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Kaon decays at CERN
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NA62: K —> mtvv
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K* — ©* vv: clean theoretical environment

FCNC loop processes:
s->d coupling
Highest CKM suppression

Very clean theoretically

No hadronic uncertainties
Hadronic matrix element related to
the precisely measured BR (K* — n%*v)

SM predictions [Buras et al. JHEP 1511 (2015) 33]

2.8 0.74
BR(K* = 7'vv)=(8.39+0.30)-107" - Voy |- ~|  =(0.84£0.10)-107"
0.0407 73.2

2 2 . 0.74
BR(K" = 7°i) = (3.36 £0.05)-10™" [Lj [Lj (&70) = (0.34+0.06)-10™"
0.00388) 10.0407) \sin73.2

K — nvv are the most sensitive probes to NP models among B and K decays

The combined measurement of K* and K, modes could shed light on the
flavour structure of NP (AS=2 / AS=1 correlation)
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K — nvv NP sensitivity

Z" model

Mz- = 500 TeV

Simplified Z, Z' models
A. J. Buras, D. Buttazzo, R. Knegiens, JHEP 1511 (2015) 166

More specific NP models

5 0 15 20 25 30
B(K " sx*vw) 1071

Littlest Higgs with T-parity
M. Blanke, A.J. Buras, S. Custodial Randall-Sundrum LFU Violation

Recksiegel, EPT €76 (2016) 182 JHEP 0903 (2009) 108 Isidori et al, EPJC (2017) 77

Started to be probed at LHC, small effects in B physics. 7 px

Best probe of MSSM non-MFV [THEP 0608 (2006) 064] AN ; ’l-a;..
« E.g. non-MFV in up-squarks frilinear terms o. L &
« Still not excluded by the recent LHCb data. . Zg
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Today status of K — nvv

E‘“ _'He””; :"‘—‘U"L lirm SI | |
e T
E787/E949 @Brookhaven: 7 candidates K* — n'vv AL i=ENE R
2 experiments, stopped kaon technique g | Ega
Separated K* beam(710 MeV/c, 1.6MHz) S m—
PID: range (entire m+—p+—e+decay chain) EN e Hé},f"?“‘””
Hermetic photon veto system B e e
Probability of all events to be background ~ 10-3 MR
Expec‘red baCkground: 2.6 even‘rs 1570 IBi'.l".'l Ilﬁiﬂl.‘r 188S 19;‘] 19i95 IIOiDO ll'ﬂiﬂs 2‘010
+ +1.15 —-10 0
—_— K —
BR(K™ > zn'vv)=(1.737,;)x10 p e
T
Phys. Rev. D77,052003 (2008), Phys. Rev. D79,092004 (2009) £ 0t
‘% 10 := " El e
E391a @ KEK: Phys. Rev. D81,072004 (2010) % o o
s 1570 * E391a—first
O N _8 % -sf ® Cigia-tinal
BR(KL % 72- VV) < 2.6 X 10 (90% CL) % ::-péLimitfromK’—)ﬂ'v‘ﬁ'
Preliminary from 2015 run of KOTO@JPARC: g e
arXiv 1609.03637 Emjj

PR PR SN ST W (NI SN SN N S SN SN S (NSNS S S U SR R (U ST S
1999 1995 2000 2005 2010 2015 2020
Year

BR(K, = 7°vv) <5.1x107°(90% CL)
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NA62 goals and challenges

- Measurement of the K* — n* vv branching ratio
This requires at least 1013 Kaon decays
In-flight decay technique

75 GeV beam helps in background rejection
- Event selection with P <35 GeV/c
- i.e. K, decays have around more than ~40 GeV of electromagnetic energy
- 0(10'?) rejection factor of common K decays

Good tracking devices Particle identification
Accurate measurement of the kaon momentum Identify kaons in the beam
Accurate measurement of the pion momentum Identify positrons

Missing mass cut: O(10°) rejection on K, O(10*) on K, Additional n/p rejection [O(102)]

Precise sub-ns timing
Veto detectors

Kaon-pion time association
Photons: to reduce the background by a factor of 108 To reduce random veto

Muons: add a rejection factor of O(10°)

R. Fantechi - QCD@Work - June 27+h 2018 8



The NA62 detector

KTAG

Differential Cherenkov
for K+ ID in beam

CHANTI

SPECTROMETER

Dipole magnet
4 straw-tracker stations

Charged veto

T\z rget i
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Beam Tr‘acker

J

LKr /

IRC SAC
Y ve"ro y veto
RICH
n/p ID
_\17m, 1 atm Ne
J  CHO

Mﬂlﬂlﬂl\ |
i MUV

Si pixels, 3 stations LXV
Large angle photon vetoes Forward y veto Muon veto
OPAL lead glass NA48 LKr Fe/Scint
11 stations in vacuum [O(10-¢) mbar] calorimeter
1 in air
— Beam detectors —« Decay products detectors —
Beam Fiducial region
Momentum 75 GeV/c, 1% bite 60 m decay region
Divergence (RMS) 100 prad 10-® mbar vacuum
Transverse Size 60 x 30mm? Downstream rate ~ 10 MHz
Composition K+ 6%, 1+ 70%, p 24%
Nominal Intensity 33 x 10! ppp (750 MHz at GTK3)
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2014: Pilot run

2015: Commissioning run

2016: Commissioning and physics run
2017: 160 days data taking

2018: Data taking ongoing (217
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K* decay in-flight

« Signature: one incident kaon, 1 charged output track
* Missing mass distributions: m?;.;s = (PP track(nyp H))°

« Define two regions in m?, ;.. fo accept candidate events
« 65 m long decay fiducial region, 15< P < 35 GeV/c

* Particle ID (Cherenkov detectors, calorimeters)

e Photon Veto

4
*Backgrounds: | 310

r
=

107

Accidental beam activity

d
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K+ decay modes: .
K*— nn® (y) Br=0.2067 w
K*—>utv(y) Br=0.6356 e
K* > ntnn- Br =0.0558

K-— n'ne*v Br=4.25*10-5 o
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2016 data analysis

"

13-10! ppp on target

- 40% of nominal intensity

710"

+a
L]

s 2016

N

+ 10" K* decays useful for nvv = ~
Blind analysis procedure fJ
- Signal and control region kept 2 /
masked for the whole analysis o |
Main trigger streams: 53\\ ’ A
- TCVV, Con*rol 260 270 280 290 300 day?goi’ow
Offline analysis Analysis steps
- mvv sample - Selection
- Control samples - Determination of single event sensitivity (SES)
© Ko - Estimation and validation of the expected
B S R Th background
« K>t

- Un-blinding of the signal regions and results
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Kaon decay selection

Selection

K* decay into one charged particle
n* identification

Photon rejection

Multi track rejection

Performances

GTK-KTAG-RICH timing: O(100 ps)

n" ID: g, = 108 ¢, ~64%
y/multi rejection ¢ o = 3 -10-8
o(m?,ss) ~ 10-3 GeV?/c*

Selected K Tdecays, before
mtid and y/multi rejection

o [ Sighal Region 2 Control data
% - | i ' 104
o I £ ' T .
= 01— = m ' m' M Region
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Data after selection

0.12

0.1
0.08
2 0.06
0.04
0.02
0
—-0.02
—-0.04
—-0.06
—-0.08

[GeVZ/c?]

2
m,

Tt Region

Y

4

s o
o’,'.'

.

PNN data
[ ]JK* - nvwwMC
-+ data

Signal Region 2 (R2)

A gPYvE s i e

Signal Region 1 (R1)

urv
Con’FroI v Region
Ffeglon | | | |
15 20 25 30 35

R. Fantechi - QCD@Work - June 27th 2018

©t momentum [GeV/c]

Ve

::; ; o

ttrd

Control
Region

1 i o
Region

Control
Region

14



Single Event Sensitivity (SES)

Determine Kaon flux from K* — n*n® selected with control trigger (downscale 400)

Use the same nvv selection, but without photon and multiplicity rejection and with
missing mass cut modified

SES = - Ny = —zn?

NK(Annn €RV Etrig) B Ann BRyn
Number of K* decays N¢ = (1.21 £ 0.02) - 10!
Acceptance for K* - 1* vv A_.=0.040+0.001
PNN trigger efficiency Enig = 0.87 £ 0.02
Random veto gy = 0.76 £ 0.04
SES (3.15 £ 0.0, £ 0.24, ;) - 1010

Expected Standard Model K* — n* vv  0.267 + 0.001,; + 0.020,,; + 0.032,,;
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SES: Signal acceptance and random veto

- Acceptance

- Computed with MC

- Particle ID, losses due to =«
interaction included

0.02
0.018
0.016
0.014

\I‘\II‘II\

—— Total Acceptance
Acceptance Region 1
Acceptance Region 2

0.012

0.01
0.008
0.004

Acceptance / (5 GeV/c)

4
X

-

0.002

1

W

20
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Efficiency

Random veto
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n* 79 (y) background

E e« Data Control Sample N;);p (region) — N(T["'T[O)fkin(region)
K [ | mc control Sample
10° §_ [ | MC K sry)
o Kinematic rejection independent
10 from the photon one
10° b N(n*n°): data events in n*n°
region after nvv selection
102 £ NS - fkin: tails, from n*n® control
- ' - sample selected on data tagging
10 = ' 't r " the n°
= Ilr' HI . . .
o Wlfgyy | - FORLRD) 107 ot radiative
01 ||I\ HM I - Radiative: 70 +y — x30 =0
—0.04 —-0.02 0 0 02 0 04 0.06 008 rejection in R2
[GeV/cY]

mlSS
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n* 79 (y) background

NePoted = 0.064 + 0.007;q¢ + 00064y, (< 10% radiative)
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Expected control regions: 1.46 + 0.17 — observed 1
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K* — utv background
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8
S 10°
J
Z 10°
w —
102 ; <,-I __________________________
J 44,
].0 = ot ',',h . |i l
= AU |r'H ||I 1'I
: 1 r' Vit ik
1L Il
: "I"M ikl Hn

-0.04 -0.02 0 002 0 04 0.06 0.08
[GeVzlc ]

mlSS

R. Fantechi - QCD@Work - June 27th 2018

N.," (region) = N(u*v)f¥"(region)

Kinematic rejection independent
from PID

N(u*v): data events in utv
region after nvv selection

fkin: tails, from p*v control
sample selected on data with p*-
ID in calorimeters

fkin(R1) ~ 10 - 103 [15,35] GeV
fkin(R2) ~ O(10-9)

Radiative included in fkin
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K* — utv background
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K* > ntre*v (K,4) background

* Measured branching ratio: 4.247(24) - 10>

- Topology-correlated kinematics spanning Region 2

*  MC-based background estimation, 4 - 108 events generated

- Validation of MC done with data using enriched K* — n*n-e*v sample

Nexpected — 0-018t8:8%£7}|stat i O-Oogsyst

eV
- +o—,+ hy :
— 012 K" ->m"n"e™v MC i : K™ - ntn~etv - enriched sample
2 b g
T 0.1 £ 45 o dats
&5 0.08 5 4k K - wet MC
Né 0.0‘6_ = . 3.5
0.04 3= 4.
002 25 .
0 . f 2_ BT = .
—0.02 107" 15— _|
-0.04_ 1 L
-0.06 0.5 ™~
G T XSS SRS PSS [ T TS T | VI T SR (ST P URT P LSS et e Ly b | TR
=008 15 20 25 30 35 0 0.03 0.04 0.05 0.06 0.07
7" momentum [GeV/c] m2, [GeV*/c!]
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Upstream background

K* decays along the beam line
- Only n* going forward

- Dependence on material along the
beam, magnetic field

- Match an accidental beam particle

Beam w* interactions in the
GTK station

- 7 production
- Match accidental K*

K* interactions in GTK station
- 7 production
- Vertex mis-reconstructed

R. Fantechi - QCD@Work - June 27th 2018
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acc_i {(i -(-el__n_t-a_l ----- %\-\;\-\X\f _________
beam Tt m

+ other topologies
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Upstream background

Cuts to fight upstream

mttat collimator with KT — ™ matching inverted . bClegr‘OUhd
Z 800, e - K* n* matching
E00 - | 14 - "Box cut” around n* position
% 400 E :-_ l: CHANT 12 at CO”lmC(TOF'
- il acceptanhce
é 200 :_ I — 10 - Zver"rexz CHANTI
] -
% oor L 8
> ok e ¢ * Background estimation
- el \Final '
a0 "% P - Fully data driven
- ol bacgall Collimator . .
b Tk ! s - Cuts inversion
T vt - Statistics limited in 2016
-800 —600 —400-200 0 200 400 600 800
X, ack(collimator) [mm] exp £0090
Nupstream = 0'050—0.030 stat
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Background summary

Process

Expected events in R1+R2

K— nvv (SM)

0.267 + 0.001,,, +0.020,,+0.032,,,

Total Background

0.15 £ 0.09,+ +0.01,

K* — 7n® (y)
K= uv (v)
K* > ntnetv
K* - mrrrn

Upstream background

0.064 + 0.007,,,, +0.006,
0.020 + 0.003,,,, + 0.003,,
0.018+0024 |+ 0.009,
0.002 + 0.001,,,, + 0.002

0.090
0.050799% 4 30 | star

syst

R. Fantechi - QCD@Work - June 27+th 2018 24



Result

— 0.12%
3)
r; 0'1% . [ ]JK* - n*vwwMC
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0% | .
-0.04 %
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Lt | | | | | | | | | | | | | | | | | | | | | | |
0.08 15 20 25 30 35
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Result
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Result

- 0.12%
]
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The candidate in the RICH

Run 6646, Burst 953, Event 543854, Track 1

=2 . 5
Eico g JE 0.0000'1 Value of the
e <= e T, 0.0000 - likelihood with
- oou00 | different mass
100 R .t :
B @ O 16.05ns hypOTheseS
50/
0 O
o
-50 ;
- 0
-100— -
150 . el
—200 s e -
7\\‘\\\\‘\\\\‘\\\\}\\\\‘\\\\‘\\\\‘\\\\‘\\

-300 -250 -200 -150 -100 -50 0 [rsnom]
Mom 15.3, Mirror 24 ( 258.8), Frac M 1.000 0.000, PMT 1.000 0.000
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Preliminary result

Events Observed: 1
SES (3.15 £ 0.01,, + 0.24 ,)* 101
Expected background 0.15+0.094, +0.01,

BR(K — mvv )< 11*10-10 @ 90% CL
BR(K — nvv ) < 14*10'10 @ 95% CL

Expected limit: BR(K — nvv ) < 10¥10-10 @ 95% CL
For comparison: BR(K — mvv ) < 2.8*44, *1010 @ 68% CL

BR(K — nvv )op = (0.84 £ 0.10)*10-10  SM prediction
BR(K —» nvv) = (1.737115, 5)*10-10 BNL E787/E949, kaons at rest
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Prospects on K —» mvv

- 2017 Data Processing ongoing
- 20 times the presented statistics
- Expect to reduce upstream background
- Methods to improve signal efficiency under study

- 2018 data

- Run going on smoothly

- Further mitigation of the upstream background is
expected

+ Expect about 20 SM events from 2017+2018 data

R. Fantechi - QCD@Work - June 27+th 2018 30



Not only nvv

Standard kaon physics
- ChPT studies: K* - vy, K* > n'nler e, K4
- Lepton universality: R,=I'(K >ev(y))/ T(K —>uv(y))
Searches for lepton-flavor or -number violating decays
- K' > ntue, K > nutet, Kt > n ot
Search for heavy neutrinos
- K* — £*v, (inclusive)
- v, from upstream K, D decays with v,— n ¢
Search for long-lived dark sector particles
- Dark photony' produced in n/p decays in target with y' — £+¢*
- Axion-like particle A® produced in target/beam dump, with A® — yy
n° decays
- 79— invisible; 10 - 3y, 4y ; 10 > y'y

R. Fantechi - QCD@Work - June 27th 2018
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NA48: K* — n0¢ * v,
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- -
K= — n% v, form factors

2
r
d;—dE x A f}r () +Bfy(t)f—(t) + C f2 (1) | (neglecting radiative effects), where:
l s
=M}, = (Px—Px)*=mi+mi —2mgE, ,
e e Ingredients for the
Er, E;, E,, = energies in the K= rest frame determination Of |V |
F-) = (@) o)) (mf —m2) /1 N

Jo(1),f+ (1)= “scalar” and “vector” FF

A = Mk[2E,E, — mg(E™> — E)] + M? [}L (Emx _ E.) — E,]

B =M}[Ev — 5 (Ex™ —Er)]  negligible for K3 Fit data to the Dalitz plot

C= iMlz (Em — Ex)4 negligible for K3

FF parametrization f4+ (¢, parameters) fo(t, parameters)
Quadratic (linear for fy (£)) | 1+ X t/m2 + N[ (t/mx)? 1+ \jt/m?

Pole My?/(My? — 1) Mg?/(Ms* — 1)
Dispersive * exp (A4 + H(r))t/m%) exp ((In[C] — G(1))t/(m% — m%))

* B. Bernard, M. Oertel, E. Passemar, J. Stern, Phys.Rev.D80(2009) 034034

We use MC radiative decay generator of C. Gatti [Eur.Phys.J. C45(2006) 417-420]
provided by the KLOE collaboration. It includes fy = f+ = 1 + \'t/m2
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Measured Dalitz plot and fit areas

Data sample: 3 days of NA48/2 special run taken in 2004

(5x5 MeV cells)
o.2a-E (GeV) K , 14000 0285 E (GeV) Kus Izoooo
e | R
026 - Dalitz 0.26] i
plot i © Background
0.24 o 0,242 tall
0.22— 0.22—
8000 [
0.2 0.2"
8000
0.18 DJB‘
0.16 4.28°10° 4000 0.16 2.91-10°
014 Data events 2000  g.yaf aglg ge\é%rrlrts
No Bg corr. . .
01z, ‘0%5 Tea  ehs T e 02s® 013 o8 o s
E (GeV) E (GeV)
o0.28f E (GeV) Kinematic limit ] 028 E (GeV) . S
* without radiative y * Kinematic limit
0.26 SEEEINES i I . 3o .4
BN 281 At least 20 without radiative y
0.24 U o.24- experimental
= WL - events per bin
0.22¢ g 022 are required
0.2 0.2
0.18 0.18
K
0.16 0.16 n3
- e3 fit area
0.14 fit area 0.14
B X SO X T- S S 01—
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Results for the joint K,; analysis

Quadratic parametrization (10-3)

I N EXF BT S T e

Central values 23.35 173 14.90 2. (Ki3)
Stat. error 0.75 0.29 0.55 ", (Kis)
Syst. error 1.23 0.41 0.80
Total error 1.44 0.50 0.97

Pole parametrization (MeV)

I 0N EYCT

Central values 8943 11855  Correlation
Stat. error 3.2 16.6 -0.278
Syst. error 54 355

Total error 6.3 39.2

Dispersive parametrization (10-3)

I BTN ETTN

Central values  22.67 189.12 Correlation
Stat. error 0.18 491 -0.035
Syst. error 0:55 hlef)

Total error 0.58 12313

Correlation coefficients

Results of the combined K,3 analysis
-0.954 -0.076
0.035 Separate K 3 and K3 analysis gave
compatible results
Most precise results in the world
" c\'\
» Quadratic fit: — X, , X[, A} T \\\
» Parameter correlation (1o ellipses) = o
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NA48: K »rtnly*—ntnlete-
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Kt -»n*nd%y*—n*rle*e- motivations

o+
‘Never observed ()
Inner bremsstrahlung, direct emission (E,M)
and interference components K*(P) 79(py)
Br d3I'y d3Tg L. Cappiello, O. Cataq, 6. o
dE* dT* dqz = dE* dT* dq2 % dE* dT* dq2 D'Ambrosio ,D.GClO
. A A EPJ C72 (2012) 1872 et(ky)
43Ty d3 Ny H. Pichl ~*(q)
L dE;ch*dqz + dE;ch*qu EPJ C20 (2001) 371 { }
e~ (k-

*Interference I'y I'e can confirm the discrepancy in sign with the theoretical
pr‘ediCTion Obser'ved by NA48/2 in Ki—> TCiTCO'Y EPJC 68 (2010) 75-87

*Magnetic interference is genuine nnee and can be used to extract the sign of the
magnetic ferm I'y, (impossible to extract in n*ndy).

*P violating observables in the dilepton pair coupling can be used to access short
distance physics using K* only (NA62)

*Charge asymmetry not contaminated by indirect CP violation (as in K°)
NA48/2 data from 2003 and 2004 runs
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A clean signal sample

K* — n*n’e*e- signal dominated by

« IB, then DE (M) and INT(IB,E): 4 independent generations (IB, M, INT>0 and
INT <0) with different acceptances ( A(M) and A(BE) ~ 3 x A(IB))

 Radiative corrrections adding extra photon(s) emission using Photos

Backgrounds
Kt - 170 (K5,5): 159+8 events Kt — w1l () (K, 5): 130+24 events

10 3

rms = 7.8 MeV/c? - Mee (GeV/c?)
cut +- 45 MeV/c? 102

1,

My (GeV/c? Mnnlee (GeV/c?
800 7 ri (Gev/e) rms = 3.0 MeV/c?
.|.

700 -

cut +- 15 MeV/c?

600

500

+ f

f
il

0 002, 004 008 008~ 01 012 0.14

400
300

200

100 -

a - = 0 +——r——— e 2 ?
012 0.125 013 0.135 0.14 0.145 0.15 0.42 0.44 0.46 0.48 05 052 0.54

ee ’ 9 0
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A large normalization sample

Normalization with K* — n*n’y ;Several generators used

« K*— n*n’ generator code including 1 real photon emission - Gao EPJ C 45 (2006)

« % decays including 1 extra photon emission - Husek, Kampf, Novotny PRD 92 (2015)

* also %, decays including extra photon(s) emission (Photos) - Was et al CPC 79 (1994)

Backgrounds

K.sp: 15182 + 173 events

4000 -
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3000

mj?/leey (GeV/c?)
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l
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K.3p: 10334+140 events
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cut +- 45 MeV/c?
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Branching ratio measurement

BR(nee) = (Ng —=Nps)- Ay &1y " Eran .BR

Norm
(Ny—=Ngy) Ag- €115 €105

We have computed a model dependent branching ratio using a total
acceptance in which the weights of the various components have been
taken from Cappiello et al.

Acc(IB)+ Frac(DE),, - Acc(DE)+ Frac(INT ), - Acc(INT)

A =

1+ Frac(DE),, + Frac(INT ),

Frac(DE)=1/71 and Frac(INT)=1/128 computed in Cappiello et al. using
inputs from the NA48 measurement of K= — mnly

Ng 5076

Nes 289
Acceptance Ag (0.666+0.001)%
L1 Trigger Efficiency (g15) (99.73+0.01)%
L2 Trigger efficiency (g ,s) (99.46+0.02)%

Ny 16774613

Nis 25517
Acceptance Ay (4.083+0.002)%
L1 Trigger Efficiency (g 1n) (99.767+0.003)%
L2 Trigger efficiency (gon) | (98.548+0.007)%
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Branching ratio measurement

Theoretical predictions:
No Radiative corrections, no isospin corrections  BR=4.29 - 10-6 (*)

No Radiative corrections, with isospin corrections BR= 4.19 - 10-¢ (**)

BR,c,NA48/2 = (4.22 £ 0.06 4, £ 0.04,, +0.13,,,)-10°6

mmee

Dominated by the external error on BR(n%,)

(*) EPC €72 (2012)
(**) private communications from the authors
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Conclusions

NAG62 is taking data with the complete detector since 2016

A preliminary result from the 2016 data sample has been obtained
- 1 event found with an expected background of 0.15
- Anupper limit to the branching ratio has been obtained

Results about K,; form factors from NA48/2 have been presented
- Agreement with previous measurements and the most precise in the world

- First observation of Kt — n*nle*e- from NA48/2

- Precise measurement of the branching ratio
- Good agreement with the theoretical predictions
- Close to the final results
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-, Artist’s view of the past
. installation activity...

Thank you' ... and of the current analysis work...
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