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The K — mvv decays: a theoretical clean environment

e FCNC loop processes: s—d coupling and highest CKM suppression

e Very clean theoretically: Short distance contribution. No hadronic uncertainties.

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

Vel \*° /¥ 074
BR(K* — m+v¥) = (8.39 + 0.30) - 10~11 (W) (73 20) — (0.84 + 0.10) - 10~10

2

|Vub | ’ |Vcb | ’ sin 14
BR(K %vv) = (3.36 £ 0.05) - 1071 ( ) = (0.34 + 0.06) - 1071°
(K = mvy) = (336 £ 0.05) <0.00388 0.0407) \sin732) = (034+0.06)
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K — mvv NP Sensitivity

e Simplified Z, Z” models [Buras, Buttazzo,Knegjens, JHEP 1511 (2015) 166]
e Littlest Higgs with T-parity [Blanke, Buras, Recksiegel, EPJ C76 (2016) no.4 182]
* Custodial Randall-Sundrum [Blanke, Buras, Duling, Gemmler, Gori, JHEP 0903 (2009) 108]

*  MSSM non-MFV [Tanimoto, Yamamoto, PTEP 2016 (2016) no.12, 123B02; Blazek, Matak, Intl/ModPhys.A
29 (2014), 1450162; Isidori et al. JHEP 0608 (2006) 064]

e LFU violation models [Isidori et. al., Eur. Phys. J. C (2017) 77]
e Constraints from existing measurements (correlations model dependent):

* Kaon mixing and CPV, CKM fit, K,B rare meson decays, NP limits from direct searches
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Connection with Flavour Physics
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Kt - ttvv Experimental State of the Art
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NA62 {, @ CERN - SPS

Birmingham, Bratislava, Bristol, Bucharest, CERN, Dubna (JINR), Fairfax (GMU), Ferrara, Florence, Frascati,
Glasgow, Lancaster, Liverpool, Louvain-la-Neuve, Mainz, Moscow (INR), Naples, Perugia, Pisa, Prague,
Protvino (IHEP) , Rome I, Rome II, San Luis Potosi, Sofia, TRIUMF, Turin, Vancouver (UBC)

Primary goal:
Measurement of BR(K* —» mttwv)

Technique:
K Decay — in —flight

Requirements:
* Kdecays 1013
* Signal acceptance 0(10%)
« 0(10'%) background rejection

Broader Physics program
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' NAG2 Layout

[NA62 Detector Paper, 2017 JINST 12 PO5025]
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Composition K*(6%) /7t (70%) /p(24%) Si pixel beam tracker + Straw tracker

Nominal Intensity 33 x 101! ppp (750 MHz at GTK3) LKr Calorimeter from NA48
Cerenkov counter for K'id, RICH for m/u id
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NAG62 K* —» mTvv: Analysis Method

m2. = (Py+ — P_+)? Process Branching ratio
Kt - nrn®(y) 0.2067
K* - utv(y) 0.6356
Kt » nfntn 0.0558
Kt » ntntietv 425-107°
ot E
10t
1r;r-=— 15 < P+ < 35GeV/c
m— Particle ID (Cherenkov detectors)
104— Particle ID (Calorimeters)
m— Photon veto
10° .v;e.‘la -
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m2,. [GeVi/c!]
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Keystones

Timing between sub-detectors

Background suppression from kinematics
Muon suppression

n? (from Kt —» n*n®) suppression

Giuseppe Ruggiero - CERN EP Seminar 10



62 Runs

NSNS 0014 Pilot run

= 2015 Commissioning run
2016 Commissioning + Physics run
=—~ 2017 Physics run

218 days Physics run
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2016 run

NAO62 «Luminosity»

13 x 101! ppp on target (40% nominal)

~1 x 101! K* decays useful for tvv
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2017 run

20 x 10! ppp on target (60% nominal)

> 3 x 1012 K* decays collected
x10°
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Data Analyzed

2016 Data, 4 weeks of data taking (<60’000 good spills)

Trigger streams:
1. «PNN»:
«Hardware» (LO): RICH hits, Hodoscope, No muons, < 20 GeV in LKr
Software (L1): KTAG in time, No signals in LAV, Momentum in straw < 50 GeV/c

2. Control (minimum bias, downscaled):
LO: Hodoscope hits

Offline Analysis:
Bad data based on detector performances identified on spill by spill basis

Data samples: PNN; Control: K* - ttn®, K* - ptv, K* - ntntm™

Signal selection tuned on MC, 10% PNN data, control data

Analysis in 4 7™ momentum bins, 5 GeV/c wide from 15 to 35 GeV/c

Blind analysis procedure: signal and control regions kept masked for the whole analysis
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1.

3.

4,

Analysis Steps

Selection

K* decays with a single charged particle in final state
Particle ID: Tt*

Photon & Multiple charged particle rejection

Kinematic Selection of Signal Regions

Determination of the Single Event Sensitivity (SES)
Estimation and validation of the expected background

Opening of the signal regions and results
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1. Selection
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«Tt"» tracking: Straw Spectrometer

~ X1
ol L
S 355
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«tt»-ID: RICH

- Mirrors aligned using: laser, tracks
reconstructed from straw spectrometer

. nNye Monitored using e™ (~16 hits / e* ring)
. PM’s aligned vs KTAG time: ring o(t)~ 80 ps

- Ring - spectrometer track matched comparing
ring centre and flight direction
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K*-ID: KTAG

- Geometrically aligned with the beam

. Pressure scan: optimal working point for K*

- PM’s time alignement and time walk corrections: o(t)~ 70 ps
K* signal from at least 5-fold coincidence (>95% efficiency)
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«K*» tracking: GigaTracker

«4D» kaon track reconstruction using trigger and KTAG as time reference
Time offset corrections dependent on Station, Chip, Column, Row of the pixel

Pixel — by- Pixel time walk corrections (o(t) < 150 ps per station)
Stations aligned with straw Spectrometer and calibrated using K* - ttnn~

YA erK1 GTK3
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K - T matching

KTAG — GigaTracker — RICH time matching = Kaon decay time (tgecay)
GigaTracker — Straw Spectrometer spatial matching (CDA)

3.5% (<1%) K mis-tag if K¥ track (not) present, dependent on beam intensity
75% K* reconstruction and ID efficiency

Kt - ntn*tmn " control data Kt - ntn*tn " control data
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Selection of Kaon Decays
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Kaon Decays and Kinematics
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Kinematic Resolution

x107°

— | o | +) | | | | =« Data

il Put) _ 0.3% @ 0.005% - p+ | ——— Analytical interpolation
— Pt : : | T ----------- Contribution from P_.
— | Contribution from 6.

- o(pi) = 0.2% | Contribution from P,

— | Pk I Contrlbutlon from 8

B 0(6 +) = 20 + 100 urad G(GK) =15 urad ' |

_I\\P’XI | | L1 1 1 | I I | L1 1 1 | | |---|_H|“"|“-|--4-J-alf'+"|"_|_-’| | | L 1 1 1 | L1 1 1

0

15 20 25 30 35 40 45

Giuseppe Ruggiero - CERN EP Seminar

50 55
p.. [GeV/c]

23



Particle ID Calorimeters

Electromagnetic calo (LKr), Hadronic calo (MUV1,2), scintillator pads (MUV3)
MUV3+BDT classifier using: energy, energy sharing, clusters shape
0.6 - 107> u™ efficiency vs 77% 't efficiency
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Particle ID RICH

Track driven Likelihood particle ID discriminant

Particle mass using track momentum

Momentum measurement under mass hypothesis (velocity - spectrometer)
2.5-1073 ut efficiency vs 75% ™ efficiency
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Photon Rejection
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dN/(0.00065 GeV?/c*)

Photon and Multiplicity Rejection

Timing coincidence of signals in LKr, LAV, SAV not associated to t*and tdecay
Coincidences of signals in LKr and hodoscopes not associated to t*, in time with tdecay
No hits in time in HASC and MUVO (off-acceptance veto); segments rejection in Straw
Typical timing coincidences: +3 = 45 ns; energy dependent time cut in LKr

Fraction of surviving K* = t*m® (15 — 35 momentum range) : ~2.5- 1078

High suppression of K* » nttnttn™, KT - i ety

10° Before rejection After rejection
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MC Signal After Selection
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Data After Selection
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Signal Regions

Different ways to compute mz ;s = (P+ — Pg+)?
Additional power for background suppression

"E : Kt - ntvv MC 600
a .
2 _ 2 -
Mpiss = Miyiss(Straw, GTK) E 0.1 500
m?2 .. (RICH) = m? ;. (RICH, GTK) E -
B — 400
mZ...(Beam) = mZ ;. (Straw, Beam) E0.0S -
m% E — 300
E oL
200
~0.05 - 100
_0.1 i I I | | I N | | [ N | | I I | | [ N | 0
-0.1 -0.05 0 0.05 0.1
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2. Single Event
Sensitivity




Single Event Sensitivity (SES): Definition

Normalization: K = mttmt® from control data

Same Tt vV selection: y, multiplicity rejection not applied; mrzniss cuts modified

N New - D SES = BN
IVK — AT

:d%m ' BRmr ;\'f{ Z (A-'gmy . E“}ﬂ; . E‘gﬁ-g)

J
Ny Number of K* decays €ERV Random veto efficiency
N~ 6-10% Numberof Kt - nttn" €trig Trigger efficiency
A .~0.1 Normalization acceptance Amyy Signal acceptance
+ .
D = 400 Control Trigger Downscaling J " momentum bin
Ng+ = (1.21 +£0.02) x 10"
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Signal Acceptance

Computed with MC
Particle ID, losses due to t¥interaction included

27/03/2018
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Measured on data using Kt = nttnt¥ selected from control triggers

Trigger Efficiency

Losses mainly from level O, L1 efficiency ~0.97
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Trigger Efficiency / (5 GeV/c)
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Random Veto

. Random signal losses due to y + multiplicity rejection measured with K* - p*v
- (ery) = 0.76 independent from P+, dependent on instantaneous intensity
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Single Event Sensitivity: Result

SES = (3.15 £ 0.01,,; £+ 0.24,,,;) x 10717

< Ve

NEZP(SM) = 0.267 £ 0.00110¢ & 0.0204ye; & 0.032,,

Source 6SES (107')
Random Veto +0.17
Nk +0.05
Acceptance K™ — n v | 4.0+ 0.1 Trigeer efficiency +0.04
PNN trigger efficiency 0.87 + 0.2 Definition of 77" region +0.10
Random veto 0.76 +0.04  Momentum spectrum +0.01
Simulation of 7+ interactions +0.09
Extra activity +0.02
GTK Pileup simulation +0.02
Total +0.24
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3. Background
Studies




Kt - tn®(y) Background

Events in ttmtY region after
LRRYAY selection

I 1

NP (region) = Z [ Nor(mt @) f““(regmnﬂ

Y N Y
v .
Expected events iy Fraction of events in region region

mtmomentum bin

0

ki (re gion) measured: T sample selected tagging the m° with 2 y’s in LKr
j g

MC studies with and without mt° tagging

n® and kinematic rejection assumed independent
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dN/(0.00065 GeV/c?

Kt - ttn® Background

Tail Fraction / (5 GeV/c)
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R2 0.037 £ 0.006,50¢ + 0.003 4,
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K+

*1t%y Background

wr: g « Data Control Sample
c;; - |:| MC Contral Sample
5 105 = E MC K*—m*n%(y)
@ -
S 107 -
- =
=] - .
=) B y
-“‘Z=:’ 10° £ A
= = R1 ' . R2
102 ;_ \ _ _______ J ____________
10 ;_ I:,i,"l '.r:I NML‘FL
E In |T|||
B I' h |||| ‘J
) "dl "nW.n |||||
=0 01 O O A 1 1
-0.04 -0.02 0 0.02 0 04 0.06 0.08
2
m?. [GeV /e
27/03/2018

Radiative tail in R2 estimated from MC:
X 6 than kinematic tails

Single-y veto efficiency measured on data
Measured ¥ rejection reproduced on MC

1’y rejection of the radiative tail in R2
estimated from MC:

X 30 than single ° rejection

Number of expected events

T+D

Region Ty
R1 0
R2 0.005 £+ 0.0054y
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Kt - ttn?(y) Background: Result

iwre:._rpﬂctﬂd b— D[]Gr—i- :l: D-DDTSHII Z|Z D.D[]Gsyst

T ()

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01 .

*
1 ‘ [ ‘ I ‘ T ‘ T ‘ [ ‘ [ ‘ T ‘ T ‘ 1| | |
0 16 18 20 22 24 26 28 30 32 34

77 momentum [GeV/c]

—e— K — 7*n%y) bg (data driven)
J —e— SMK* - mvv (MC)

]

N events R1+R2

IH‘HH‘\IH|IHI‘HH|I\ I‘HI\‘IHI‘HI\‘IH\
——
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Kt - ttn?(y) Background: Validation

Region v
CR1 0.52 + 0.085¢0t & 0.03 4y Events observed CR1: 0
CR2 0.94 + 0.14510¢ + 0.055y5 Events observed CR2: 1

0.04
0.02

[GeV/cH

miss
-

2

T

27/03/2018

A GIFYPS a M P v ' . . 1___{‘\1;) . L]
| | | | | | | | | | | ] | | | ] | |
15 20 25 30 35
7t momentum [GeV/c]
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K™ - nu"v(y) Background

Events in u*v region after
ttvv selection

|
[ 1

\ NP (region) = Z [N(;.:Jru)j ‘ fjkm(?‘fﬂm”}]

J
[

£) o
Expected events v Fraction of events
ttmomentum bin in region region

fjki”(’region) measured: p*v sample selected tagging p*and applying y rejection
Same method applied to MC

PID and kinematic rejection assumed independent

Independence tested measuring muon PID with RICH directly on tails.
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K™ - nu"v(y) Background

'd': 106 — P *  Data Control Sample
0; ; |:| MC Control Sample
® s | [ IMekspvi
o 107 =
7e) 3
g =
3 10* 3
S -
Z 10° =
= -
(1 N T
10
1L
1_' | | | | | | | | |
-0.04 —0.02 0 0.02 0 04 0 06 0 08
2
mlss [GeV /c? ]
27/03/2018
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Tail Fraction / (5 GeV/c)

07 x10~
Yor — e Total Tail Fraction
0.6 — ail Fraction Region 1
- ail Fraction Region 2
0.5 |-
04 —
0.3 —
0.2 —
0.1
0 1 Il 1 Il Il 1 Il 1 1 Il 1 Il
15 20 25 30 35

P .[GeV/c]

Number of expected events

Region Ka(7y)
R1 0.019 £ 0.00344q¢ = 0.003 4,5
R2 0.0012 == 0.0002.¢4; = 0.0006,,,.
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K™ - nu"v(y) Background: Result

NezPected — (9,020 + 0.00340; & 0.003,,4,

uv ()
~ 0.1: . .
¥ | TR
X 0.08 | |
‘§ 0.07 [
S 006 |
“ 005 |
0.04" !
0.03 -
0.02 .
0.01— A
0716 18 20 227 24 26 28 30 32 34
7t momentum [GeV/c]
27/03/2018 Giuseppe Ruggiero - CERN EP Seminar 46



K™ - u*v(y) Background: Validation

Region

Kp2(7y)

CR

0
—-0.02

27/03/2018

Events observed CR: 2
1.02 £ 0.16.44¢

OO

] | ]
15 20 25 30 35
7f momentum [GeV/c]
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dN/(0.0006 GeVZ/c?)

K™ > m™nt"n~ Background
NP = N(rtntn) - f¥"(R2)

4 ——
TN

et
=
L

[
o
t

R1

10

—s— Data Control Sample
\: MC Control Sample

N

N(nfmnfn): Eventinm i m
region after vy selection

¥ measured on a Tttt control
sample selected tagging the ™
pair

Kinematic rejection factor corrected
for biases induced by the control
sample selection using MC

frn(R2) <107*

Number of expected events

0.

0.02 0.04 0.06 0

08 0.10 0.12 NEP = 0.002 £+ 0.001 4, = U.[][]'Zsysf

mmw

m2. [GeV*/c']

27/03/2018
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K™ -» m™nt~e"v Background

0.12 Kt > ntn~e*v MC 10
0.1

0.08

0.06

0.04

0.02

[GeV¥c?]

2
miss

~0.02 107!
~0.04
~0.06

_ A T R R B BN BV
0.08 15 20 25 30 35

7" momentum [GeV/c]

Estimated using MC (~4 X 108 events generated)
Validated using different control samples K¥ - ttnt~e*v - enriched
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K™ - m"™n~e"v Background: Validation

Single - m™ events, full tvv selection, straw - multiplicity cuts inverted
Control region: 0.026 < mZ;.s < 0.072 GeV?/c*

5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

—— data
| K" = mtmetv, MC

Entries

.

| 1
0.03 0.04 0.05 0.06 0.07
m2. [GeV%/c']
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K™ - m"n~ e"v Background: Result

Nezpeeted — () 018+0024) 4 0.0094st

* T wmwer —0.017
7] [~ A . . .
= - ———— Expected in signal region
E 10> ———— Observed in control region
= Expected in control region
|
1 =
107" =
102 =
= | | | | | |
Reference  #1 #2 #3 #4 #5
Sample
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‘ Upstream Background

Decays along the beam line; beam particle interactions in GTK
Random track matched in GTK and/or possible additional energy not detected

Beam Line

‘__________

Y * Achromat CHANTI

o
Volume
yal 11

Dipole

v

—_———————— - 7

Specific cuts against upstream background

1) K—mmatching 2) Zyertex 3) CHANTIveto

4) Cuton XY " at the entrance of the decay volume («Box cut»)

GTK3 e
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Upstream Background

Decays along the beam line; beam particle interactions in GTK
Random track matched in GTK and/or possible additional energy not detected

PNN data: mvv selection, K — m matching inverted, Z ,ort0x, Box cut and CHANTI not applied

— 800 10" _

e PNN data g Tk PNN data
E 600 - _ A e
5 F |‘.'| CHANTI v Z

S 400 - ; = 1

= | .- |l acceptance ! -
= - I 5 ! ~ 102
S 200 - .y L/ 10 205 .
2 - I = - 1

2 _ n '8 = ]

£ O 1A 0 B 5
= i ] N, - 7

~200 |- Iﬂf N 1 6 -0.5

B | I | Collimator -
—400 |- 3 : 4 1F
—600 :— Dipole T 2 -15 f—
- Box cut C
_800 o e b br e b b b b 0 _2_||||||||||||||||||||||||||||||||||||||| 10
—800 —600 —400-200 0 200 400 600 800 -2 15 -1 05 0 05 1 15 2
X o (collimator) [mm] Teric-Tirac [0S]
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Upstream Background: Estimation

Bifurcation on PNN triggered data inverting: K — 1 matching (cutl); Cut box (cut2)

BCD: reference sample; B'C’D'B”’C"": control samples — 4 control samples studied
A: signal region; A’: control region

B . C BI . CI BII . CII
A = — A = A’ =
(exp) 5 (exp) > (exp) ~,
%0“ \ A \
T i
3 f«:é \ D \ D
= \ N
-8 .-%D & B”
8 4‘% v B \ 4 B,
S —> —>
Signal — » Cut2 — » Cut2
. Out of In box Out of In box
region
box box
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N\ ELP _ =Nt
L Yupstream — 0.0507
w 0.2 ¢ ) o . 2
*E | ——=—— Expected in signal region, reference sample E i
g . Expected in signal region, control samples gf 102 -
= uncorrelated statistical error = -
0.16 [~ B
0.14 |__ |
C 10 |
0.12 - -
0.1 - -
- 1 ——
0.08 — -
0.06 - :
0.04 - 107! £
0.02 - -
oC | | | | | 10_2

Upstream Background: Result

Reference #1 #2 #3 #4
Sample

0.090
0.030 1 stat

—=— Expected in signal region

—s— Observed in control region

Expected in control region
uncorrelated statistical error

Reference #1 #2 #3 #4
Sample
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\ Background Summary

Process Expected events in R1+R2

K™ — 7tvw (SM) 0.267 4 0.00154¢ £ 0.0205ys = 0.032.44
Total Background 0.15 £ 0.09¢¢ £ 0.01.y

K+ — 7t7%~) IB 0.064 4= 0.007 50¢ £ 0.0064ys

K+ — utv(y) IB 0.020 £ 0.0034a¢ £ 0.0034y5¢

Kt —wrntmetv U,Ulgfgjgﬁ stat £ 0.00954¢

Kt — arntn 0.002 £ 0.001 54¢ £ 0.0024y5

Upstream Background U,Dﬂﬂfgjggg stat
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4. Result
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Result

= —4-data

K" —» 1w MC

One Event in R2
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The Event in the RICH

Run 6646, Burst 953, Event 543854, Track 1

£ o
@ : o
E 3_8888 Likelihood value

------ ST 0.0000 - under different mass
1.0000 )
0.0000 hypothesis

100 — o e

-50

-100

-150

o
| T T ‘ T T ‘ I —“_‘_l_l-“\l‘_‘_‘_[~‘ T T ‘ T T ‘ [
<&

-200

-300 -250 -200 -150 -100 -50 0 [r5n0m]
Mom 15.3, Mirror 24 ( 258.8), Frac M 1.000 0.000, PMT 1.000 0.000
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Preliminary Results

Events Observed 1
SES (3.15 £ 0.01gpa¢ £ 0.244y) - 10710
Expected Background 0.15 & 0.0954¢ = 0.01,y

BR(K' — ntuir) < 11 x 107 @ 90% CL
BR(K' — ntvp) < 14 x 1071 @ 95% CL

Expected limit:  BR(K' — ifvi) < 10 x 107 @ 95% CL
For comparison BR{X" — 7rvp) =284 x 107" @ 68% CL

BR(KY — ntui)gy = (0.84 £ 0.10) x 107!  SM prediction
BR(K' — nmtvp) = (1.737152) x 1071° BNL E949/E787 Kaon Decay at Rest
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Prospects

Processing of 2017 data on going
20 more than the presented statistic
Upstream background reduction expected
Improvements on reconstruction efficiency

Preparing 2018 data taking
218 days including stops
Studies to improve signal acceptance on going

20 SM events expected before LS2

Running after 2018 to be approved

Conditions for ultimate sensitivity under evaluation
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NAGZ () bty 2
| Summary

The new NA62 decay in flight technique to study
K* - nTvv works

One event observed in 2016 data
BR(KT — atur) < 14 x 107" @ 95% CL

O(20) events expected from 2017+2018 data.
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