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KAON EXPERIMENTS AT CERN
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NA3I:K./K (1984-1990)
First evidence of CPV in K sector

NA48,NA48/1: K./ K, (1997-2002)
Re(e'/€), Rare K¢ and hyperon decays

NA48/2:K*/ K- (2003-2004)
Direct CPV, rare K* decays

NA62:K*/ K-(2007-2008)
R¢ = M(Kev) / T(Kpv)

NA62: K" (2016-2018)
Physics Run|

NA62:K* (2021-now)
Physics Run2
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OUTLINE

NA48/2 (2003-2004)

= First observation of K¥ — nom0pFyv

NA62 Run| data (2016-2018)
= Main goal: K¥ > n v

0

. + + + + + _ o+ +
®  Precision measurements:K" —m'e vy, K" > ' p u,K" =1 vy

= LFV/LNV searches:K¥ — nipjre"', K" - n_(no)e+e+, KF > p+p+, K" - p_ve+e+

NA62 2021 data

= Dark photon searches: A" — p+ .
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THE NA48/2 DETECTOR

K* beam 2o A ( Dl"lf.t CHambers ) Hodoscope
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Theory and status

r N
KM mode BR [1[]_5] Ncand
Kot 4.26 -+ 0.04 | 1108941 | NA48/2 (2012)
Ke,qm 2.55+0.04 65210 | NA48/2 (2014)
K.t 1.44+0.9 7 | Bisi et al. (1967)
K;MUU
= First observation of muon mode with Tt°m°
= Test of ChPT
\_ y
( )
= K* = n%m°n? as normalization channel
s KT 5 P (nf—ptv) largest background
— +
= S =M2(utv) > 003 GeV? / )

BR(KE — nonpty, S, > 0.03 GeV?) = (0.65 + 0.03) x [0+

BR(KT — m®r®puv) = (3.4 £ 0.2) x 10¢

HEP2023

= 2437 events observed

= 354+33_ +62

background events expected
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------ f uncertainty limits R=0 | [}
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Calculations  : Measurement
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B 2R,
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OUTLINE

NA62 Run| data (2016-2018)

. + +
Main goal: K™ — 11" v
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Spectrometer Trigger and timing

Secondary 75 GeV/c beam Large Angle
_ K*(6%), "(70%), p(24%) photon Veto
£ i
< 2]
1 K* identification LAV
1-
0 - CHANTH — Vacuum ;&
1 -
SPS protons
LMl 400 GeV/c on Be LKr
Beam spectrometer

m* / u* identification

Small Angle
Calorimeter photon Veto

L.
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20

FCNC s — d, high CKM suppression

Theoretically clean, dominated by short distance

(10~ ]

Hadronic form factor extracted from Ky

Uncertainty largely from CKM parameters

B(Kp — i)

BRSD(KL—>7TOK+[—)

THEORY

15F

10p

A; or Ay only:

NP 2 a2
lex oc Im AJ [ My

J\GL‘]](‘I‘E\-] NP x
10 15 20

BR(KT -1 W)y = (84 % 1.0) x 107" "

HEP2023

B(K" — ntup)

(1071

BRsp(K, —» p'p) ~—— Re

charm

0

+ + - =
K" —-m vwand K — t"vv

are correlated
Very sensitive to new physics

Kaons can constrain the UT
independently from B physics
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HEP2023
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ANALYSIS

(Selection steps

+ _+ )
= K, track reconstruction

" identification, p+ rejection
Multi-track rejection, photon veto
Kinematics (m?_..., P.)

Requirements

= Kinematic suppression O(10%)
= Muon rejection O(107)

= 10 rejection O(107)

= Time resolution O(100 ps)

Analysis

Track matching, vertex reconstruction

* Momentum range: |5 < p_ <45 GeV/c
= Signal regions blinded during the analysis
\ " Optimized in 9 different categories

10/01/2023
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RESULTS

= Single Event Sensitivity: (0.839 £ 0.053 ) * 107"
= Expected SM signal events: 10.01 £0.42_ .+ |.19

syst —

ext

" Expected background events: 7.03*93

m Observed events: 20

Number of events

BR(K* 1" W) = (10.6 *43|seee £ 0.9, X |

4
I/\ 10 ; v Camerini
E = V¥V Experimental upper limit @ 90 % CL
T 10_5? Experimental measurement
+ B C Kiems 4| Theoretical prediction
é 10 6? v Cable
L H H = 10—7; V Asano
0 sty Lot b b b b ? v E787
0 1 2 3 4 5 6 7 8 107 v
Cat o M
ategory 10 = E787+E949  NAG62
10710% ._’_
HEP2023 10—117 1 1 1 ‘ | R e S 53 ¥ 1 \ 1 J 1 J L 1 ‘ 8“6
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OUTLINE

NA62 Run| data (2016-2018)

0

. + + + + + _ o+ +
Precision measurements: K" —m'e vy, K" -1t p pu,K" =1 vy
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STATE OF THE ART

/7 V4 . .

K" Y Kt %Y Divergent decay amplitude _ BR(10e™ vy | ith region)
for E,and 6., — 0 R AR(mocT

Direct 0 Inner 0 for the IB component (me™v(y))

™
Emission Brehmsstrahlung
Range E~ cut fe,~ cut O(p®) ChPT [1072] | ISTRA + [1072] OKA [107?]
R E > 10 MeV Oc,~ > 10° 1.804 + 0.021 1.81 +0.03 +0.07 | 1.990 + 0.017 £+ 0.021
Ry E. > 30 MeV Oc,~ > 20° 0.640 £ 0.008 0.63 £0.02 £0.03 | 0.587 £0.010 + 0.015
R3 E, >10 MeV | 0.6 < cosfc¢ .~ < 0.9 0.559 £ 0.006 0.47 £0.02 £0.03 | 0.532 £0.010 + 0.012
T-odd observable Test of T-asymmetry 4 )
= | A¢(SM and beyond) | < 10
¢ = Py Pe X Dn ] ( Ae = Ny — N- = ASTRAT (Ry) = (1.5 £ 2.1) x 107
my J L Ny + N_ " No measurements of A for R, and R,

- Y

10/01/2023 916

HEP2023



RESULTS

Ke3 events / (500 MeVZ/c?)

. -» Data 4

§ NAG2 Pre”.mi”ary g MG Ke3 = Normalization selection: 25104:_ NAG2 Preliminary g ——
| Ke3 selection ‘. I MC K2r Bkg 66M events 2 £ Ri selection J ) Sy
E o .'. —> 8 - | ., MG K370 Big
B s , = Almost background free: D 10 i .
B/S ~ 104 2 F r
- o 4 \ J o * ‘e
= ‘.o'-. 2 '..'!..‘ B 102 = ‘.-"".. .u!.
;"lf \""-. = LT " g kL
10° & = Main bkg source: é‘mg‘f g ¥
- I ml I I accidental activity in LKr :
nan ool ooy P I R I S TR - |
’ o o ° ° ° mrznissEPO(GS) [rzdsevzfcf]n 8 Dedicated mzmlss(Ke3) CUt —2IIII - I—‘1|5I - —‘1IIIII - I—|5I — {l) o é III I‘1|III - I1|5I N |2i6<103
m2,.s(Ke3y) [MeVZ/c?]
range 1 range 2 range 3
R x 10? 1.684 £ 0.005 + 0.010 0.599 + 0.003 + 0.005 0.523 +£0.003 £ 0.003
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THEORY, SELECTION

Normalization: K* — ' n” Signal selection
Q Ej } Q = Abundant (BR ~ 5.6%) = 27679 events observed

Cancellation of systematics = 8 bkg events expected

“"_c__? 10° Pt e Data “’Q 10° "T—— Data K s yp u
Kox D 10f B Koy 3 10° EO K —evewy ElK v
= [(xk*>nete = [k —»rrev, BlK -y,
— - = 107 K —»mn ey, — 107 K -sn K —»rtpuru
K(k) (K 7(p) K(k) ~ K (pr— =(p) f":z 106 -K+—)W+“_H+Vp ,:’:3 108 3
L%’ ] K > LguJ .
+ N -
= FCNC mediated by one photon exchange K* — m*y* 10 K orrn 10

10*

m  Test of LFU by comparing K* — mt*e*e”

-
o O
n w
-
-+
111 IIH‘ HIIHIII 1 IHI\J 1 LIIIIJL‘ LIIIHIII 1 IHH‘ 1 Hlll\d

= Form factor parametrized by ChPT at O(p®)
W(z)=GrM3z(a+bz) + W™ (2)
where z = m(u* pu7)? / M2

\IHIHIl ILIIIIH‘ HIIHl JIHI\I‘ L1 LIIIHIII 1

Data/ MC
Data/ MC

®  Measurements:

" Model independent BR

L 460480 500 520 540 560 580 600 620 380 400 420 440 460 480 500 520
= g,b (by reweighting MC) m(3m) MeV/c?) m(ruu) [MeV/c?)
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RESULTS

BR =(9.15 £ 0.08) x 108 a=-0.575*0.013, b=-0.722 * 0.043
= Consistent with previous measurements = Compatible with previous measurements
= Large improvement in precision * No evidence for LFU violation

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 TT1 + L L B B B B B e
s Cen'trall value and toltal errors ; _0'5: 68:/0 Ctlﬁgﬁtgfﬁlsl)
Statistical+systematic errors e
-~ o - NAB2 (mup)

Statistical errors Only E = ~ |- NA48/2 (nuu)
PDG average (2022), without NA62 result g _0'6__ . \\\\ ----- NA48/2 (nee) 1
Q B — — E865 .only) i

et E787(1997) a [ %) (nee) (stat. only)

207 events o - .
E865 (2000) o o = - |
430 events % i i
L 0.8 \ .
HyperCP (2002) v " Z ]
110 events B N
NA48/2 (2011) 0.9 -
3120 events = i i
NA62 (2022) -1 -
27679 events H B i
|IIII|IIII|III||I|II|IIII|III|IIII| _|III|III|III|III|III|III|III|T
4 5 6 7 8 9 10 1; -0.64-0.62 0.6 -0.58-0.56 -0.54 -0.52 -0.5
B(K" — mtutu’) x 10 Form factor parameter a,
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Data/MC

OO0 ==

350

300

250

200

150

100

50

NmmA;mm

KT - Tt+yy

Allows for crucial tests of ChPT
Kinematic variables:

Q’Yz)

_ (mw)z _ Pk (@ —

mg

real parameter €

2

My
BR(K — T yy) at O(p®) parametrized by a

—— Data
K= ntyy
BK-
K — nrnon°
K= nndy

H TLQLT {Jrjrjrﬂv}ﬂﬂ g T jr WL

E\IIILII|\II\Illl\ll\ll‘llll‘ll\lll

0.2 0.25 0.3 0.35 0.4 0.45 0.5

z=M (") / M

= 4039 events observed
= 393 + 20 bkg events expected
= Main bkg: cluster merging in calorimeter

= Reweighting and fit of MC gives ¢ = [.713 + 0.075,,. + 0.037_
E?B? (1997) E787 (1 E997)
31évems j E E EfeveMS? : E E E
NA48I2 (2014) NA48/2 (2014)
149events i i i 149evenls i i i i
NA62 2007 (2014) NA62 2007 (2014)
232events i é ; 232evenl$ H é —?___.__?_-
NA48I2 + NAG62- 2007 (2014) NA48/2 + NAE2 2007 (2014)
381 events | i _._ 381 evenls ;
NA62 (2022) - thls result NA62 (2022) thls result
4039 events —_ 4039 evenls
| ‘\ | ‘ I\l\ll\lllll II|II\I|\I\\l\\I\ll\lllll\ll\ll\ll\l\‘IIIIlIII\
0.5 1 1.5 2 2.5 5 6 7 8 9 10 11 12 13 14
ChPT O{ps) ¢ Br(K'— rc*’y'y)xm?
+ + - 7
BR(K" —m yy) =(9.73 £0.17_,. + 0.08) x |0
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OUTLINE

NA62 Run| data (2016-2018)

LFV / LNV searches: K* — nit pjre"', K" - n_(no)e+e+, KF > p+ p+, K" - p_ve+e+

HEP2023 10/01/2023 14/16



LFV / LNV SEARCHES

= |Lepton number and lepton flavour are accidental
symmetries in SM (neutrino oscillations are LFV)

= |LFV: mediated by leptoquark

= LNV:mediated by heavy Majorana neutrino

\_

i Iy

KT > nfpte® (LFV)

(" u

K

J

\_

&

w-

K¥ > n 274" (LNV)

______|PreviousUL "0c209 | NA62 UL at 90% CL

K¥ > ute’ BR <5.0x 10"
K¥ >nue’ BR <52 x 10"
'|-[0 — “_e+ BR < 3.4 % |0'9
K+—)'|'[_IJ_+IJ_+ BR < 8.6 % |O-”
Kt Smetet BR < 6.4 x |00
K¥" > nnlete’ N/A

K* - p_ve+e+ N/A

HEP2023

BR<42x 0"
BR<6.6x 10"
BR<3.2x [0
BR<42x 0"
BR<53x [0
BR <85 x [0'°
BR<8.I x [0

10/01/2023
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OUTLINE

NA62 Run| data (2016-2018)

NA62 2021 data

Dark photon searches: A" — p+ .

HEP2023 10/01/2023 15/16



Backgroun

CDA 5y [mm]
Events / [2 mm x 1 m]

Preliminary

-~

CDA_,, [mm]
@

[4,]

al
o;

Ny

DARK PHOTON SEARCHES: A’ — ™ ™

Dark photon feebly interacting with SM particles with free mass and coupling €
Beam dump mode: 3.2 m Cu-Fe collimators (TAX) used as target
Search for dark photon production in interaction with TAXs

|.5x nominal intensity, (1.40 £ 0.28) x 10!” POT collected in ~10 days

CR

-y
o

|
I'OO
(=18

. .10‘ .

0.0012

0.001

0.0008

f events / [2 mm x 1 m]

0.0006

ion @

Fract

0.0004

0.0002

| event observed

2.40 significance
(counting experiment)

=
;
|

N

0.016 £ 0.002 bkg events expected

[
o
I

W

=
o
|

S

€
H
o

b

=
o
|

)]

90% CL UL
—— NA62 A’ - uu, obs.

A= puu, exp. £1o
A’ > uu, exp. £20 ]

Past experiments

T

My [MeV]

103
15/16




SUMMARY

+ +
= K - mnfu*v
+ +

= K" >m v
+ +
= K" - mleTvy

. K, “+H+H_

= KF Sty NA62 Run2 will last until LS3
» KY S nFptet ...stay tuned!

= KT S (m0)ete”
- kY T[_H+ H+
= Kt > p‘ve+e+

= Aot

HEP2023 10/01/2023 16/16



SUMMARY

+ +
= K - mnfu*v
+ +

= K" >mw
+ +
= K" > nleMvy

. K, “+H+H_

= KF Sty NA62 Run2 will last until LS3
» KY S nFptet ...stay tuned!

= KF S nm@)etet
- kY T[_H+ H+
= KY > p‘ve+e+

= Aot

HEP2023 THANK YOU!
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BACKUP




JHEP 06 (2021) 093

Main background:
SM K* —mt vy

. 2 o ,’ ;
Peak search in m*_ . F b
distribution 108 L
Width from resolution ) ¥
10° &

/ 1=100ps
! 1=200ps
=500 ps

t=1ns

TT "‘\'“I:*_—l_‘l TTTTT

Acceptance from MC

UL on BR(K"—>7*X) at 90% CL

o 107
=2
wn
107
1075
107

1077

NAG2 NAG2
K* = nt +inv. @ —inv.

t=2ns
. . - [—NA62 t=5ns 1043
simulation 1011 | oo 2o
C_1 | 1 1 | | 1 1 1 | 1 1 | | I 1 | | 1 I | | 1 1 | 1
0 50 100 150 200 250
m, [MeV/c?]

m Limits with finite lifetime: assume decay to visible particles in geometric acceptance

107!

= |nterpretation in dark scalar model with mixing with Higgs (sin26)

mg [GeV/c?]



FUTURE

_ MUVO
E Veto-counter HASC-2 Goal: reach O(10%)
x %] LAV - s precision by LS3
@ T. : MUV1,2
el il ;i . RICH MUYy3 / \
arge | AC
0- P 1H=H CHANTI ' = i = |mprovements in
1 2 3l BEEN s LKr reconstruction
g o : : i

figc  Dump m Optlmlzat.lons in

LKr the analysis:
random veto stable,
background rejection,

\ acceptance increased /

Beyond LS3
HIKE:

Beam line re-arranging

o]

! T T T T T T
100 150 200 250

Z[m]

= Additional GTK station \
®  Beam line re-arranging to swipe away upstream Tt*
= New VetoCounter to detect upstream decays

=  HASC-2 to further suppress K* — m* ni° decays

High Intensity Kaon Experiments

K. Intensity increased from 60% to 100% of nominal /




RECENT THEORETICAL PROGRESS

4 ) 4 )

BR(KT—>m vw) = (8.60 + 0.42) x 10" BR(KT >m w) = (7.73 £ 0.61) x 10"

BR(K,—m%wW) = (2.94 + 0.15) x 10" BR(K,—mowW) = (2.59 + 0.29) x 10"

N / o /




SINGLE EVENT SENSITIVITY

NP = N

PNN

vV BR(T[VV)

VvV Tt E':tr'ig ERv Arm BR('I'[T[)

Subset S1* Subset S2 *
Npr x 1077 3.14 11.6
Ay x 102 7.62+£0.77 11.77+1.18
Arp x 102 3.95 + 0.40 6.37 + 0.64
€trig | 0.89 & 0.05 0.89 4 0.05
€RV 0.66 4 0.01 0.66 + 0.01
SES x 1010 0.54 +0.04 0.14 £ 0.01
NP 1.56 £ 0.10 £ 0.19¢x¢ | 6.02 4 0.39 & 0.72x¢

= K* — n* ® normalization channel
= Cancellation of systematic effects
= Random Veto: efficiency loss due to beam activity

Random veto efficiency

Photon rejection
v LKr veto
LAV veto

Photon + multiplicity rejection

0 100 200 300 400 500 600 700 800 9001000

Intensity [MHz]



BACKGROUND FROM K* DECAYS

+ 0 2 . o .
Control " 1i° data to study m“_. distribution Number of events in T+ T
107 Data region after mvv selection
MC K'—>nr*r® T

it
=
=)

- :z E::z:iincertainty N e)ip (S R) = N (T[ T[O) fkln (ls R)

O I [ Expected K* — m* % events ] [Fraction of m* ¥ in signal region,]

[
o
n

ot
=
=

in signal region measured on control data

Entries / (0.0025 GeV?*/c*)

T 1t Tg = K"— p"v,and K" — " " i~ backgrounds:
o, similar procedure

—0.02 0 002 004 0. 06 0.08 0.1 = K*— m*mn e*v, evaluated with MC simulations
[GeV¥c!] = Validation with control regions

ll’llSS




UPSTREAM BACKGROUND

—
Y
C6
Accidental .
---‘ --------- :‘--l?---\----
o o :
K+
I
KTAG Cé

Vacuum tanl

-
----------

Fake Vertex

Fiducial decay region

110-165 m

STRAW1,2

- -
---------
-

STRAW3 4

RICH m

Pions produced upstream of the
fiducial volume

= Early kaon decays

= [nteraction of beam particles with
beam spectrometer material

Fake association of detected pions to
accidental particles

New collimator installed in June 2018

Geometrical cuts & BDT cut on
backtracked pion position

KKaon-pion association effective

Data-driven background estimation



EXPECTED BACKGROUND SUMMARY

i e e
[ Vv Xol
0
(1.4+0.4) ™
8
.‘_
10 . 2ot it e
(7.240.9) % - T 31
. s’ o (32.4+3.2)
11
(9.2+0.6) ™
174 P
(212+21) P
IIII|IIII|II IIII|L|.lI|IJ]I

Background | Subset S1 | Subset S2
a0 0.23+0.02 | 0.52 4 0.05
'y 0.19 £ 0.06 | 0.45 £ 0.06
T e v 0.10 £ 0.03 | 0.41 £ 0.10
Tra T 0.05+0.02 | 0.17 £ 0.08
Ty < 0.01 < 0.01
NI RY < 0.001 < 0.001
Upstream 0.54:8:3? 2.761}:?8
Total 1.1179:5 43179395

15 20

25

30 35 40 45

nt momentum [GeV/c]
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