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Outline

e Overview of NAG2

e Precision measurements of rare decays:
o KT > mletvy (Kesy)
o K-> mutu” (Knyu)
o K*-mtyy (Knyy)
o K*->mntn nty (Kzpy)

e Summary
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NAG62 Experiment

~200 participants, ~30 institutes from:

Birmingham, Bratislava, Bristol, Bucharest, CERN,
Dubna, GMU-Fairfax, Ferrara, Firenze, Frascati,
Glasgow, Lancaster, Liverpool, Louvain, Mainz,
Moscow, Napoli, Perugia, Pisa, Prague, Protvino,
Roma |, Roma Il, San Luis Potosi, Sofia, Torino,
TRIUMF, Vancouver UBC

NA62 Timeline

Feb. 2007: NA62 Approval

2009 -2014: Detector R&D and installation
2015: Commissioning

2016 —2018: Run 1

2021 -2025: Run 2
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NAG62 Experiment

® NAG2 is a fixed-target experiment at the North Area of
CERN SPS

® Primary p* beam: 400 GeV/c, impinging on 400mm long
beryllium target

® Secondary beam: 75 GeV/c, composition: 1°(70%),
p*(24%), K*(6%)

® Main goal: measure B(K—T"wv) with 10% precision,
using "decay-in-flight" technique

® Requires ~10'2 kaon decays

® Currenttheoretical prediction:

Brsu(K—1*w) = (8.4 £ 1.0) - 1012

[Buras et al., JHEP11(2015)033
® Latest experimental results:

Breoag(K—T'w) = (1737152 ¢1qr) - 101
E949/E787[Phys. RevD 7 2004 (2
Bruas2(K—=T"'W) = (10.6137%3 10 £ 0.95y5¢) - 102
[NAG2[JHE P06(2021)093]]
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https://arxiv.org/abs/1503.02693
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.092004
https://arxiv.org/abs/2103.15389

NAG62 Detector System Overview
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https://iopscience.iop.org/article/10.1088/1748-0221/12/05/P05025/pdf

K* - nletvy: Introduction

Ve
. . . . < +
e Long distance decay described by Chiral Perturbation Theory ”,// e
e Measurementgoals: K" v
B(K . ) B(k+*->mOet 1"9'
°© Rj= - ;3”] = (x nBe(KWJ Fy: ey Direct 0
(Kes) e lPhasgspace Emission 2
conditons [Eur. Phys. J. C 50 (2007)]
[ | E}, 6, ChPT v,
Ry x 102 E, > 10 MeV, 6., > 10° 1.804 + 0.021
Ra x 102 E+ > 30 MeV, e, > 20° 0.640 + 0.008 W/ e’
R3 x 102 E, > 10 MeV, 0.6 < cosfley < 0.9 | 0.559 = 0.006 K+ 7/
o T-violation effects: ¥
_ Py ®exPr) _ Ny-N_
M3 - &7 NN Inner o
" Bremsstrahlung
where ¢ is the T-odd observable (in kaon rest frame), A¢ is the [Eur Phys J. C 50 (2007)]
asymmetry variable with N, (N_) being the numbers of events with

positive (negative) €.
Ag € (=107*,—107°) [SM and beyond]
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https://arxiv.org/abs/hep-ph/0611366
https://arxiv.org/abs/hep-ph/0611366

K* - nle*vy: Selection

10°

Normalisation: K* - mle*v (Ky3) Signal: K* — ne*vy (K.3y)
e 1 downstream track with e* PID e 1 downstream track with e* PID
e \Vertex with K* upstream track e \Vertex with K* upstream track
o 2y clusters in LKr with m,,, compatible with 7° o 2y clusters in LKr with m,,, compatible with 7° + 1 radiative y
o No additional photons in LAV / SAC o No additional photons in LAV / SAC
e Cutonm?; (Ky3) = (Px —Ppo — P,)2 e Cutonm2,(Kes,) = (Px —Pno — P, — B)2and m2,;.(Ke3)
:§‘°’§_ NA62 Preliminary - Ram % [ Nae2 Preliminary s oty
L E ' I MC Ke3 % jor sty
= ol Ke3 selection [ MC K2 Bkg § £ R1 selection — Lyt
(= = o C ] 7
§/ E 8/103&—
gu'e % b
5 F 5
> B
g 10* = E L
g E o
- &
<

oy ' (i) e o [ | Z o »1 nff'] 103
-20 -15 -10 -5 0 5 10 15 > 420
m2,...(Ke3y) [MeVZ/c?]

2
102 5

10 15 20
m2,.s(Ke3) [MeVZ/c?]
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https://arxiv.org/abs/2304.12271

L
K* - netvy: Analysis

Procedure for R;:

bk , « Bkg from accidental activity in LKr (data driven estimation),
BK.. j) NOPS _N7*9 i trig . o : )
__esy)) " Kesy Kesy AKe3 EKe3 from misidentified e+ or undetected y (MC driven estimate)
obs _ g . trig
7 B(Kes) Nies™Nkes “Akesyi €y q i « Acceptances evaluated by MC
« Trigger efficiencies measured with data
I ” Normalization | S | So | Ss3 I
Selected candidates 6.6420 x 107 1.2966 x 10° 0.5359 x 10° 0.3909 x 10°
Acceptance (3.842 £ 0.002)% (0.444 + 0.001)% (0.514 + 0.002)% (0.432 £ 0.002)%
Accidental — (4940.24+1.3) x 102 | (2.3+0.2+0.3) x 102 | (1.1+0.1£0.5) x 102
Kt o 7070ty — (1.1+1.1) x 10% (1.141.1) x 10? (0.1 £0.1) x 102
Kt - nta070 — <20 <20 <20
Kt o nta0 (1.0 £1.0) x 10* — - -
Total background (1.0 +1.0) x 10* (6.0 + 1.8) x 102 (3.4+1.2) x 102 (1.2 +0.6) x 102
Fractional background 1.6 x 104 0.46 x 10—2 0.64 x 10—2 0.29 x 10—2 [arXiv:2304.12271]
zo’m’ 10° 10*
6‘:;; o NAGB2 Preliminary = Data nE ' §_ NAB2 Preliminary = Data .,E E_ NAG2 Preliminary -=Data
% 15 R1 selection 1 MC Ke3y % -g— R2 selection 7 MC Keay %, E_ R3 selection MG Kegy
Procedure for A: 2 Fiad s

IS LR )
TIT T

— pADat McC
Af—Asaa_As;

N e o @

i
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https://arxiv.org/abs/2304.12271

K* - nletvy: Results and Comparison with the World

[Eur. Phys. J. C 50 (2007)]

[Phys. Atom. Nucl. 70 (2007)]

[JETP Lett. 116 (2022)]
[Eur. Phys. J. C 81.2 (2021)]

arXiv:2304.12271

1.804+0.021 1.81+0.03 +0.07 1.990 +0.017 +0.021 1.715+0.005 + 0.010
0.640 + 0.008 0.63+0.02+0.03 0.587 +0.010 + 0.015 0.609 + 0.003 + 0.006
0.559 + 0.006 0.47+0.02+0.03 0.532 +0.010 + 0.012 0.533 +0.003 + 0.004
-0.1+39+17 ~1.2+28+1.9
/ / 7.0£81+15 —3.4+43+3.0
—44+79+19 ] 91451435 )
Decay Rate: T-asymmetry
« factor> 2 more precise than previous experiments « Compatible with no asymmetry
* Relative uncertainty < 1% * Improved precision from OKA experiment
* 5% smaller than ChPT prediction « Uncertainty still O(102) larger than prediction
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https://link.springer.com/journal/11450/volumes-and-issues/70-8
https://link.springer.com/journal/11450/volumes-and-issues/70-8
https://arxiv.org/abs/2304.12271
https://arxiv.org/abs/hep-ph/0611366

K* - nru*tu™: Introduction

® FCNC decay described by the means of Chiral Perturbation

Theory (ChPT), mediated by one photon exchange Kt - nty*
[Nucl. Phys. B291 (1987) 692—719] , [Phys. Part. Nucl. Lett. 5 (2008) 76-84]

e Differential decay width:

arez) _ 2 _ m@utu)?
dz |W(Z)| ! Z= mi{

K

e Parametrization of Form Factor at O(p®):

W(z) = GeMg(a, + b,z) + W™ (2)
a,, b, Form Factor parameters,
W™ (z): K3, pion loop term

[JHEP 08 (1998) 004]

K(k) 7(p) K(k) m(p)

e Measurements:
o  FF parameters: a,, b.
©  Model independent branching fraction B(K,,
o  Forward-backward asymmetry

uu)
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https://doi.org/10.1016/0550-3213(87)90491-3
https://inspirehep.net/literature/731640
https://iopscience.iop.org/article/10.1088/1126-6708/1998/08/004

KT - ntutu~: Selection

Normalisation Signal
Normalisation: K™ - nt*ntn (Ks,) G T b S 10F
«  High BR ~ 5.6% g 1o A ]
«  Kinematically similar g mx o | 2
» Cancellation of systematic errors G 8 —rn i

Signal Selection:

+ 3-track vertex

+ Eventintime with KTAG

« 1t PID: no signalin MUV3
« u*PID: signalin MUV3

Q Q T T I I
s s
e Kinematic cutsto suppress K37t events é % B | ‘“ m |
2 e e ra tusdly o .‘J
|mnuu — mK| <8MeV/c 1 uti M«
Mﬂ
Data Sample: 0'6L4é0 480 500 520 540 560 580 600 620 0'3?0 400 420 440 460 Jawo 500 séo_
» Effective kaon decays N~ 3.48%1012 m(3n) [MeV/c? m(Typ) [MeV/c?

+ Eventsselected: 27679
« Background expected: ~8
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K* - ntu*tu: Branching Fraction and Form Factors

_ xi0®
% r —e— Data
&, 25+ —— Negative solution
N [ —— Positive solution
Model-independent B(K,,,) measurement: SN L O/ 2 10
® Reconstruct dI'(z)/dz from measured z spectrum (data divided into o
50 equipopulated bins) 15/
dF(Z) _ Nn-##l' 1 1 h 102
dz AnWLAZ NK Tk :
where Az; - bin width, N, ; - number of signal events, A, ,; - signal N
acceptance, N - effective number of kaon decays, h — reduced Planck’s b T
constant, 7, - mean Kt lifetime 02 025 037085 0.4 045 08
® Integrate over z to get: o 12200
~ [ |—=— Data
B(Knyy) = (9:18 £0.08) x 107° 21| e
[JHEP 11 (2022) 011] 10
Form factor measurement: o
e Extract [W(2)|? from dI'(z)/dz o +
e Find optimal a,, b, by minimizing x?(a,,b.) i} { *
e Restults - preferred negative (y?/ndf = 45.1/48, p-value = 0.59): 5
o a,=-0.575+0.013 8-
o b,=-0.72240.043 5
o  Correlation: p(a,,b,) = —0.972 [JHEP 11 (2022) 011] P TR TR TR T

z
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https://link.springer.com/article/10.1007/JHEP11(2022)011
https://link.springer.com/article/10.1007/JHEP11(2022)011

K* - ntu*tu~: Comparison with the World

T e < 08T T ]
- ) @ L 68% CL contours:
Statistical+systematic errors -
. [} - NAB2 (mpp)

Statistical errors only e - - ceee NA4S/2 (Tup)
PDG average (2022), without NA62 result g -0.6- NN P NA48/2 (ree) 1
E787 (1997) 8 B N\ | —— EB865 (nee) (stat. only) f
T 07 events o B B
§ 07 LV B
E865 (2000) < L i
430 events F-EE g B ]
HyperCP (2002) - 08 R
yper i ]
110 events : r N ]
0.9 —
NA48/2 (2011) - .
3120 events i r ]
NA62 (2022) -1 -
27679 events H - e
I\\\\‘\\\IIIIIIIIIII'IIIIIIIllllll‘ 7|II\‘\II|II\‘\II|II\‘\Illll\‘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' - mrutu) x 10 Form factor parameter a,

® Much improved precision
® Sample size ~9x larger than NA48/2
® No evidence for LFU
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K* - ntu*tu~: Forward-Backward Asymmetry

Definition: 80034 T T Tk, Data
® 0Oy, isangle betweenthe K* and u~ % 0.032F [ SM prediction
3-momenta in the u* u~ rest frame S 0.03F -
e Forward-backward asymmetry: = 0.0285 =
_ ]\f(cosBKu >0) — ]\f(cosBKu <0) §> 0.026[- g
5~ N(cosBy, > 0) + NM(cosby, < 0) 0.024F :
0.022f
0.02]
0.018
Results: 0.016
o App = (0040754 £ 0.2 £ 0.2,,,) X 1072 @ 68% CL 0.014
o |Appl <0.9x1072 @ 90% CL i 0.5 0 0.5 /
[JHEP 11 (2022) 011] cosBK#
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https://link.springer.com/article/10.1007/JHEP11(2022)011

K* - ntyy: Introduction

e Radiative non-leptonic decay described by chiral perturbation theory (leading order at O(p*) with

contributions from O(p®)) [Phys. Lett. B 386 (1996) 403]
e Main kinematic variable:

_ (a1+ap)* _ myy _ p@1-92)
Z = mz - mz ' y - mZ !
K K K
wherep is K 4-momentum, g, , are photons 4-momenta, my is mass of K™ and m,,,, is di-photon invariant

mass
e Decay width:

or 1
325, 9D = S (A7) +BG)? + @I + 02 = AL 1,2 (BE))
\ /

non-zero O(p®) contributions

e Measurements:
o Measure ¢
o Extrapolate model dependent branching franction
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https://www.sciencedirect.com/science/article/pii/0370269396009707

K* - ntyy: Signal Selection

Data sample:

0.012
[ J FU" NA62 Runl dataset § reco — 2 2
. . . + + 0 2 ° z - mY'Y/ MK
e Normalization channel: K™ » ™ §
C o001 b
N 2% = (P, - P | M% = M2 _ (") / M2

Signal selection:

e 1 good track in STRAW

® 2 good clusters in LKr

e Kt -mt matching tracks (vertex reconstructed)
e Kinematic cuts for daughter particles (total E,

total pr, my,,)

0.008— A A . A —
0.006 — Ny . S— A —

0.004 ...................... ........................... ........................... ........................... _____________

Additional sample cui: 0.002 S """""""
e Redefinition of z as 5 ; : :

1 Il 1 1 I 1 1 1 Il ! 1 Il 1 1 | Il L 1 1 I 1 1 Il 1 I Il 1

— 2 0 01 0.2 03 0.4 0.5
= P = B 2 = Mol (ry) | Mg
2
mg

e Signal region: z > 0.25
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K* - ntyy: Signal and Background

350

—— Data
OK'— m'yy
K-
K — nnon?
K — n'rly

Signal events (z > 0.25):
® 4039 events found

— ~10x more than NA48/2 and NA62-2007 300

Background: 250

® (Cluster merging in LKr:
0 K+ N T[+T[0Y, T[O Yy
o Kt-utn'n® n®->vyy

200

® Missing tracks in STRAW: 150
o Ktomntntn C

® Background contamination: 393 + 20 events 100£

Fitting procedure: 50;—

® MC reweighted for different values of ¢
® Scan of ¢ to find maximum log-likelihood

Ing = Z(kiln/li(c“) — 2,(8) = In(k;1),

Data/MC

eoco

l
2:(6) = A3(6) + A8

0.2 0.25 0.3 0.35 0.4 0.45 0.5
z=M,_(n")/ MZ

'\IGJCDE.\E‘I;?“?
i
—H
e
—
=
o
._[_._.
——
iny
=
=
-
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K* - mttyy: Results and comparison with World

Br(K* - m*yy) = (9.73 £ 0174, + 0.08,,5,) X 1077 6 = 1.713+ 0.0754,4;. + 0.037 ;.

E787(1997) E787 (1997)

315 events 31 évents

NA48!2 (201 4) NA48/2 (2014)

149 events 149 events

NA62-2007 (2014) NA62-2007 (2014)
232 events : : 232 events :

NA48!2 + NA62 2007 (2014) NA4812 + NA62- 2007 (2014)

381 events . _ 381 events

NA62 (2022) thls result NABZ (2022) - thls result
4039 events : e 4039 events -

JIIILIIlIIIJllIlIlILlllIlllilllllllllillllillll 1 | | 1 1 | | 1 1 1 | L 1 1 1 | 1 1 L 1
5 6 7 8 9 10 11 12 13 14 0.5 1 1.5 2 6%.5
Br(K'—= n*yy)x10” ChPT O(p°) ¢
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K* - ttn~nty: Introduction

® Theoretical: G. D’Ambrosio, G. Ecker, G.Isidori, H. Neufeld (1997)
o K*—mtmmty described by chiral perturbation theory to order O(p*)
o Integrated for E,>5 MeV Br(K* - m*n ty)peor. = (1.26 £0.01) - 107 [doi: 10.1007/s002880050554]

Tas — Tiow | 15— TG
E, T =5 __ L 5 T BR

[ I
10-20 | (2.32+£0.02)-10 ¥ | =1.7-10% [ —42-10* [ 1.3-10 # | (4.36 £ 0.04) -
20-30 | (7.63+0.07) 107 | —48.1077 | =1.2.107% [ 3.2-107** | (1.43 +0.01) -
30-40 | (2.62+0.03)-107¥ | =92-1077 | =2.4-107% [ 4.1-107** | (4.93 £ 0.05) -

) )

3 %
4050 | (7.66 £0.08) 10 X | —15-10 2 | —4.1-10° [3.2-10 || (144 £0.01) - 10"

) )

) )

) )

50-60 | (1.43+0.02) 1072 | —2.1-107% | =6.2-107% [ 1.3- 107" | (2.69 + 0.03) -
60-70 | (7.234+0.09) - 10722 | —28-1072 | =8.5-1072% [ 1.2- 107> | (1.36 + 0.02) -
[10-70 [ (344 +0.03) 107 F [ —34.10° [ 8510 T[1.3- 102 || (6.46 = 0.06)
[MeV]
® Experimental:
o M. M. Shapkin et al. (OKA collaboration), 2018
m Collected ~450 events with E(y) > 30 MeV
m Measured Br(K*—tmmrmty) = (0.71 £ 0.05)x107°
o NAB62 has capabilities to increase the number of observed decays by multiple orders of magnitude and
validate the predictions on whole range of photon energy spectrum

arxiv.1808.09176
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https://link.springer.com/article/10.1007/s002880050554
https://arxiv.org/abs/1808.09176

Summary

e Analysis of K* - nPe*vy finished and published in [arXiv:2304.12271]

o  Sample size is ~130k eventsin Ry, ~54k in R, and ~39k in R3

o  R;forindividual regions: Ry = (1.715 £ 0.0055;4¢ + 0.0105,) X 102
R, = (0.609 £0.0034; % 0.006,,5) X 102
Ry = (0.533 +0.003 4, + 0.004y,,) X 102

o  T-asymmetry: Ae(S1) = (=1.2 £ 28544 + 1.95y5) X 103
Ag(Sy) = (=34 £ 43344 £ 3.05y5) X 103
Ag(S3) = (=9.1 + 5. 1544 £ 3.55y5) X 103

e Analysis of KT - ntp*p~ finished and published in [JHEP 11 (2022) 011]
o  Sample size is 27679 events collected in 2017 and 2018 with negligible background

o  Model independent branching fraction: B(K,TW) =(9.18 +0.08) x 1078
o  FormFactors extracted: a, =-0.575+0.013, b, = —0.722+ 0.043
o  Forward-Backward asymmetry: Apg = (0.0 +0.7gq: + 0255 0.23xt) x 1072 @ 68% CL

|Appl < 0.9 x1072 @ 90% CL

e Analysis of KT - wtyy (preliminary results)
o  Sample size is 4039 events collected in Runl with ~10% background contamination
o  Branching fraction: Br(K* - myy) = (9.73+ 0.17 54, £ 0.085y5.) X 1077
o  FormFactor parameter: €6 = 1.713% 0.075444¢, +0.037 ¢

e Analysis of Kt -» n*n ntyisin progress. Currently the background processes are being evaluated.
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https://arxiv.org/abs/2304.12271
https://link.springer.com/article/10.1007/JHEP11(2022)011
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