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2. New studyof KT — noe+vy

' 3. Measurement of Kt > wtutu~




Kaon physics at CERN

* Significant history of kaon physics experiments in

the CERN North Area (NA) 15354
 Today | will show results from NA48/2 and NA62 1990
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NAG62 Ry phase
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Recent history of NA kaon experiments

First evidence of
direct CPV

Re €’/ Discovery
of direct CPV

Rare K and
hyperon decays

Direct CPV
Rare K* / K- decays

RK = I(iev/ Kiuv

K*=>ntvy
Rare K* and it°
decays



The NA48/2 beamline 4

Two charged beams:
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https://www.sciencedirect.com/science/article/pii/S016890020401647X

The NA48/2 detector 5

Muon veto sytem
Hadron calorimeter
Liquid krypton calorimeter

= odoscope @ Magnetic spectrometer (drift chambers DCH1-DCH4):

Anti counter 7 [+ O'(X, Y) N90 ,um per Chamber
Helium tank Q U(PDCH)/PDCH — (102 @ 0044 . PDCH)%
Drift chamber 3 ( PpcH in GeV/ C)

- e Scintillator hodoscope (HOD):
o o(T) ~150 ps
e Liquid Krypton EM calorimeter (LKr):

Drift chamber 2
Anti counter 6

Drift chamber 1 @ Ox — Uy = (042/\/ Efy @ 006) cm
Kevlar window [+ O'(E,y)/E = (32/\ / E‘)’ @ 90/Efy EB 042)%
N R (Ey in GeV)
? | ‘ @ Hadronic calorimeter, muon system MUV.
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First measurement of Ki — 1T

K — mruv(Kj,) depends on F, G, R, H form-factors.

Cabibbo-Maksymowicz variables: S, (dipion mass squared), o
S, (dilepton mass squared) and angles 6, (in the dipion frame), ipion/ g, )\

6, (in the dilepton frame), ¢.

0770ty

ot (n°) ;  ¢ £
0, | dilgpton

7"'_ 0) \ VvV

e For KSO, s-wave for 070, there are no dependence on cosf,,®, and only F and R contribute.

o Unlike K% case, R plays some role due to p mass.

K mode BR [10_5] Ncand

Kes™ 4.26 +0.04 | 1108941 | NA48/2 (2012)
Ji™® 2.55 4+ 0.04 65210 | NA48/2 (2014)
Ka® 1.44+0.9 7 | Bisi et al. (1967)
K% 7 0

KP3: first observation, ChPT test, check
of R presence, potential study of 77
rescattering effects in the F(S;).

K.s: huge bkg K* — mrr(nt — pv).

* Tosimulate KT — m°7%u*v decays, can use parameterisation of F(S,, S;) from Ké’f measurements

[NA48/2 JHEP 08 (2014) 159]
* The only available source of R(S,, S;) is ChPT calculation

[J. Bijnes, G. Colangelo, J. Gasser, Nucl. Phys. B 427 (1994) 427]
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https://link.springer.com/article/10.1007/JHEP08(2014)159
https://www.sciencedirect.com/science/article/abs/pii/0550321394906343

Event selection

* Signalis K* - n%n%utv

e Normalisedto KT —» X770

10°
—}— Data

—+— Bkg (n* decay before LKr)
—— Bkg (late n* decay)

* Event seIectlon 4 isolated photons consistent
with 2tY matched in time and space with a
KABES beam track and a DCH track with 10°

associated MUV response

. The main background is K* - 7% with e
mt — utv decay-in-flight before LKr 11 ]l
+
* Cuts imposed on 3-pion mass and pz, missing J[ T et "
mass, and cos(6,) T ++++++ +++
+I +‘|'-H-.+ L | | | 'I'
-0.01 -0.005 0 0 005
* Number of background events extracted from a Miiss: Gev/c*

fit to missing mass sidebands
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Event selection

+ 0.0 4+ 2437 candidates in signal region
Signalis K= - - m"u=v 354 + 33,4 background events

Normalised to K¥ —» nE*n0r0

3 600
Z

++ —— Data

—— Full K, background

500

* Event selection: 4 isolated photons consistent
with 2t% matched in time and space with a
KABES beam track and a DCH track with 300
associated MUV response

400

200

|II|I||||I|I||I|I||||I|II|
+
+

100 :+ —+—:

* The main background is K*¥ - nTm %70 with

t - utv decay-in-flight before LKr s 2 I ; +
E 16F : ! +
* Cuts imposed on 3-pion mass and pr, missing & 125 | | + + a4,
mass, and cos(8,) g oo || Rl T
0.4FE- i :
0.2~ . : . : .
-0.006 -0.004 -0.002 0 0.002 0.0024 20.‘(1')06
* Number of background events extracted from M e GeV2ic

a fit to missing mass sidebands
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Full and restricted phase-space

Data in signal M>  region
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@ The branching ratio is measured for the restricted phase space S/™¢ > 0.03 GeV?/c*.

@ Extrapolation to the full phase space depends on the theory.
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Ingredients to the branching ratio

Ns Apn
Nn As

BR(KSS) = Keg - BROKS?).

o Extracted signal Ns = Nsign. cand. — NBkg = 2437 — (354 & 334tat) = 2083 + 59, events;
o Signal/Background is 5.89 4 0.664::;

@ Number of normalization events Ny = 72.99 x 10°:

@ Normalization acceptance Ay = (4.477 + 0.002)%;

@ Signal acceptance for the restricted phase space AL = (3.453 + 0.007)%;
@ Signal acceptance for the full phase space As = (0.651 + 0.001)%;

e Trigger correction (extracted with control triggers)
Keig = Kcnt - Knur = (0.998 £ 0.002) - (1.0007 % 0.0007) = 0.999 = 0.002;

o PDG BR(K2) = (1.760 = 0.023)%;
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Systematic uncertainties

Full phase space

S, > 0.03 GeV?/c*

BR(K,.4) central value [107°] 3.45 0.651
SBR[10-°] | 6BR/BR | 6BR[10-°] | 6BR/BR

Data stat. error 0.10 2.85% 0.019 2.85%
MC stat. error 0.01 0.21% 0.001 0.21%
Trigger 0.01 0.18% 0.001 0.18%
Background 0.10 2.96% 0.019 2.96%
Accidentals 0.01 0.32% 0.002 0.32%
MUYV inefficiency 0.06 1.65% 0.011 1.65%
Form Factor modelling 0.05 1.37% 0.001 0.14%
BR(K3,) error (external) 0.05 1.31% 0.009 1.31%
Total error 0.17 4.83% 0.030 4.64%
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Comparison to theory predictions

~ 510~ Theory:
%1 Al ; glug gﬁoa;%g‘;"/‘;‘i . i @ J. Bijnens, G. Colangelo, J.
m 4107 . funcertaintylim!ts R11 E::::E:::::::":: Gasser, NUCI. PhyS. B, 427
sl f uncertainty limits R=0 [) (1994) 407-
. ¢ e Tree approximation;
* 5 o 1-loop;
2x107° |- § o BCG(1994): 'beyond 1-loop’
with measured F from
Calculations | Measurement [Rosselet etc. Phys. Rev. D
. § 15 (1977) 574.
10° @ Re-calculated now:
9><10:Z — o F(Kes) from NA48/2
o107 SR (2015},
6107 1 o LT o Ry = R(1loop);
X | | | | | | i I o l-loop (F,R) phase;
—7 | | 11 1 | | .| I | | . 111 1 1 1 1 | 11 1 | 1 11 1 | .|
210 tree 1loop BCG(1994)  fxF(K) NA48/2 e 2020 PDG constants.
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The NA62 experiment 13

e NAG62 is a kaon physics experiment based at the CERN North Area (NA)

; It uses 400 GeV/c protons extracted from the CERN super-proton synchrotron (SPS) ==
to perform decay-in-flight measurements of (ultra) rare kaon decays =
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The NA62 detector LIINST 12 PO5025] 14

X [m] MUVO
2 STRAW CHOD
LAV . MUV1,2
400 GeV/c protons from CERN SPS SAC
> 0 0
Slow extraction in ‘spills’ of 5 seconds 1 aichll Il HASC

ijrRc Dump

2 - = o Degay- o LKr
Region

7_{1{‘ : ! T T J T J J T T T T T
0 100 150 200 250

Z[m]
* Proton-target interactions + achromatic selector forms secondary hadron beam withp = 75 GeV /c

* There are 750MHz of particles in the secondary beam; 6% are K* (45MHz)
* Measurement of all beam particles by kaon tagger KTAG and beam-particle tracker GTK
e About 15% of K+ decay within the ~ 75m vacuum decay region, which defines the experiments fiducial volume
« Measurement of Kt decay products by the STRAW tracker and CHOD detectors
* Particle identification by the RICH, the LKr and calorimeters, and the MIUV3 detector
* Hermetic photon veto provided by the LAV, LKr, IRC, SAC photon detectors

07/06/2022 Precision measurements with Kaons at CERN


https://iopscience.iop.org/article/10.1088/1748-0221/12/05/P05025

0

+
e Vy Nucl. Phys. B 396 (1993) 81 15

Phys. Rev. D 65 (2002) 054038
Eur. Phys. J. C50 (2007) 557

New study of KT = 1

* The K™ - %™ vy decay is a radiative decay described in Phys. Atom. Nucl. 74 (2011) 1214
ChPT, with the photon produced either via direct emission
(DE) and inner bremstrahlung (IB) DE (a) 1 IB (b) L INT

* The IB amplitude diverges when E,, > 0 and 6., — 0

Ve Ve

<

W/< e’ W/ e’
_ , , 0 + K T K g .
* Measure branching fraction ratio R = BR(m"e"vy)/ 4@"‘ 4@\
BR(7%ev) in 3 kinematic regions R; a) \p o) Nz

arxiv:2010.07983

Range E~ cut O, ~ cut O(p®) ChPT [1072] | ISTRA + [10—?] OKA [10—2]
Ry E, > 10 MeV O,y > 10° 1.804 £ 0.021 1.81 £0.03 £ 0.07 | 1.990 + 0.017 £ 0.021
Ry E, > 30 MeV O,y > 20° 0.640 =+ 0.008 0.63 +0.02 4+ 0.03 | 0.587 4 0.010 4= 0.015
R3 E, > 10 MeV | 0.6 < cosfc, < 0.9 0.559 % 0.006 0.47 +0.02 4+ 0.03 | 0.532 4 0.010 4 0.012

Phys. Atom. Nucl.70, 29 (2007)
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https://www.sciencedirect.com/science/article/abs/pii/055032139390259R
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.65.054038
https://link.springer.com/article/10.1140/epjc/s10052-007-0215-9
https://link.springer.com/article/10.1134/S1063778811080102
https://link.springer.com/article/10.1134/S1063778807040114
https://arxiv.org/abs/2010.07983

New study of Kt - nletvy

The decay is also sensitive to a T-odd observable ¢, with asymmetry in ¢ defined as A¢

_ Py (e xpr)  , _ Ny—N-
ME 0 Tf T N+ N

§

Expect |A5| < 10™* in SM and beyond; non-zero due to NLO electromagnetic corrections

Exisiting measurement from ISTRA+

AT (R3) = 0.015 4 0.021

No measurement in regions 1 or 2
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Event selection

Branching fraction measurements normalised to K* — nletv

Event selection based on K™ associated to e, ® — yy reconstructed in LKr

Radiative y must be in-time with the event and isolated; other activity not allowed to suppress
Kt - n%n%*v; cuts to remove y from bremstrahlung and supress K* —» n*n%n% and Kt -» n*n®

Obtain 66M normalisation events and 130k signal events (R1) with 0.5% background contamination

—&— Data
E" NAB2 Preliminary —e-Data ~ NAB62 Preliminary M Koy
7" MC Ke3 10 O i
108 Ke3 selection I MG K2 Bkg = R1 selection LKoo B
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)
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-
o
w

102 11 1 S | | =] [ P | | I . Y (O T | (E A 1Y |
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10 l I15I I 20
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Results and systematics

07/06/2022

O(p®) ChPT ISTRA+ OKA NA62 preliminary
R (><102) 1.804 + 0.021 1.81 4+ 0.03 £+ 0.07 1.990 + 0.017 £ 0.021 1.684 £ 0.005 + 0.010
R> (X102) 0.640 4+ 0.008 0.63 £+ 0.02 + 0.03 0.587 £+ 0.010 + 0.015 0.599 + 0.003 + 0.005
R3 (X102) 0.559 + 0.006 0.47 4+ 0.02 + 0.03 0.532 4+ 0.010 4 0.012 0.523 4 0.003 + 0.003
Uncertainty source dR1/R1 dRy /Ry dR3/R3
Statistical 0.3% 0.5% 0.6%
Acceptances from MC 0.2% 0.4% 0.4%
Background estimation 0.1% 0.2% 0.1%
LKr response modeling 0.5% 0.6% 0.5%
Theoretical model 0.1% 0.5% 0.1%
Total systematic 0.6% 0.9% 0.6%
Total stat+syst 0.7% 1.0% 0.8%

Precision measurements with Kaons at CERN
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Measurements of Ag

=]

NA62 Preliminary

R1 selection

14
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E NAB62 Preliminary -*-Data

E_ R3 selection

R; selection

R> selection

R3 selection |

A% (x10%) 0.2+ 0.3 0.1+0.4 —0.6 + 0.5
AE"”C@"‘—‘"e (x10%) —0.01 4 0.01 0.00 + 0.02 —0.01 4 0.02
A (x107) 0.3+0.2 0.4+0.3 0.34+0.5

Ae (x107)

—0.

1 i 0.35tat :t 0.2MC

—0.3 & 0.45ar £ 0.3c

—0.9 i 0.55tat :t O.4MC

* First ever measurements of R; and R, T-asymmetry

* R; T-asymmetry precision improved by a factor greater than 3

07/06/2022
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Measurement of K™ » wru u~

e The K - nT¢*¢~ decay is a Flavour Changing Neutral Current s — d££ process

 The SM branching fraction is 0(10~7); dominated by long-distance effects
[Nucl. Phys. B291 (1987) 692-719], [JHEP 08 (1998) 004], [Phys. Part. Nucl. Lett. 5 (2008) 76—84], [Eur. Phys. J. C70 (2010) 219-231]

* The form factor is parameterised by two coefficients: a, and b,

* Short distance physics can be extracted by comparing a; and b, between ttu*u* and tte*e™ as
the SM predicts them to be identical: a probe of Lepton Flavour Universality

e The a, parameter can be related to B anomalies (assuming MFV) [Phys. Rev. D 93, 074038 (2016)]

* Largest uncertainty on a, is in the dimuon mode

07/06/2022 Precision measurements with Kaons at CERN
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Event selection 21

e Normalisedto K™ - wtm*m~. Events selected by reconstructing three-track vertices, and looking for
associated Kt and muon signatures. Kinematic cuts to further suppress K* —» ttn*n~ backgrounds

« 2.78x%108 normalisation events, 28011 signal events (9x larger than earlier measurement)

o 11 11 T 11 | T 11 L Data & 107 | I| _____ LI ll ..... . l{ ..... LIS I }l —e— Data

o o n . . ", .
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= 10 E.. ............... ................. .............. - Ko g },L"'VH - ; § - Ko — Y

- - K" '=»n'n) ~ ' |\ K'—>ntntn

LR T e o e o R S o 12} Sl - A o e

c = ; ; : : Bl K »>nmtay c 107¢ @ CERK s mtatp(y)

I | R [ et . 3
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Fit to the form-factor parameters

Events

Data / Monte Carlo

07/06/2022
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o
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__l""l""l""l' — Data

- , |

T | X2/ ndf 20.3/14 [ 7
__ ....................... ...................... p-Value 0122 _
R DU S| 1
" e e B

Fitting procedure:

 z spectrum of simulated K* -» 7T u*u~ events

reweighted to best fit the data by minimising

x*(a,b)
a b By 107
Best fit | —0.592 | —0.699 9.27
Errors da 5b SBrpp x 10°
Statistical | 0.013 0.046 0.07
Systematic
Reconstruction efficiency | 0.005 0.026 0.06
Beam & pileup simulation | 0.005 0.024 0.05
Trigger efficiency | 0.001 0.005 0.04
Background | 0.000 0.001 0.01
Total systematic | 0.007 0.035 0.08
External
PDG error on B(K3x) | 0.001 0.003 0.04
Total | 0.015 0.058 0.11

Precision measurements with Kaons at CERN
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Comparison with existing measurements

* The NA62 measurement of at* is the worlds
most precise determination

* The result is consistent with the earlier
NA48/2 measurement, and is consistent with

existing measurements of a$®

* No indication of discrepancy with SM
predictions, including LFU violation

IIIllll]lIIIIIIII|IIII|III[

NAG62 Preliminary

Phys. Rev. Lett. 83 (1999) 4482-4485
E865, K _ (1999)

10300 events — statistical error only

Phys. Lett. B 677 (2009) 246-254
NA48/2, K___(2009)
7253 events

Phys. Lett. B 697 (2011) 107-115
NA48/2, K_ (2011)

TN
3120 events

NAG62, Kmm (2020) - this result

28011 events

T A T N A A N SO B A

T T

T T

I

-

I |

-0.9 -0.85 -0.8 -0.75 -0.7 -0.65 -0.6 —055
Form factor parameter a,
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Summary

1.

2.

3.

07/06/2022

First observation and BR measurement of K* — m%7%u*v by NA48/2 [PRELIMINARY]

* Restricted phase-space:
BR(S, > 0.03) = (0.65 + 0.0194;,4; £ 0.02453,St)><10‘6 = (0.65 + 0.03)x107°

* Full phase-space result:
BR = (3.4 £ 0.1054; £ 0.135,,5,)x107¢ = (3.4 £0.2)x107°

e Consistent with contribution from R form-factor, as expected from ChPT.

New study of K — % "vy by NA62 [PRELIMINARY]

* Precision of R; measurements improved by factors between 2.0 and 3.6

* First T-asymmetry measurements in R; and R,, improved result on R; by factor 3
* T-asymmetry results compatible with zero

Measurement of K¥ —» T u*tu~™ by NA62 [PRELIMINARY]
* Most precise measurements of a, and b, parameters and branching ratio
* No hints of lepton non-universality

Precision measurements with Kaons at CERN
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25

o Signal K4 is K¥ — mOn%u*v

e Normalization Ks, is K*¥ — 77070

@ Trigger chain: L1 trigger using HOD and LK, followed by L2 trigger using DCH for online
momentum calculation.

@ Event selection: 4 isolated photons consistent with 270 in time-spatial matching with a KABES
beam track and a DCH track.

0.03

Normalization K3, kinematic selection ellipse:

(K_), GeVic

% 0.025

@ center:
o M(Ks,) = M{PC
o Pt =5 MeV/C

Py

0.02

0.015

@ semi-axes:

DDDDDUEDnn
DDDDDUEnnn

IIII|II|I||III|III||IIII|I|II

FEEEE :
S8B885¢: o AM(Ks:) =10 MeV/c
o Oo
0.005 c2EBHES ° APt =20 MeV/c
o O[] o
o[d ClEa a @& &« i« w o e
U\:D Oo s « - = u # "
T Y T 1T @ 72.99 x 10° K3, selected data events.

A A MPDG A a2
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Off the K3, kinematic ellipse
DCH track has associated MUV response
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07/06/2022
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Figure: 1D projections comparison for S; > 0.03 GeV?/c*
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