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A general purpose experiment

NAG2 p

l l

Flavour Physics with kaons _l Hidden sector Physics
Search for New Search for Search for New Physics below the
Physics at the lepton flavour EW scale (MeV-GeV)
EW scale with sizeable and number violation, feebly-coupled to SM
coupling to SM particles via rare and forbidden particles via direct detection
indirect effects in loops: decays: of long-lived particles:
T ' we'e’(y) ork Phaton(A) Axion Uike
BR(K*—7t*wv) K*— moptpt(y) o :
e article (ALPs), Dark Scalar (S)
K*—vyl*v
K*— n*u’-’e$(v) In K decays:
K*— repte*(y) K*—* H, K'—e* H
n’ — e'e, i’ — e'ee’e’ K*—mn®with n® —>A'y
n® — yyy, n® — yyyy



K—mvv in the Standard Model

Rare decays are a useful mean to search for New Physic complementary to direct search
(LHC), exploring higher mass scales : deviation from SM rates is a signal of new degrees
of freedom — Need decays highly suppressed & very well predicted in SM

The K — mtvv decay is FCN neutral current quark transition s—dvv, extremely suppressed in the SM
Forbidden at tree level, dominated by short-distance dynamics (GIM mechanism)
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Z-penguin W-box

It is characterized by theoretical cleanness in SM prediction: loops and radiative corrections under
control, the hadronic matrix elements are obtained from semileptonic decays

BR(K™ — ntvp) = (844 1.0) x 107 BR(Kp — n'vi) = (3.4£0.6) x 107"

Main contribution to the errors comes from the uncertainties on the SM input parameters Buras, A.J., Buttazzo, D. et al. JHEP. (2015)033
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K - ntvv and new physics

BR(K, — z'v¥) X 10"

New physics affects K and K, BRs differently e NModels with CKM-like flavor
Measurements of both can discriminate among

NP scenarios

N
o

structure
—Models with MFV

Ve | - ¢ Models with new flavor-violating
Buras, Buttaz ,HKélggje s interactions in which either LH ol
/ 1 RH couplings dominate

—Z/7' models with pure LH/RH
couplings

—Littlest Higgs with T parity

e Models without above

constraints
A; or Ap only:

o ) , - —Randall-Sundrum
lex [ oc Im A gy / My

— | * Grossman-Nir bound
\General NP o 2z +A32| 8z

M, Model-independent relation
10 1|5 2|0 2|5 30 _
BR(K* — z*vw) X 101 BR(K; — n'vv) 1,

x — <1
BR(KT —ntvv) 1 —




Connection with Flavor Physics

Measurement of BR of charged (K* — mt*vv) and
neutral (KL — m°vv) modes can determine the
unitarity triangle independently from B inputs

BR(K, — ')
BRey(K, — 2'€*F)

—'.SPYTYYTTCYLYOLIYY'lr"f'lt'lleYYY-‘
 ——— : K'—m'vy (NAB2) - -
i : 1 o
U 1.0 _
- (th. uncertainty)- ‘ 3
: \\‘ Phase 2 i
05— .
E - K==W (KOTO) /:% Example of CKM constraints:
0.0 - I~ el . . BR(K* — mw) to +10%
E g . BR(Kz — 7°w) to 15%
05
i ) &6(BR)/BR = 10% would lead to
: { 6(|Vid|)/ V| = 7%
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NA62 expertiment @ CERN SPS
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NA62: Beam ID & Tracking

| | Fiducial decay region | |
Om 100 m 165 m 255 m

Hadron Beam
750 MHz
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Beam ID & Tracking

KTAG: Differential Cerenkov counter. ot ~70 ps, efficiency > 99%.

GigaTracKer Spectrometer.




NA62: Secondary ID & Tracking

Om

= |l {eea]

Beam ID & Tracking

KTAG: Differential Cerenkov counter. ot ~70 ps, efficiency > 99%.

| Fiducial decay region

100 m

165 m
STRAW CHAMBERS

-——

-—-e-
-------------------
- -

————————————— — —

GigaTracKer Spectrometer.

Secondary particle ID & Tracking
Spectrometer with STRAW tubes.

255 m

Old CHOD (NA48)

RICH: Ring Imaging Cherenkov detector. p/m separation ~ 10, ot of a ring < 100 ps.




NA62: Muon Veto System

| Fiducial decay region |
Om 100 m 165 m
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Beam ID & Tracking

KTAG: Differential Cerenkov counter. ot ~70 ps, efficiency > 99%.
GigaTracKer Spectrometer.

Secondary particle ID & Tracking

Spectrometer with STRAW tubes. (
RICH:  Ring Imaging Cherenkov detector. p/m separation ~ 102 ot of a ring < 100 ps.
Muon Veto

MUV3: Scintillator hodoscope. ot ~“500 ps, efficiency ~99.5%.
MUV1/2: Hadronic calorimeters for the p/mt separation. Cluster reco at ~20 ns from Ttrack.



NA62: Photon Veto System

| Fiducial decay region |
Om 100 m 165 m 255 m

= |z {ea)

Photon Veto

LKr: NA48 LKr Calorimeter (1 <By<8.5 mrad) also for PID.
ot~500 ps (E > 3 GeV), 0t~1 ns
(hadronic and MIP clusters), odx,dy ~“1 mm
Large Angle Veto. 12 stations (8.5 <8y <50 mrad).
4 or 5 rings of lead glass crystals read out by PMTs.

IRC/SAC: Inner Ring Calorimeter and Small Angle
Calorimeter (8y <1 mrad). Shashlik
calorimeters. Lead and plastic scintillator
plates. ot < 1 ns, 10* inefficiency.




NAG62: K - ntvv in-flight decay

Design criteria: high kaon intensity, powerful background suppression

Kaons with 75 GeV/c momentum.
Decay in flight technique.
Signal signature: K* track +

PK+ T

Basic ingredients:

. Kinematic suppression: ~0(10%)

. M-suppression (K*—utv): > 10/

Backgrounds

Decay

BR Main Rejection Tools

Kt = putv,(y) | 63% u-ID + kinematics

Kt = ntn0%(y) | 21% y-veto + kinematics

Kt - antatn~ | 6% | multi-track + kinematics
Kt 5 otn%% | 2% ~v-veto + kinematics
K™ — mleTy, 5% e-ID + v-veto
Kt —>7muty, | 3% p-ID + y-veto
TC+
0
K= “L P, = 75 GeV/c
W High
15 < P,,, < 45 GeV/c Energy

. m%suppression (from K*—mn*n®, n®—yy): > 10’

. Timing between sub-detectors: O(100 ps)

(Upper limit guarantees high photon energy)

ot
Pk= 75 GeV /

Tl . | Neutrinos
> 40 GeV/c
SA




K* —nt*vv decay selection

Most discriminating variable: 2 signal regions, R1,R2 on each side of the K* —»n*n® peak (to eliminate 92%
MZmiss = (PK+ _ Pn+)2 of the K* width)

M?miss = (Pk- Pr)? with mr hypothesis

. K*: beam particle track in GTK
identified as a kaon on KTAG

. single positive charged particle in
downstream detectors (STRAW, RICH)

Minimum-bias data

Kt — rtrte

m2, . [GeV?/c]

o
A
LU L B L B B B

- — K+ — T
0.05\-

Upstream-downstream timing ~100 ps

b - -~ - R R .~ -~ = = = = = == =g mm e —— -

. vertex reconstruction:
10 CDA < 4mm
110 m < Zreco< 165 m

-0.05 . 1t identification

-----
Sl TR

IO
_____

. photon rejection

.\"f'—f'-'chx - - 2e = o3
' . . ~ -':_‘_—\‘ I A S

Cl Llrll‘-l 415 -r'ﬁ-r:'&'.l‘i:.k-—l’;.l'?:}d:-l.':lﬁ gl 1

050 20 |30

40 50 60 70 80 90 100
I P, [GeV/c] Particle-ID: gu+ ~ 108, en+ ~ 64%
Kinematic cuts to define signal regions R1 and R2 n’-rejection: eno ~ 1.4 -1078
O'(mzmiss) ~ 1073 GEVZ/C4 (15<P"<35 GEV)



2018 data after selection

T U U region

/ " " i control region
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> - . SM K™ 71"V
&, SRR 57 SRR BLRE TR SRy San s .
= 0.08 T TREANTHR A e T A
7] — .
S - et 10
0.06 - control
0.04 - Signal region 2 /reglon
- + 0
0.02 SRR R AR R LYY — Tegion
0 — Signal region 1 # k\
— |u*v control — \+ »
— |region e SR T § o sl e K 2. C
—0.02 - ° el g e e e .o el « ° control
— . ) . = region
— Y, region/ . . . . .. = = g
—0.04 — . . u'v control region .
— | | | | | | | | .I | | | | | | | | | | .I : | | | |
15 20 25 30 35 40 45

7t momentum [GeV/c]

Control regions are blinded to validate background
estimation prior to unblind of signal regions



Background from other K* decays

T, Wy, 't backgrounds in the signal and control region are estimated from tails of m?,,;, distribution in control
samples

ex ; 0 kin .
NEZP(region)|= N (nt7°) x| f**" (region)
e 0 o, t, : Fraction of m'n%in

Expected number of K — mt'nt” events Events in m'nt® region after siznal/control regions
in signal/control regions after mtvv rvv selection (including mt° easured with minimum bias
selection rejection) data (*)

R & —+— Data

S0 (¥ +

E : MGISSm . Same procedure for K*— p*v(y) and K*— e

6 L + +

Ye 10 = MCKSrry backgrounds where particle identification, y and

S 105 Il C K-> uncertainty multiplicity rejection are proved to be

g-’ \ : Region 1 Region 2 independent from the cuts on m?miss

210 5 o~ fwe

J‘é 43 - . For K" — mt*rre'v a different method is used:

- = estimation using MC simulation (validated using

10> £ minimum-bias samples) normalized to the SES
10 = ¢++*
It
; | | | | | | | | | | | | | | | | | L | | |

-002 0 0.02 0.04 0.06 0.08 0.1

2 27,4




Upstream background

K* may decay upstream the fiducial volume (with 2 photons lost in the collimator)

Upstream baCkg]_‘ound event Vacuum tank

...................................... - n* from decay can be matched with a
beam " (misidentify as a K*):
producing a fake vertex in FV

2016/2017 layout

- Geometrical distribution of upstream

Pileup E— e, _ [ __ . . .
Iar* 5 T i Tyt events is used to define analysis cuts
[ i —— @ ---stanann -&--"
O P = Fake Vertex . . .
K — t and background estimation in the
KTAG Collimator

selected signal sample

T 10*
g
""""""""""""""""""""" £ 500 10°
T TSTRAWI,Z MNP33 STRAW3,4 RICH E
Magnet g -
> = 102
Fiducial decay region Jo . =
110-165 m S T 1 7
0 - ﬁ — 10
- Sample enriched in upstream m* from upstream ’
background is obtained by reversing  background projected from
K*- t* matching cuts (CDA, At) the fake vertex backward -500 — e
: . : at the collimator
. Data driven background estimation | | |
-2
=500 0 500 10
Xcollimator [mm]



Control regions unmasked and validated

— 01
e -
> 0.08 [
S, - (1.420.4)
& 0.06 — (ertvrt U, TUTU
NE B IOlgstream
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Events found in all control
regions are consistent with
expectations
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Single event sensitivity (SES)

NEZP ~ Nobs AWVV BR(K+ — 7T+7TO)

SES = +70 ' " Etri '€RV
ex TVV iy _ gger
NP Arr BR(KT — ntvp)
. K* — nt'n® decay used for normalization I

Acceptances obtained with MC. Use of the ratio allows cancellation of systematic effects

? ! Random Veto: signal efficiency losses due to accidental
E - E coincidence in the veto detectors (estimated with Kt — p*v
: 03 ™ data sample for which no y-signals are expected)
2 07 - Error source Budget on SES error
§ Lo Trigger efficiency 5%
S 050 MC acceptance 3.5%
2 0.4 & ok Random Veto 2%
: S " Bkg (normalization) 0.7%
0.3 22 Photon + multiplicity rejection . .
: . Photon rejection Instantaneous intensity  0.7%
0.2 — E LKr veto
- A LAV veto
0.1 :_l-lnl%mslAchetollll NZOP =T7.58 £0.405yst £0.75c2¢  (SM)

0 100 200 300 400 500 600 700 800 9001000 11
Intensity [MHz] SES = (111 + O-O7syst) X 10




Expected events in Signhal Regions

Signal and background events expected in the signal regions for 2018 data:

Process Expected events (R1+R2)
Kt —ntuip (SM) 7.58 + O-4Osyst 1+ 0.795¢4¢
KT — ntn%(w) 0.75 4+ 0.04

Kt = utv(y) 0.49 + 0.05

Kt s ntn ety 0.50 £0.11

Kt —watatn 0.24 + 0.08

KT — 7ty < 0.1

KT — 7%ty < 0.001

0.98
Upstream background 3.301)>3

Total background 5.28+8:2?1




2018 data: box opened

Data
SM K" —>mtvw

0.12

0.1
0.08
0.06
0.04
0.02

[GeV?#/cY]

miss

2

—0.02
—0.04

35 40 45
7t momentum [GeV/c]

_II’III’III
n

o .
c .

[\

N

W

)

17 events have been observed in 2018 datal!



NA62 experiment results

—e— Data T K'-n*nly
=K' (SM) Em Ko D018
I K >ptv(y) K'>n*retv
I K*'>p*v,u*— e* [ ] Upstream

the full T momentum.
—> Data-MC comparison

M?miss distribution for 2018 data integrated over I

[ IIIIIIII| [IIIIIIII I

|

|
Region 2 :
|
|
|
|

Entries / (0.005 GeVZ/c?)

Final BR(K* —m*vv) measurement is 10
obtained combining with 2016 and 2017 1 =
NA62 data results o

' 1072

—0.02 0 0.02 004 0.06 0.08 0.1

2. [GeV¥c?
Expected events 2016 data 2017 data M5 [GEV/C]
Kt s antvp (SM) 0.267 £0.00144¢ £ 0.0205yst = 0.032¢4¢  2.16 £ 0.12444¢ = 0.2664¢
Total background ~ 0.152¥g:033 +0.013,y4 1.5 & 0.250at £ 0.25ys¢
— 0.12 —
© 0.1% CIK* - wvwMC 2 01 ) (sliiaw TV
3 T LT +dat G —ISMK=
= = - O)
¥ 0.06% : NEE 0.05 —
= 0.04% -
0.02?/ ol
002% - ® 00\0:30 ”o““‘“’”& E
N % o 0.05 :
-0.047 1 event found in 2016 data - 2 events found in 2017 data
—o.osg Phys. Lett. B 791 (2019) 156- - . ' . :
. I - S N oql. . . . . larXiv:2007.08218 [hep-ex]](submitted to JHEP)
0.08% 15 20 25 30 35 10 15 20 25 30 35 40
7t momentum [GeV/c] 7t momentum [GeV/c]



Expected background
I Expected SM signal + background

———— Observed data
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0 1 2 3 4 5|6 7 8
l Category

80% of the 2018 dataset: ] |
5 GeV/c wide bins from 15 to 45 GeV/c 20% of the 2018 dataset, with old hardware

configuration integrated over momentum
Run 1 combined result:

BR(K* — ntup) = (10.615 0stas. £0.94ys:.) x 10711(3.40 significance)

Maximum likelihood fit using signal and background expectation in each category




K = mtvv and new physics

BR(Kt — ntvp) = (11.0t§;gsmt + 0.3,y5t) X 1071 (3.5 o significance)

Pl
o

Large deviation from
the SM expectation
seems to be excluded
A more precise
measurement is
needed

BR(K;, — #vv) ™ 10"

|
|
0 5 10 15 20 25 30

BR(K* — z*vv) X 101




LFV and LNV in Kaon decays

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

¢ Lepton number violation:

U >

K-I—

3 = mcccccna <
\}/L Q \

eg: K ->m ute’
AL=2 via Majorana neutrinos
(analogue to OvBP decays)

eg: K'>m" u e’
AL.=1and AL =1
Via leptoquark, Z'..



Experimental signature: 3 charged tracks with r* u* e*

Consistent with closed kinematics K* decay

The invariant mass M_,., of the three selected tracks build under the mue is used to
distinguish between signal and background (o,~1.4 MeV)

K*>m* m°(m°—uet) additional constraint on the mass of the two leptons: M.
compatible with m° mass
Main bkg  mis-ID and decay in flight measured with data
Normalized with K*>nm*rtm

K+ N T[+ },l'e+

S

pooRD N
T T TTIT T TTTII T TTTIT T TTTIT T TTTIT T TTTIT T TTTIT T TTTIT

o

Data/MC _.

00O -

IR

__CRB____
__CRA__

= |
] II-II.lI-I

.............

¢ Data

N Kr—sntntne
K'—n*n-e*v
K=t

Bl K —nile'ey ]n0

B K'—atnpty
Kf—etvutu-

~ Total uncertainty

Main background contributions:

K" — n" n" " (decay upstream FV)
mis-ID: lDIF

[ ]
[
]
[ ]
[ ]
[ ]
[ ]
11
]
[

|1
1
I
|
1
ol

I
[0 |
i
|
IIIIIII
'

4+0.48

_lfl Iﬁﬁiﬁffﬁ

|

Y+

e Y

HY,
K'-a'nmev K >nan e““ve
|
DIF 1. mis-ID
I :
] " 1l
NCRB NCRA
Total exp. bkg 3.41 +£0.54 1.27 £ 0.40
Observed events 2 0

500550400450 00

550 600
. [MeV/c?]
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NA62 LNV/LVF results

Previous UL NA62 UL
@90%CL @90%C.L
K'— mu'u’ 8.6 x 10" 4.2 x 10" 2017 data — improved by factor 2 } Sy el B 1D A0
K" - metet 6.4 x 10710 2.2 x 1010 2017 data — improved by factor 3
K" — mu'et 5.0 x 1010 4.2 x 10 2017+2018 data — improved by factor 12
K" — n'we' 5.2 x 10710 6.6 x 10" 201742018 data — improved by factorg ~ p--iL 12/ 131802 (2021)
7[0_,”-@‘ 3.4x10° 3.2 x 1010 2017+2018 data — improved by factor 13 _
K — 7;"””*3- 1.3 x 1011 - sensitivity similar to the previous search
’— ute 3.8 x 1010 . sensitivity similar to the previous search
K- ”-ve+e+ 21 %108 . Ongoing analysis: 2017 data S.E.S ~ I x 10"
K- e-v”+”+ no limit . Ongoing analysis: 2017 data S.E.S ~ 5 x 107"

1 order of magnitude improvements compared to previous searches
Upper limits at 90% CL:



Heavy neutral leptons

e Right handed neutrinos or Heavy Neutral Leptons (HNL) are included in several

extension of the Standard Model and the can generate neutrino masses via the see-
saw mechanism O(100 MeV) HNL masses ( [Phys. Lett. B 620 (2005) 17])

* HNL produced in decays has similar experimental signature to the SM decay K* - | *v
assuming HNL lifetime greater than 50 ns (decay products escape detection)
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Heavy neutral leptons

—>
EVENT selection: Precise track reconstruction, K*/e* /u* K*—e'v deca)’s

PID, match the two tracks, O(100ps) detector time :;0105_ ..... ; Eza‘a =’t e
resolution to veto extra in-time activity . G £ Bk [l 4: v wpstream) |
Experimental signature of the K* - I*N decay Sharp bump & : : :

S

(

in the positive m? ., side-band of the SM K* = |*v decays

Eve_qts /
OU'\

O - NA62 (K_,)
§ By TRIUMF () 2015data, | | Ll g R b
> 10 2 NS = (R 70 5 7ZaR CA G S i I o B S
cxi; - y[o =
>+ e
RSP R T WY S SN U A W X LA N
2107'E NABZ (K ) .
é E \\ 2015 data _”1 [ I e Ly LA Y
=L ‘ NABZ (K, 0 005 01 015 02
) B 2016-2018 data [GeV?/c?]
a mISS
51078 N

- |Ue4d| 2~ 107 in the 144 — 462 MeV/c? mass range

- |Up4| 2~ 108 in the 200 — 384 MeV/c? mass range

= e e e L e Moo b L L LT TR
107" NA62 (K.,
- 2016-2018 data 0(10°°) limits on |Ue4|? Big Bang nucleosynthesis (BBN)
_l I L 111 I | 111 I L 111 l 1 111 l 111 l 111 l L 111 l L1 1] | | allowed range (daShEd Iines) eXC|UdEd up to 340 MeV/CZ

50 100 150 200 250 300 350 400 450
HNL mass [MeV/c’]  PLB 807 (2020) 135599  PLB 816 (2021) 136259




NA62 conclusion and future prospects

> NA62 succeeded in measuring BR(K* — mt*vv) with the decay-in-flight technique

20 events observed in 2016+2017+2018 data (Run1) with total expected background~7

. Most precise measurement obtained so far has been reached
BR(K* — n"vi) = (10. 6+3 1 staiit 0.9.,08 ] X 10~ (3.40 significance)

The result is compatible with the SM prediction within one standard deviation

o

LFV/LNV: 1 order of magnitude improvements compared to previous searches
Upper limits at 90% CL:

> Worlds best limits on |Ue,|? and |Upy,|?

> 2021-2025

NA62 is taking data for a Run2
. Upgrades in experimental setup:
- Additional beam spectrometer station
- Upstream veto counter to reduce upstream background
- New calorimeter downstream of MUV and upstream of the beam dump

to further suppress kaon decay background Y,

Thank you for the attention from NA62 collaboration!
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SM branching ratio

Hadronic matrix element Loop functions favor top QCD corrections for charm
obtained from BR(K3) via contribution diagrams contribute to
isospin rotation uncertainty
L \ /Tm), Re), ReA, 2 )
I 7\-1 - >\t — V;td t
BR(K; — ROV\_’) =K, ( 1;35 X(x,)) — CP A = Vs
2 2
l Ty = my; /miy
30°BR(KT — 7 e+v)
K.*. = g+

21?2 sin ew

Buras, A.J., Buttazzo, D. et al. JHEP. (2015)033
BR(K+ — 7T+V17) = (84 + ]_O) X ].0_11 BR(KL — 7'('01/17) — (34 + 06) X 10—11

Theoretical error budget from the SM input parameters:

Vb 0.83 | 10% Vb 0.50 | 15%
Y 0.56 | 7% Y 0.24 | 7%
PP 4+ 6P, | 039 | 5% Ven 0.24 | %
X+ other 0.12 | 1.5% X+ other | 0.05 | 1.5%




Upstream background evaluation

Nbg . N7r+ | preco | Pmatch'ing
upstream ~— | 'upstream pileup K—7
Events with a downstream Probability that a rt* from Probability that the
15-35 GeV/c it* originating the beam is reconstructed downstream mt* is
upstream of GTK3 in the GTK matched to a GTK track
x10° o
Number of ever.]ts & 1200 [~ R £ 031 K" decays in fiducial region
after mvv selection = " Beam Particle (data) o0 |
in a sample % 1000 |- § 025" Upstream events from data
- = - - Upstream background model
enriched of s00 [ : o2k Ly 8
upstream Z
background 600 - 0.15
400 [ 0.1,
200 - 0.05 —+
0__/|||\,_ 0:....|...[..J|]...+|....| 4+t
06 04 02 0 02 04 06 0 10 20 30 40 50 60 70 80 90 100
T =T [ns] CDA [mm]
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Proton bunch profile

Examples of beam burst time profile:
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