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Outline

2 LNV and LFV in Kaon decays
2> The NA62 experiment
2 Data analyses:

4 LFV

¢ Kt = mtu-et

&m0 — et NEW: arXiv:2105.06759

4$LNV

¢ Kt = mutet

¢ Kt = metet, Kt = mutut
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Lepton Number Violation (LNV) NAbZ é

L Le+Lp+L Lepton flavor: L, Ly, L
2 No gauge symmetry imposes the Lepton Number conservation, accidental symmetry in the SM

» No processes with LNV have been observed so far

2 In the SM neutrinos are massless, but they do have mass (neutrino oscillations)

R— example:

| The observation |} 2 Seesaw mechanism: AL=2, via exchange of Majorana neutrinos ThlS talk

tof lepton number T
;. | + -p+p+ |
violating processes | ¢ K* — me+t 4" K+ —> T[-p+e+ |

\involving charged |

 leptons would

 verify the
' Majorana nature of |
i the neutrino. :

K+ — metet

4 Probe very high scale Atre et al, JHEP05(2009)030
4 Neutrino mass problem
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Lepton Flavor Violation (LFV) NAbZ Q

Lepton flavor: L, L, L-

Observation of neutrino oscillations provided the first proof of the non-conservation of LF
But no charged lepton flavor (CLEV) violation has been observed so far

Several BSM scenarios foresee CLFV This talk:
example: Other new physics
Kt— TUTU-e™ mediated by a Leptoquark scenarios: ;1 K+ — TTrure”
ALe=1 * Heavy neutrinos ) — uet
AL,=1 *Heavy Z'
U > U * Anomalous gauge coupling
oSUSY

vl
A
A
~
//A
|

Some of these can explain neutrino oscillations or the possible
flavor anomalies in B-physics and foresee LNV or LFV

[JHEP 12 (2019) 089],
[Nucl. Phys. B 176 (1980) 135]

roberta.volpe@cern.ch PANIC2021 |z|
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LNV and LFV experimental status VAbZ Q

Searches in K decays are complementary to searches in B-physics and in pure
leptonic processes as 1 — 3e, tau or muon decay, or neutrinoless double beta decay

State of the art before NA62 2016-2018 run

At 90% C.L.

Kt = ptet [<5.0x 10710 ,' at BNL: R. Appel etal., |

Kt et | < 5.2 x 10710 |Phys. Rev. Lett. 85, 2877 (2000)

K —> 78 ,LL e | < 1.3 X 10_11 E865 at BNL A Sher et al Phys ReV D 72 012005 (2005)

7T _> ,LL 8 o < 3 4 >< 10_ BNLR Appel etal hys Rev Lett 85 2877 (2000) 4—
7T —> 6 < 3 8 >< 10 _ E865atBNL

0 — ,u"e < 3.6 x 10719 'KTeV at FNAL E Abouzald et al Phys Rev Lett 100 131803 (2008)

,,g,www, 'q" ,1 ,,-._,-.;l _W p—i«-? ;
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NA62 Collaboration

~ 200 participants
Birmingham, Bratislava, Bristol, Bucharest, CERN, Dubna (JINR), Fairtax (GMU), Ferrara, Florence, Frascati, Glasgow, Lancaster, Liverpool, Louvain-la-

Neuve, Mainz, Moscow (INR), Naples, Perugia, Pisa, Prague, Protvino (IHEP) , Rome I, Rome II, San Luis Potosi, TRIUMEF, Turin, Vancouver (UBC)

" - ~¢ “".'“

Jura Mountains ENNNY TS

The Kaon Factory

The main aim is the measurement of

. BR(K*->mttvv) |
- with a precision better than 10% |

©

(,cneva alrport '

Collected good quality
data in 2016-2018

. |

1IN0 NN BN Nemem=r=
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The experimental apparatus has been

designed in order to detect:
P
K

Decay in flight
m')zniss — (pK o pW)Q

P
Talk b
O .. y
Ll C. Lazzeroni
VTV in the Flavor session
\ P\-’ https://indico.lip.pt/event/
592/contributions/3549/

* very good kinematic reconstruction

* time measurements

Decay BR

Main Rejection Tools

K™ = uTv,(y) | 63%

1-1D + kinematics

KT - ntn%(y) | 21%

~y-veto-+4-Kinematics

Kt >satantn | 6%

multi-track + kinematics

Kt = 7t7V70 2%

v-veto + kinematics

K+t = nlety, 5%

e-1D + ~vy-veto

Kt - muty, 3%

p-1D + ~vy-veto

roberta.volpe@cern.ch
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* K,t,u identification
* Hermetic detection of muons

* Hermetic detection of photons

2 - - y
—-2 s B g P > . z o —

t Features useful also for |
the LFV and LNV searches
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NA62 apparatus: the p and K beam

33x1011 ppp on T10 (750 MHz at GTK3) Upstream track
reconstructed by the GTK

Kaon tracking

Secondary beam: 75 GeV/c momentum

NAG2 {

JINST 12 P05025 (2017), arxiv:1703.08501

K+ (6%)/* (70%)/p(24%) S1 pixel, 3 stations
X [m] o(t) =200 ps, o(p)/p =0.2% MUVO
A
2 - HOD
: LAV STT_lR?W 1 MUV1,2
- / T””’T”; O dricaf 'R -
] Target KTAG GTK Lo : SAC
:P B— —E AR CHANTH— Vacuum {1 : e s——
e 3mcu HASC
] l" 1 1 llRC Dump
| | = hailn
2 - - Decay __ | LKr
Region
”'K]I"A(l; w 150 200 250 zl[>]
FV: Fiducial decay volume "
Kaon identification tube evacuated
Differential
3 -6
Cherenkov detector (500 m? at 10-¢ mbar)
roberta.volpe@cern.ch PANIC2021
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NAG62 apparatus: kaon decays reconstruction NAbZ é

JINST 12 P05025 (2017), arxiv:1703.08501

Upstream track
reconstructed by the GTK

3 tracks reconstructed

, by the STRAW
Kaon tracking i
Si pixel, 3 stations Downstream tracking:
X ) o(t) =200 ps, o(p)/p =0.2% Magenet —— Dipole spectrometer.
A 4 straw-tracker stations
2 -

LAV o(p)/p=0.3%

T

] Target KTAG GTK |

0]  B——{p-mmmmmse’ CHANTI —fvacuum |

17 \ Hl“\“r

2 - Decay
Region g
KTAG A

Differential evacuated tube | Vertex fully reconstructed, closed kinematics |
1Irrerentia ' !
Cherenkov derector (500 m? at 10°¢ mbar | 3 track invariant mass resolution ~ 1.2 MeV
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NAG62 apparatus: photon veto system NAbZ é

JINST 12 P05025 (2017), arxiv:1703.08501

Hermetic photon veto system

Large Angle Veto (LAV)

LAV,SAV,LK
( r) 12 stations (lead glass blocks) C(I;}{g;g Hodoscope,
Multiplicity rejection Covering angles 8.5 <0 <50 mrad plastic scintillator
(LAV,SAV,LKr, CHOD,STRAW)
X [m) Magnet
A
2 -
: | AV TRAW
: / ”T”’TTTEETE
] Target KTAG GTK 1
0 — - mmman) CHANTI —Vacutm 1 = o
\ Hl“‘HliLf
2 - Decay | .
< Region g LKr calorimeter
—— o Photon detection
0 100 150 200 250 2t Covering angles
1<0<8.5 mrad
Vv bacgru rejection: K+ — z*x0 Small Angle Veto (SAV)

IRC: Inner Ring Calorimeter
Small Angle Calorimeter, Covering angles <1 mrad
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NAG62 apparatus: particle identification NAbZ Q

JINST 12 P05025 (2017), arxiv:1703.08501

RICH . Neon 1 Atm The RICH is used also to obtain MUYV Muon veto system
Rlng Imaglng - /P le s eparation an independent p momentum MUV1 & MUV?2:
Cherenkov detector  Reference event time measurement Hadronic calorimeters for
the y / 7t separation
X [m] Magnet MUVO MUV3: Efficient
, A TRAW HOD fast Muon Veto
E/p variable _ LAV MUV1,2 used in the
E — ener 1 T T T; : Ti T.— RICH Iron hardware
- o) : [ T T T T T 1§ | MUV3E--"»  ricoer level.
deposited in LKr | Tfarget KTAG GTK | io-k--dbIll --SACE-->
b = track 0]  F——-EEmEEE CHANTI Vecutms =yl Il
momentum i _ \ 1 1 1 l 1 1 1 Li i
; o
2 - Decay |
Other available PID Region
tools in NA62: — 7 T T T T T T —T—>
0 100 150 200 250
Multivariate analysis (for 1 track analysis) e o e oS
with MUV1, MUV2 and LKr info * very good kmematlc reconstruction |
2 algorithms for the RICH variables - Precise time measurements by the KTAG]
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Data taking timeline VA62

\o

NA62 Data Taking

@ 2015 Commissioning run
@ 2016 Commissioning + Physics run (45 days)
@ 2017 Physics run (160 days)

@ 2018 Physics run (217 days)
0 2021 Physics run ongoing

Till the next LHC Long Shutdown

" . -
\\\\\\\\\

results on K->ntvv and K->1tXjny:
[PLB 791 (2019) 156]
[JHEP 11 (2020) 042]

[JHEP 06 (2021) 093]
SN https://indico.lip.pt/event/592/contributions/3549/

S Much broader physics program

"~ egat PANIC2021:

HNL searches: https://indico.lip.pt/event/592/contributions/3546/
Radiative decay: https://indico.lip.pt/event/592/contributions/3206/
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NAG2 {

K+ — mtt/-u/+et and m? —u-e*

Analysis strategy:

® Search in 2017 + 2018 Data

¢ Blind analysis strategy: unblind control regions, then unblind the signal regions

® 2 independent analyses cross-checked

® Normalization to K->m*m+m

® Triggers : * K->mttu-et
* Dedicated triggers downscaled recorded simultaneously with 7vv trigger

* K->mutet

* K->m+m0

® Event selection: ) — et
Reconstruct 3 tracks with momentum measurement by the STRAW spectrometer
Total momentum consistent with beam K+, reconstruct decay vertex in FV: z in 107(111)-180 m

PID : use E/p and MUV3 to ID/veto muons
Photon Vetos : LAV, IRC, SAC, LKr
Tracks in time, measured with the CHOD

Build invariant mass M(rue)

e Signal region defined in M(rue) around the Kaon mass (resolution = 1.4 MeV)

* For K->m-ute* : additional cut to reduce the m? Dalitz decays
e Additional request for 0 — p-et: M(ue) around n° mass

roberta.volpe@cern.ch PANIC2021
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Trigger Efficiency

Normalization: multi-track (MT)

Signal: 3 trigger streams in OR logic with different

downscaling factors

Trigger € measured
with minimum bias data

Trigger stream

Multi-track (MT)

The downscaling factors can
vary during the data taking
Here D is a typical value

Description

3 tracks

Fraction of energy deposited per 0.5 GeV
o

O
=)
a1

O
o
=

it

o .
o o
Q o Y

IIII|IIII|IIII|IIII|IIII|III

o

NAG2 {

K*—nue (MC)

K*—=nnd nf—u-e* (MC)

10 20 30 40
Energy deposit in the LKr calorimeter from three tracks [GeV]

E(T[O %p e+)
[%]
3.5 0.

Multi-track p

3 tracks, E(LKr)>10GeV,
at least 1 u

Multi-track e

roberta.volpe@cern.ch

3 tracks, E(LKr)>20GeV

PANIC2021
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Single event sensitivity VAbZ Q

Signal processes are normalized to the K+ —mn+mt*mt- channel, B(K3z)= (5.583 £ 0.024)%

Number of Kaon decays in the FV: o Downscaling factor
| of the multi-track trigger
N = E Nt = B (used for the normalization channel)
; ( SW) Downscaling factor
i: data taking period Normalization efficiencies of the signal trigger

(A 8
Nk = (1.32 £ 0.01) x 1012 ST ONi =273 x 10

. 1
Béme = — .
SES N3 Agel

As: Signal acceptance
€s: Signal trigger efficiency

— B(Ks s

Kt san uTet | KT s atpu~ et |7’ = pue
A, x 102 4.90 + 0.02 6.21+0.02 | 3.11 + 0.02 S;‘:}glieoﬁrzz‘; figjfj;’(ﬁ
Bsps X 1011 | 1.82 4 0.08 1.44 4+ 0.05 13.94+0.9
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Background estimation NAbZ

® 1 0—1 ! f
Background mechanisms: = [T~ etoa® misiD Data —Model
fe R e
. O IR — o ==& misIiD Data —Model
¢ MIS'ID .8 5 5 E ! ode
e Estimated with data samples: =
. S
e*= mi* measured with K+—m*n0, m0— etey =
O
it = et measured with K+ — mtt/-m-/+m+ =
+ + d + + 8
= P ana == €= \feasured with sample of MUV3 signals in § 107
time sidebands depends on track p and
position at MUV3
*Decay in flight (DIF)
* M*— u*rvy or u*— et ve
. Dedicated cut in 7 channel, Track charge x momemtum [GeV/c]
* Dalitz decay : m0— ete-vy
‘ . . T reduces acceptance wrt
measured with simulation
the u- channel
K+ — mtu-et K+t — mutet
K" — a"n" n (decay upstream FV) K* 5 e e'v K — ntm ety K" — n"n" n (decay upstream FV) KD et e - .
mis-ID: DIF ¢ 1 ¢ mis-IDll DIF oIF 7 — llv.\’ € ¢
| LDIF \ll mis-ID ¢ { \l, mis-ID mis-ID v
g+ u-vp u vll ll'+ e+ llv+\’" ll Vll T s
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K+ — m-utet results VAbZ é

Control Regions (CR1, CR2)

G0 T[T+ oa e .
I R - * Misidentification rate measured in
=10 X - omwe data applied to the MC samples
~ — I —n'r 18
2103 ¥ bate :
glos i =$ - * Open the control regions:
> N N —utvete
“M0°E | K sy
- || KT etvptps KT s a utet
105? i i+ ~ Total uncertainty CR1 CR2
- | -
1= MK X + o Predicted |1.68 4+ 0.20]1.66 £ 0.26
— 1 |
o - | Observed 2 4
12’2 AT .
% 14— ....'T_;i._..._...__..._..%__.__..._...__.% ..........
1.2 T S
S o - | |
0-8;— ll. { .._...__..._..J!__.__..._...__..!L ..........
065_. | ] —— R ——— | S—
0.4 ll| St e i i

'l"+"1"' A I . | .
300 350 400 450 500 550 600
M, e [MeV/CY)
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K+ — m-utet results VAbZ Q

Control Regions (CR1, CR2) Signal Region: 490-498 MeV

3

g'0f T o
> F | [ K rtmta
31045? X K'smimety Open the signal region
= 3: N -K*—m"lru"v
gm = % =$;”‘“:;ee Source KT >n pu'e™
> B (I
W1 02E ¥ Kt —smipop- KT —wn"n"n™ 0.22 +0.15
- I K'—se*vutu~ | |
10;? E E !To;eur:::rtainty K+ — T e’ e 063 013
i + TRy Kt = ptusete™|  0.1340.02
Lot Kt > nn etrv.| 0.07+0.02
=1 -
0 Kt > ntutpu 0.01 4+ 0.01
212-2:?_'-' - R St - K™ — e vepp~| 0.01+0.01
g T —— | ' ""'I‘i?“‘::::::::::::::i:::::::::::::::E::::::::::: Total 1.07 + 0.20
IE 5 : :
0 8E—- L 1 RS RS S——
» | | - Number of
0 6E—- N (R RSN SN
0.45;1'-'1'-'}'-1"- A I - | 1~ . ] 'i I i I i: 11 ObserVEd eventS O
300 3 400 0 500 050 600
M, e [MeV/CY)
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K+ — mttu-et results NAbZ é

Control Regions (CR1, CR2)

~10°E [T ¢ pata * Misidentification rate measured in
N i data applied to the MC samples
S 1 04 _ = K'—sn*rety
v = I |
- ¥ o * Open the control regions:
2107 || (e, d 5
9 E i i B K —rtrpty
- 102 = i i Kr—etvu'u-
: i 1| [~ Total uncertainty KT — 7T+,u_ eT
10¢ X CR1 CR2
1L Et Predicted|3.41 == 0.54 | 1.27 == 0.40
= |
: Observed 2 0
10"1';
(5;12—22: ! | I | : | I | I L1l o I_I_I_I |]- -
3 19 A O T S
8 {E P
08 ;_.. __{...t....._.__..._..._?.__..._...__..._!L. ........
06 E_ B — - S —
04:_T '}"T"IT TllT'ITITTl'Tl":'!l TIT{'I'TII'I"IT

1 T Tl‘
300 350 400 450 500 550 600
Moy e IMeV/c?]
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K+ — mttu-e* results

Control Regions (CR1, CR2)

Signal Region: 490-498 MeV

2 3 5

Events / (4 MeV/c?)

3

—
-

—
<

<
N

Data/MC _

—
lllllllllll L lllllllll lllll | llllll‘ I llllllll I llllllll | llllllll I llllllll | llllllll I llllllll

OO0 —
SO LN

B e e e e - — - —-— .-

¢ Data
B K'—ntntne
K'—sn*rety
K'—smtutu-

—— Total uncertainty

VAGZ2 76

Open the signal region

S — R R

TIT{'rTll'l"lT

observed events

Source KT >atu~et|n’ > pu et
Kt > nrntn 0.84 4+ 0.34 0.22 4+ 0.15
K™ > neTe negl. negl.
K™ = utvete” negl. negl.
KT s> natn e, 0.05 4+ 0.03 0.01 = 0.01
Kt s nutp 0.02 4+ 0.01 negl.
K™ —se vep n~| 0.0140.01 negl.
Total 0.92 4+ 0.34 0.23 = 0.15
Number of ) 0

roberta.volpe@cern.ch

450

~ 500 550 600

Moy e IMeV/c?]

PANIC2021


mailto:roberta.volpe@cern.ch

K+ — mtt/-u/+e* and m0 —pu-e+ results NAbZ é

Counting experiment

CLs treatment

Upper limit at 90% C.L.:

K+t s aptet 1 npe =1.07£0.20, ngps =0 B(K+%w ute )<42><10 11)
Kt = atpet : npe=092+£0.34, nops =2 » BIKT — ntuet) < 6.6 x 10-11 ] |
1’ = pmet 1 npg =0.23£0.15, Tgbs =0 | B = pTe) <32x 1071

improve on rev1ous searches by ~ one order of magnitude

| E865 at BNL: R. Appel et al,, |
| Phys. Rev. Lett. 85, 2877 (2000) |
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K+ — metet , K+ — ﬂ-p+p+

Ng=0.16 =0.03

"NAG62

—

_Events / (4 MeV/c?)

<

1072

-3
10777250 300 350 400 450 500 550
m(n e’e*) [MeV/c?]

_ Limitat90% CL
 B(K ]

roberta.volpe@cern.ch

L ENAG62

et) <2.2x 10719

PANIC2021

PLB 797 (2019) 134794
2017 Data

Np =0.91 = 0.41

o Data

NAG2 {

K'on'pu
K >p'vp'p (x10)

E
IIIIIITI | llllllll | IIIIIITI [ TTII T T T

107"

380 400 420 440 460 480 500 520
m(m u*u) [MeV/c?]

B ntut) <4.2x107 "

1072
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Conclusions

Improved on previous searches by ~ one order of magnitude

Limit at 90% CL
Kt snputet |<5.0x 107 (E865 at BNL [1
Kt >ntu et |<52x1071Y (E865 at BNL [1!
KT s 7ntpute |[<1.3x 107 (E865 at BNL [12]
™ = pue’ <34x1077  (E865 at BNL [11
) — ute” <3.8x107'" (ES865 at BNL [12
0 — pFeT < 3.6 x 1071 (KTeV at FNAL [13

Limit at 90% CL

SIS 2SI T S N TS e o= = e R A g S iy
B b
: - | |
d .‘..
/] l I :‘
v s
’ u i

T 2 Fade st 42 oo a S s Fan i et S anii e S e st Bdfeai<cmiinl At P N BT TR TSRS A e St =k st O DRt S— S SR oty
< - _ _ _ - o - P _ . = - \ | o L . _ . o - \ |~ o . o . N - A . " . ~ - B -~ - _ —— B

. S G aee s e - o Sl st e - Py A GaE s aae e G e caaa e e . e ARSI SOpap
PO 2P e e e o o o e R TING o e o S O P PING o oo o a2 ae o e & o e o oo o Ny o oo o oo o TR B S

K

1\ L 1
14 14
. e S N N N {

NAG62 has started the new data taking and will run till 2024

Stay tuned for new results

Thank you
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Trigger

LO L1

RICH CHOD KTAG STRAW

KTAG StrEx

RICH
RICH CHOD LKr MUV3

LAV

KTAG

KTAG nLAV

RICH
RICH CHOD

LKr10 MO1

KTAG

Multi-Track e Multi-Track 4 Multi-Track

KTAG StrEx

RICH LKr20

roberta.volpe@cern.ch PANIC2021
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Other background contributions

B v i o e B il 103

o)
S
o
|
3
5

IR AR AEE R R SRR TR TR SRR TR SRR SRR SRR SRR SRR TEE SRR SRR SRR SRR TR R T e e e

S
é))
-

P | |
o ('

|Illl|

L
‘o

Lz

I
-

AR A

I
I
I
I
I
I
I
I
| ;] \ YIREBIIE T
I
I
I
I
|
I
I
|
|
|
|
|
|
|
|
|
|
I
|
|
I
|
|
I
|

.
L | I 1 | 1 | l 1 | 1 | l | 1 1

1 | 1 l | 1 | 1 1

K*—mu*e* candidate M. .. [MeV/c?]

350 400 450 500 550 600
M, e [MeV/C?]
roberta.volpe@cern.ch PANIC2021

NAG2,

K+->mtm0, K*— m0 e/u v
nil— etey

rce* pair calculated under

the e-e* mass hypothesis

is required to exceed 140 MeV.
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