18



Kt >nmnufetINVand KT - ntu~e® (¥ - u~et) LFV

[PRL 127 (2021) 131802]

Expected bkg events: 1.07 + 0.20 Expected bkg events: 0.92 + 0.20
Observed K* - m~ute™ cand events: 0 Observed K™ —» n*u~e™ cand events: 2
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BR(K* »m utet) < 4.2x10711 at90% CL BR(Kt - mntuet) < 6.6 x 107113t 90% CL

BR(n® - u~e*) < 3.2x 107 at 90% CL
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NA62 LNV and LFV Results

Previous UL NA62 UL
@ 90% CL ©@ 90%CL
Kt->nutut 8.6 x 10711 42 x 1071 2017 data — improved by factor 2 } Phys. Lett. B 797 (2019) 134794
Kt >netet 6.4 x 10710 53 x 10711 Runl data — improved by factor 12 }
NEW ! arXiv:2202.00331
Kt > n nletet no limit 8.5 x 10710 Runl data
Kt ->nutet 5.0 x 10710 42 x 1071 2017+2018 data — improved by factor 12
Kt->ntuet 5.2 x 10710 6.6 x 10711 2017+2018 data — improved by factor 8 _  PRL 127 131802 (2021)
%> ue* 3.4 x107° 3.2 x 10710 2017+2018 data — improved by factor 13
Kt ->natute~ 1.3 x 10711 - sensitivity similar to previous search
¥ > ute” 3.8 x 10710 - sensitivity similar to previous search
Kt - uvetet 2.1x 1078 - Ongoing analysis on 2017 data: SES ~ 1 x 10710
Kt e vutu* no limit Ongoing analysis on 2017 data: SES ~ 5 x 10711

~ 1 order of magnitude improvements compared to previous searches

La Thuile, 11/03/2022
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Conclusions

e Kaon rare decays are an excellent portal to explore physics beyond the Standard Model
« NA62 Run1l data set collected in 2016-2018 contains ~ 6 X 10? K* decays in flight
* A strong kaon physics program is going on

* NA62 data taking was resumed in 2021 and will continue till LS3 at higher beam intensity, with
updated detectors and trigger lines

* The short term goal is to have BR(K™ — m"vV) measured to 10% by LS3

* In parallel, compelling measurements: FCNC decays other than K™ = vV, LFV, LNV, Exotics, HNL,..

La Thuile, 11/03/2022 F. Bucci 21
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NAG62: Decay in ﬂ|ght
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Kinematic cuts to define signal regions R1 and R2
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NA62: Upstream decays

OLD COL NEW COL (from June 2018) Both samples normalized to 1
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NA62 2018 Data: Signal efficiency

Sizeable improvements in 2018 data analysis (hardware and software)

2017

2018-OLDCOL

2018-NEWCOL

(0.8 £0.1)-10%2

(1.9 +0.2)-1012

N, (1.5 +0.2)-10%2

A (3.0 £ 0.3)% (4.0 £0.4)% (6.4 £ 0.6)%
Eqy 0.64 £ 0.01 0.66 + 0.01 0.66 + 0.01
Eurig 0.87+0.03 0.88 4 0.04 0.88 4 0.04
NP (SM) 2.16 £0.29 1.56+0.21 6.02 £ 0.82
B/S ~0.7 ~0.7 ~0.7

Increase of signal efficiency with the same B/S ratio

La Thuile, 11/03/2022

F. Bucci
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KOTO: Ky — m%vv Results

% P.(MeV /c)
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[PRL.122.021802]
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2015 data:

° Zyex (M)

SES = 1.30 x 107°

0.42 predicted bkg events

No events observed

BR(Ky —» m¥w) < 3.0 x 1077 (90% CL)
current best limit
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[PRL.126.121801]
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2016-2018 data:

SES = 7.20 x 1071

1.22 predicted bkg events

(including newly-found backgrounds)

3 events observed
BR(Ky —» mwW) < 4.9 x 1077 (90% CL)

26



KOTO: Ky = vV Prospects

PrOSDeCtS 2019-2021 data
2021-2022 shutdown: | 10" SES72x10"° o o[PoT:x 11 :lm:h:clms
* J-PARK main ring power supply upgrade  § 805' b A PLI;EI R ———
Beam power 64kW — 80-100 kW = N oo going| 1t
« KOTO DAQ upgrade S 20 daysmonth
event throughput x 4 ‘§ 501 H‘?M"'m
5 40 B V
2022-2025: 8 b Scm::ﬁ::(f“)]}
KOTO will collect x 11 more data 2 »3 3 @
Projected SES 0(10~11) by 2026 : ] |
,105_ KOTO step-2|
of

2IO[10 2012 2014 2016 2018 2020 2022 2024 2026

| Accelerator upgrade

Year
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NA62 in dump mode

Beam defining collimators (TAX1 and TAX2)
~ 11 A, Cu-based can be used as a dump

¥ [m]

CHANTI Vacuum

1 Target) KTAG GTK
0 - —I—Hﬁﬁ

€«—> € >
2 - 20m 80m

Deca MNP33
- Regin% - Lkr

-::L

100 150 200 | 250
Easy switch between K* beam and proton dump mode with TAXes

La Thuile, 11/03/2022 F. Bucci
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