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Kaon expenm‘ents at CERN
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Main NA62 goal: K*—>n*vv measurement to 15% precision 2015: commissioning

using the decay-in-flight technique. NA62< [2016-18: physics run 1

Currently ~300 participants from ~30 institutions.

2021-: physics run 2
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The NA62 setup

SPS protons: 400 GeV, 3x10'2/spill.
Unseparated secondary (p/n*/K*) beam: LAV: large-angle

Beam rate: 600 MHz; K* rate: 35 MHz;
4 MHz K* decays in the fiducial volume

GTK: beam
tracker

Vacuum
0(10-%) mbar

75 GeV/c (£1%), divergence < 100 urad. photon veto (12 stations)

JINST 12 (2017) P05025
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< One year ~ 2x10"8 protons on target ~ 5x10'% K* decays.

¢ Beam structure: ideally, uniform over a 4.8 s long spill.
% In practice, significant variations

of instantaneous beam intensity during the spill. I::)
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NA62 datasets
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Currently: ~2x10'8 pot/year,
~5x1012 K* decays/year

Beam-dump mode:
4x1017 pot collected so far

% Run 1 (2016-18):|Ny~10"3|useful K* decays with the main trigger.
v' Sample 2016 (30 days, ~1.3x10'2 ppp): 2x10'" useful K* decays.
v' Sample 2017 (160 days, ~1.9x10'2 ppp): 2x10"% useful K* decays.
v' Sample 2018 (217 days, ~2.3x10'2 ppp): 4x10"% useful K* decays.
% Run 2 (2021-): in progress (up to 3x10'2 ppp), approved till 2025.
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Kt>n*u*u- decay
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Kt>n*u*u- decay
D’Ambrosio, Ecker, Isidori, Portoles
Theory overview JHEP 08 (1998) 004

K* — n*¢*t¢~ decays (¢ = e, )
» Flavour-changing neutral-current processes
» Kinematic variable z = m?(¢t47)/m&%
» Dominant contribution via virtual photon exchange K* — nf~* — 1ty
» Form factor of the K*¥ — w*~* transition: W(2z)
» Chiral Perturbation Theory parameterization of W(z) at O(p°®):

a., b, : real parameters
W™ (z): complex function, two-pion loop

W(z) = Gemi(ay + b, 2) + W™ (2)

Main goals of the NA62 K+ — «+ "~ measurement:
» Measure model-independent branching fraction B,
» Measure function |W(z)|?
» Determine FF parameters a, and b,
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Kt>n*u*u- decay

JHEP 11 (2022) 11 %
>
% Dedicated di-muon trigger line. —
% Normalisation: K*—>=n*n*n~ decay. ‘%
< Effectively (3.48+0.09)x10"2 kaon decays. i
% Signal candidates observed: 27679.
% Negligible background: about 8 events.
Analysis:
» Data divided in 50 equipopulated bins in z:
dl'(z) wa,,' 1 1 h
( dz ), " Anuui Az Ng Tk
» Integrating dl'(z)/dz — model-independent B

» |W(z)|? function values extracted from dI'(z)/dz

» Fit of |W(z)|? data points — ChPT form factor
parameter measurement
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Kt>n*u*u- decay

o 1221075
Form factor parameters: S . | == Negatve soution
. . - r | —— Positive solution
» Two possible solutions: 1ob
a., b, : both negative or positive values of
» Preferred negative solution ar
x?/ndf = 45.1/48 (p-value = 0.59): b
6
a,. =-0575+0.013 55_+ . ——
b, = —0.722+0.043 . e v —
correlation p(a,,b,) = —0.972 - o —
& 25:— + E— Neg_a_tive solu_tion
L. . N N —— Positive solution
% The positive solution (a,>0, b,>0) = o /1 g AL, pogy / 92 x 10
cannot be excluded (p-value: 0.19). & | ¢ dr/dz vs z
151
Model-independent branching ratio 10;
(summed over the z bins): ]
BRM| . (9.151:0.08))(10—8 5[}

JHEP 1 1 (2022) 1 1 O&’l’“l"l e e o v by o e by |..|..1..T..|"f"1--1.
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Kt>n*u*u- decay

BR(K*—>x*u*u~) measurements S JHEP 1 1(2022) 11
. Central value and total errors 'f _0'5_  NAB2 (mup)
- . o) B 68% CL contours:
Statistical+systematic errors -
- [} B NAB2 ()
Statistical errors only e - | NA48/2 (ruu)
PDG average (2022), without NA62 result g -0.6 B \\\ ..... NA48/2 (nee) 1
E787 (1997) S— ! N\ | — — EB865 (nee) (stat. only) [
207 events o] - -
S —0.7_— .
E865 (2000) o i = : |
430 events g i ]
L _0.8f \ -
HyperCP (2002) o L i i
110 events d o - -
NA48/2 (2011) -0-917 E
3120 events (s -| Measurements -
B of form-factor i
NA62 (2022) — -
27679 events W - parameters .
IIIIIII[llIIlIIlIIlIIIIlIlIlI||ll|| —llllllllll|l|l|l|llIIIlIIIII|T
4 5 6 7 8 9 10 1 g -0.64 -0.62 -0.6 -0.58-0.56 -0.54 -0.52 -0.5
B(K" = wtutu) x 10 Form factor parameter a,

4

L)

» A factor of 3 improvement on best previous BR(K*—x*u*u~) measurement.
» Measured form-factor parameters (a,,b.) are compatible

between K*—>n*u*u~ and K*—>n*e*e” decays: lepton universality.
¢ Next step: K*-»n*u*u~ and K*->n*e*e” measurement with full dataset;

dedicated LFU test, search for a scalar contribution
(see D’Ambrosio, lyer, Mahmoudi, Neshatpout, arXiv:2404.03643) 8
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K*—>n*yy decay
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K+—>n*yy decay

Theory overview

» Long-distance dominated radiative decay
» Crucial test of Chiral Perturbation Theory
» Kinematic variables (g;: photon momenta, p: kaon momentum)

o @t ®? _m,

_ P (91— Q)
mi¢ My’

>
my

» Differential decay width [D’Ambrosio and Portoles, PLB386 (1996) 403]

e Y, y2— (172,

s Decay spectrum and rate are determined by a single ChPT parameter c,
plus external parameters extracted from K—3n decays.

% The term B(z), and therefore the y-dependence,
only appear at next-to-leading order, O(p®), in ChPT.

s Goals: measurement of ¢, and model-dependent BR.

10
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4oo§— Mass: m,,, + = d
a50f 8 K*—>r*yy decay
3005 PLB850 (2024) 138513
: <+ Downscaled control and non-muon
2505 } trigger lines.
200f <+ Normalisation: K*—>n*n? decay,
150k effectively (5.55+0.03)x10'% kaon decays.
1002“% + % Candidates observed: 3984.
ok iﬁ{ L < Expected background: 291+14.
L. Y . | * Kinematic variable z=(m,,/my)?
240 460 480 500 520 540 , computed using the missing mass (K-n).
m,.. [MeV/c?] z=(m,,/ m)2
300¢ 300¢ ' UK
E+Data _|,+ ChPT O(p?) E+Data ChPT O(o?
250:_ K = mtyy + 250:— K= wttyy
2003_ BK - vt - 2005_ B K- vt
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150: + 150:
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G ee——— e P e—
Ol ol
S12 +, .t 'qu Si2 T + J{
g G = SE SRS L s G- qu ++++++~J++ gty T
8gg+l+++++|+++++l|||lggg . . l . |+|. 11
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K*—>n*yy decay
PLB850 (2024) 138513

BR(K*—n*yy) measurements
in the ChPT framework

Differential decay
width in z bins

0.35x10™
- Data

: —ChPT O(pS) R IS ) I

E787 (1997)
31 events™ °

dr/dz [GeV]
o
w

NA48/2 (201 4)
149 events %

NAG2-2007 (2014) -
232events T

S1gnal not

“observable - | | ||| NAds2 + NA6272007 (2014)

[ atZ<O ..... 2 .................................. .............................. ............................. ..... 3 81 events
(Kz,t background)

NAG62 (2023) o
, | 3984events = @ 0* |

- - j - | | | | | | ! | | I | ! | | l 1 | i I | | L1 1| I | I | | [ I O | I | | [ | O o i | | L1 | . | | | | I .
0 0.1 0.2 0.3 0.4 0.5 56 7 8 9 10 11 12 13 14

z B(K*— mtyy)x10’
¢° = 1.44 + 0.069(a. & 0.034ys.

Benproes) (Kt — mtyy) = (9.61 £ 0.15stat. & 0.075yst.) - 10~
Bu(KT™ = m7yv|z > 0.20) = (9.46 % 0.19tat, & 0.075yst) - 1077
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ALPs in K*>n*a, a—>yy decay

PLB850 (2024) 138513
¢ Axion-like particle coupling to gluons: PBC scenario BC11.

% For m,<3m_, the dominant decay mode is a—yy.
% Peak search performed in the z spectrum of the K*—n*yy decay.
¢ Sensitivity up to ALP lifetime of 3 ns (longer-lived ALP is invisible).

Limits of BR(K*—nr*a)xBR(a—yy), Limits on BC11 parameters (m,,1/fg)
prompt decay assumpt]on from this and other searches

— Observed UL
- Expected UL =10
Expected UL +2¢

X

d

<
O

-
AN

—
N

—
T

B(K*—n*a)xB(a—yy) at 90%CL
T

S

IIIIIIIIIIII

ot
T K*>nta, a»yy

oL -K”—nr*Xmv
i : : : - l:n —»va
C1 11 l 111 l 111 | 111 l L1 l L1 1 l [ 10_6 A e
200 220 240 260 280 300 320 340 0 50 100 150 200 250 300 350 13
m, [MeV/c?] m, [MeV/c?]

E. Goudzovski/ BEACH 2024, Charleston, 6 June 2024



K*—>nle*vy decay

E. Goudzovski/ BEACH 2024, Charleston, 6 June 2024

14



K*—>nle*vy decay

Theory and experiment overview

JHEP 09 (2023) 40

Theoretical predictions and experimental

measurements for 3 sets of cuts:

minimal E, and 0, , (in K* rest frame)
_ B(Ke3y) B(K* - n%etuy | El, 0,

Inner Bremsstrahlung (IB) decay amplitude: 7 B(Ke3)  B(K+ — n%etu(y))
— divergent for E, -+ 0and 6., — 0
E, cut 0o, CUt O(p®) ChPT ISTRA+ OKA
[EPJ C 50, 557]
Ry (x10%) | E, > 10 MeV 0o, > 10° 1804 +£0.021 | 1.81+0.03+0.07 | 1.990 £ 0.017 £ 0.021
R, (x10%) | E, > 30 MeV Bey > 20° 0.640 £ 0.008 | 0.63+0.02 £ 0.03 | 0.587 + 0.010 + 0.015
Rs (x10%) | E, > 10 MeV | 0.6 < cosfo- < 0.9 | 0559 +0.006 | 0.47 +£0.02+0.03 | 0.532 + 0.010 + 0.012

T-odd observable ¢ (K™ rest frame): &

ChPT calculation: Kubis, Muller, Gasser, Schmid, EPJ50 (2007) 557

_ Py (e x )
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; Asymmetry: A =

N, — N_
Ny + N_
(SM expectation ~10-4)
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K*—>nle*vy decay

JHEP 09 (2023) 40

Downscaled control and non-muon

triggel‘ lines :;\107 |§rNormaIization selection — Data
E, SE I MC Ky
. . 10° = * st
> Normalization: K* — 7% tw - B MC K'—m'a?
N(events) ~ 6.6 x 107, 10~* background S10°,
. . s F
» K+ — n%tv~y signal samples, 3 regions S;: £ 10k
— N(events) ~ 1.3x105 for selection S; 1035
— Background: < 1%
— Main source of bkg.: accidental activity 10755 s T x10°
> Evaluation of A;: o Mhss(Keo) [MeVZ/c’]
% | S;selection —'-— r?n%tax
b bkg tri 3 2
obs _ 1 E
Rj _ B(Ke3vf) _ NKe3'yf NKe3'yi _ Akes . EKe% § g
B(K obs _ APk A . trig 2107
2
» Evaluation of asymmetry: Y
NA62 _ aData _ AMC
A0 = AT — A

-20 -15 -10 -5 O 5 10 12 0
mﬁ,lss(Kesy) [MeV*©/c™]

16
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K*—>nle*vy decay

Results

Ratio measurement:

JHEP 09 (2023) 40

O(p®) ChPT

ISTRA+

OKA

NA62

R (x102) | 1.804 % 0.021

1.81 £0.03 £ 0.07

1.990 + 0.017 £+ 0.021

1.715£0.005 + 0.010

R. (x10%) | 0.640 +0.008

0.63 +0.02 +0.03

0.587 £0.010 £ 0.015

0.609 + 0.003 + 0.006

Rs (x10°%) | 0.559 + 0.006

0.47 +£0.02 +0.03

0.532£0.010 £ 0.012

0.533 +0.003 + 0.004

» Precision improved by a factor > 2
» About 5% smaller value than ChPT prediction

Asymmetry measurement:

ISTRA+ OKA NA62
Ae(S1) (x10°) ~01+£394+17 | -1.2+28+1.9
Ac(S2) (x10°%) ~444+79419 | -34+43+3.0
Ac(S3) (x10%) | 15+ 21 70+81+15 | -91+51+35

4

L)

L)

4

L)

L)
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» No T-odd asymmetry observed at the 103 level.
» Sensitivity does not reach the SM expectation.
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n’—>e*e” decay
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0 +ta-
n'—e*e” decay
Theory overview and experimental status
(loop and helicity suppressed decay) Leading-order
@ Experimentally observable: Feynman diagram

B(ﬂ‘o — e*e"(’y),x > Xcut), X = mﬁe/mfro

e Dalitz decay 7 — v et e~ dominant in low-x region
e For x > xcut = 0.95, Dalitz decay ~ 3.3% of B(7? — ete—(v)) 7

@ Previous best measurement by KTeV
[Phys.Rev.D 75 (2007) 012004]

Bkrev(m° — €7 (), x > 0.95) = (6.44 + 0.25 4+ 0.22) x 107 °

@ Using latest radiative corrections in
[JHEP 10 (2011) 122], [Eur.Phys.J.C 74 (2014) 8, 3010],
the result can be extrapolated and compared with theory:

| B(n® — ete~, no-rad) x 108

KTeV, PRD 75 (2007) | 6.84(35)
Knecht et al., PRL 83 (1999) 6.2(3)

Dorokhov and Ivanov, PRD 75 (2007) 6.23(9)
Husek and Leupold, EPJC 75 (2015) 6.12(6)

Hoferichter et al., PRL 128 (2022) 6.25(3) 1 9
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0 +a-
n’—e*e” decay
% Downscaled electron multi-track trigger line. [Preliminary, to be published]
% Signal decay chain: K*->nr*n?, nl—>e*e.

< Normalisation: K*—>xn*e*e™ decay (selection: m..>140 MeV/c?),
effectively (8.621+0.27)x10"" kaon decays.

Normallsanon M, ce - Normal1sat1on Mee
“g - NA62 Preliminary © = © | | | [—Data “5 = NA62 PreI/mmary ' : : |—— Data
c SO S N SO S S E’ T
A N
2 2
C c

&)
S S
5 5
8 = 8 _
480 482 484 486 488 490 492 494 496 498 500 502 504 506 508 510 140 160 180 200 220 240 260 280 300 320 340 360
M., [MeV/c?] M, [MeV/c?]
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n%—>e*e” decay

Signal: mge
200 7 :

% CNA62 Preliminary ., | |~ Data

g 180 ............... . ............... ..... - K* — n*e* e-

o oF (K

SO WK s atag,

%’ 140 :_ .......... ............... ........ o ; - K" — n* “29

[ - : H : : : : :

> — : H : i i i i :

w 120 AAAAAAAAAAAAAAA , AAAAAAAAAAAAAAA ............... ..............
S S RS S S S

[preliminary, to be published]

’0

L)

L)

&

L)

*

Other backgrounds:

L)

Irreducible K*—n*e*e~ background.

Kr—>n*nf,, % —ye*e” with a lost

or converted photon, and

Kr—n*nl, with two undetected e*.

&

% Signal yield: 597+29 events.
¢ Measurement of the signal BR:

Banez2 (10 — €e (), x > 0.95) =

= (5.86+0.37) x 10~®

0
Q 14f | 6B[1078] | 6B/B [%]
s A Statistical uncertainty | 030 | 5.1
[ -
= 8125 — | | - _ Total external uncertainty | 019 | 32
130 131 132 133 134 135 136 137 13:199 [ﬁgw‘;z?o Total systematic uncertainty | 011 | 1.9
Extrapolation using radiative corrections: Trigger efficiency o 0.07 1.2
= — Radiative corrections for m° — e"e 0.05 0.9
[BNA62 (71' —e'e no-rad) =] Background 0.04 0.7
. -8 Reconstruction and particle identification 0.04 0.7
= (6.22+0.39) x 10 Beam simulation 0.03 0.5

Good agreement with SM expectation
E. Goudzovski/ BEACH 2024, Charleston, 6 June 2024
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Summary

¢ NA62 Run 1 (2016-2018) dataset exploited for precision
studies rare kaon and pion decays:

v Krornutu- [BR~10-7; JHEP 11 (2022) 11]

v Kf=mhyy [BR~10-6; PLB850 (2024) 138513]

v K*—nle*vy [BR~10-4; JHEP 09 (2023) 40]

v nl—ete- [BR~10-8; preliminary, to be published]

% Uncertainties are generally dominated by statistical errors.

“* NA62 is collecting data until 2025 (or 2026).
New results, including those based on the full dataset,
are expected in near future.

22
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