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Kaon physics

Minimal Flavour Laboratory

- Kaons are the simplest system in which flavour physics effects can be studied.
Historically, many discoveries have been made in the kaon sector:

* Indirect CP violation ( KO mixing)

- GIM mechanism ( charm quark prediction)

Clean environment
- Kaon have simple decay topologies — clean experimental signatures

- Rare decay modes dominated by short distance contributions allow very accurate
theoretical predictions

Sensitive to new physics

- GIM suppression and hierarchical CKM matrix — flavour changing neutral current
( FCNCQC) transitions in the kaon sector are most suppressed (effects dueto b — d
and b — s transitions are larger)

- New physics (NP) may not be hierarchical so effects would be most visible in the
kaon sector
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/1 Rare Ks and hyperon decays
12 K* decays, Kes, Rare K studies
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RK - Lepton universality




Rk lepton universality

radiative
Standard Model -40/0 corrections

- The Standard Model process is helicity supressed.
m2 (m2 —m2\° /
RM = —< | —E——=) (1+6RR™) =2477(1) x 107°
m,u mK o m,u [Cirigliano, Rosell, PhysRevLett 99 (2007) 231801]

Beyond the Standard Model

Loop effects are predicted to lead to lepton flavour violating coupings IH*v: which give dominant

contribution to ARk A 2
m m
RLFV RSM 1 4 K T A 2 tan6

[Masiero, Paradisi, Petronzio PhysRevD 74 (2006) 011701]
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- At tree level, decay via charged Higgs, H* « Loops with SUSY particles can modlfy Rk

instead of W+ leaves Rk unchanged by up to ~1%
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\easurement

Kuz2 trigger selected background

downscaling candidates events
\ / dominant
P 1  N(Keo) —|NpB(Kes) systematic
K o~ =7 e

D N(KMZ — N (Kuz) (from K,;2)

/ / \ N\

geometric Particle ID Trigger LKr readout
acceptance efficiency efficiency efficiency



olgnal and background

K2 selection Ke2 selection Ke2 backgrounds
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Kinematic separation
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Electron identification
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\/uon Misicentincation

Catastrophic E/p > 0.95

bremsstrahlung Muon ID’d as electron
N or N front of LKr

- Subsample of data taken with a 9.2 Xo Pb bar between HOD'’s

 Allows collection of electron free samples

« Correct method bias ( ionization loss at low p, bremsstrahlung at high p) with GEANT 4

GEANT4
Correction Factors

(b)

Lead bar excluded P( Mis-ID)
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Data samples

4

detector

-|— -
configurations K / K lead bar / no lead bar

momentum Acceptance and background
bins depend on the lepton momentum

10
13-65 GeV/c

1o ensure high background contributions
efficiency in ELkr trigger iINncrease at high p

iIndependent
measurements
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Source 6Rk(107)
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-0.010) x 107°

Ry = (2.488 -

Ry = (2.488 £ 0.007gtat. = 0.0075yst.) x 107°

Statistics  0.007 [PhysLettB 719 (2013) 326]
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The golden modes

K* = rt*vv  FCNC

Dominated by box and

KL _} “ OV V penguin diagrams

R,
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Ne golden modes

- Theoretically clean handle on CKM matrix unitarity:
K+ & m*tvy «— |VisVid]
K- nvv  <—  Im(VisVi)
- Standard Model predictions:

BR(K"™ — 7w vv)

(7.81152) £0.29) x 10~

BR(K; — mvp) = (2.437952 £ 0.06) x 10~

Error on input parameters ‘Pure theory’ errors
[Brod, Gorbahn, Stamou, PhysRevD 83 (2011) 034030]

« New physics: large ( O(10%) ) deviations from SM possible in many NP models
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—XIStNg measurement
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1 O(y relative error on
0 standard Model prediction
0 1 O(y enhancement from
( 0) New Physics
GO(y relative error on
O measurement by E787/E949

1 O(y relative error on
0 NA62 measurement (SM)
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Ne chalenge

i 7" Regon 2 Signal region

E_ | —“-—Ji————___’f:;;"Eﬁiifff_!?if)_ S pl |t by

? - Sk K+ — -I—[+-|—[O
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§ 92 /0 outside of signal
%— —egion | kinematic region
1 RS
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high kinematic hermetic particle
rate rejection U, Y veto identification

(low mass tracking)



'The beamlme

Pl‘
&£ Primary SPS Beam

400 GeV/c =2=... 0.

High intensity, unseparated secondary beam
kaon

75 G V / (y momentum
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Oetector

AV RICH MUV

Large angle photon vetoes RICH x4/~ ID u veto
OPAL lead glass 1 atm Ne Fe/scint
A
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olgnal selection

Kt ID’'d Track matched No veto from

Beam N KTAG n GTK CHANTI
Track 1 track reconstructed
ac n STRAW
Particle ID ntID’d  Calorimeter signals (CHOD, LK,

N RICH MUV1-3) compatible with ttt

No vy like No v like signals In

rnotonveto  , ers in LKr AVS, IRC, SAC

Decay vertex In first Pion momentum

Ainematics ., -~ . decay volume = 15 < pr < 35 GeV/c




Sac

<ground

CSVEIS

Decay events / year
K- 1ttvv [SM] 45

Kt =t 5
K=ty 1

KE= TTHTHIT < 7
other 3 track decays <
K=y (IB) 1.5
Kr—=utvy (IB) 0.5
K+—1%*(ut)v, others negligible
Total background <10
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20772 lechnical Rur

Partially equipped detector CHOD ngu?:/

— 1 ik
L iy e l**lr:;;] M-
111y, | 5 |§ .J§ \
1/2 Straw | Kr
KTAG 80%  tracker station  30% readout
K+—=mtrt¥ studies
subdetector timing efficiencies

correlation resolutions



ming corr

- Entries 127566
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_(F|N) V' sensitivity
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4 lepton events

u W V
K+
S o
NP ut
N
n° decays

From Kt—= 1t

21 o/ Branching
0 Fraction

10'7 -

1078
107°
10-10
10-11

—IN) V' sensitivity

p'vetet

evptpt n’—-pe

existing limits

Approx. NA62 single event sensitivity

Assuming flat phase space

NAG2 approx. acceptance

;.1

H'vete*

e vptpt n’—-pe




L ( FIN) V limits summary

Mode UL at 90% CL Experiment Reference NA62 SES
Kt—=mtute 1.3x 10" E777 / E865 [PhysRevD 72 (2008) 012005] 4 x 1013
Kr—=rmturet 5.2 x 1010 7 x 10718
Kt=mutet 5.0x 10710 E865 [PhysRevLett 72 (2005) 2877) 7x10°7™3
Kr—=metet 5.0x 1019 2 x 1012
Kt =yt 1.1 x10° NA48/2 [PhysLettB 697 (2011) 107] 4x10713
Kr—=ptvete* 2x 108 Geneva-Saclay  [PhysLett 628 (1976) 485] 4 x 1012
Kt—=evutp* - - - 1 x 10712

me—pe 3.6x 1010 KTeV [PhysRevLett 100 (2008) 131803] 2 x 101
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metanie

Technical
Run
) 2009-2012 )2013 2014 ) 2015) 2016 ) 2017 ) 2018-2019 )
LHC LS1

October 2014
1st Physics Test Run
( 2 months : low Intensity)




Conclusions
2007 Rk analysis

New measurement consistent with Standard Model
Further studies possible: sterile v, medium-rare decays

2014 K*—-1ttvv

On track for 10% measurement of branching ratio
Prospects for a wide rare and forbidden decay programme
Kaon flux in 2014 ~ few % of nominal flux







NA62-Rk



Previous

Rk measurements

« 1972 Bevatron: Rk = (2.42 + 0.42) x 10 [PhysRevLett 29 (1972) 1274

« 1975 CERN PS: Rk = (2.37 + 0.17) X 10 [PhysLett B 55 (1975) 327 ]

- 1976 CERN PS (improved): Rk = (2.51 + 0.15) X 10 [PhysLett B 60 (1976) 302]

2008 PDG Average: Rk = (2.447 + 0.109) x 10

[ PhysLett B 667 (2008) 1 ]

« 2009 KLOE: Rk = 2.493 + 0.025stat = 0.019syst X 107 [EurPhysJ C65 (2010) 703]

2010 PDG Average: Rk = (2.493 + 0.031) x 10

[ JPhys G 37 (2010) 075021 ]
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Kaon facilities : highlights
oka

Measured direct CP violation parameters in 2rt decays of Upcoming experiment to measure K*—=rt*vv from stopped

neutral kaons [PhysRevD 82 (2011) 092001] kaons. Aiming for 5% measurement [arXiv:1305.7245v1]
E949  HKLOEQ)

Made the first observation of K*—=m*vv using stopped Studies kaon physics at a ¢ factory at the DAPNE e+e=
kaons [PhysRevLett 101 (2008 ) 191802] collider [arXiv:1002.2572]
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friNO&a,

—xisting limits

\IXiNng matrix element
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Big bang nucleosynthesis




Golden Mode
Theory




K—=T11vVv theory
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Standard Model

* Theoretical cleanness comes from hard (power like) GIM suppression.

- Theoretical error is now dominated by parametric errors, after a complete analysis of two-loop electroweak
contributions. [Brod, Gorbahn, Stamou, PhysRevD 83 (2011) 034030]

long distance
EM corrections

BR(KT = ntvp) = k(1 + A}M) (

/

jm()\t)
\°

charm quark contributions
short distance long distance

)2 + (ﬁe(At)Xt + M(\é + 51{“))2

A° A

hadronic matrix element from top loop contributions dominate A\ = Vus
BR(K-e3) via isospin rotation (maximum CKM suppression) .
Vamon N
— jm t *
BR(Kp — 7vi) = K, ( 35 Xt> At = VigVia
Soft (logarithmic) GIM Hard (power like) GIM ,
S d Mw S d ms; My
u,c ~ In — ~ —In —
) e+ m’l, U,C,t vV MW my;
\% - Large long distance up / - Up quark contributions
e- quark contributions \/ suppressed.



CKM and CPV
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—Xpernmen

101° x BR(K — ©vi)

1019 x BR(KT — ntwvp) ]
D. Straub C. Smith
[ CKM2010 arXiv:1012.3893] [ CKM2008]

Buras et al SM4 Standard MOde/ W/th
[JHEP 1009 (2010) 106] €XIr@ generation

Albrecht et al RSC Randa//-Suqdr um |
[JHEP 0903 (2009) 108] with custodial protection

Blanke et al LHT Little Higgs model
[ActaPhysPolonB With T-Parity

MFV Minimal FIavour el All CPV from

Violation CKM matrix
[Buras, Andrzej ActaPhysPolonB B34 (2003) 5615]

Standard Model
Two Higgs Doublet Models
MSSM with minimal flavour violation

Beyond MSM
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(Grossman-Nir Bound

BR(KT = nvp) = X — Pl
( mvr) = Relt ()] One complex

BR(KY — 7%0) = ky Jm(£X)? number: X

For all complex numbers:
Jmz < |z|

After corrections, this

gives an upper limit
on the ratio

101% x BR(K — 7vi)

1019 x BR(K*™ — ntuvi)



NAG2 Detector




| < | A Differential Cherenkov
counter

Non
Suppress beam-gas interaction backgrounds  destructive

PID
100 ps =
resolution

50 Mhz =
CHANT

Charged anti-particle
counter

Reject events with inelastic scattering in the GTK

Tag beam halo muons near beam axis

GTK3\ L 3
—»@\ - 15 cm
Beam

LI
38 18 38 78 158 cm




3 K+ = kinematic rejection factor lelted. oy: . .
x multiple scattering tails

(Via a cut on M-miss) Pile up in Gigatracker

nyorad pixe

o ‘%’é; .... \ T Glgatracker ghecy

N | | Match downstream pions to incoming kaons

= 0.2% =" 15 prad =
) vacuum operatec
EES | ‘L/SQM/\/ straw tracker

Measure momentum of secondaries

0.32% ® 0.008%p  20-50 prad

momentum resolution |Ge Ok angular resolution

aaaaaaaaaaaaaaa ew

4vievvs per 2 staggered planes per view to
chamber resolve L/R ambiguity



1 0-7 U/Tt separation required to

suppress K—uv background

Liquid Krypton
J\/W 2 LKY calormeter
ntillator
N calorimeter

% = 1 0-5 U rejection

Inefficiency

EM / hadronic clusters discrimination

AVAVEVEARAALRAL

q|G —=iNg IMaging
| | Cherenkov detector
single
Neon radiator 2000 anode PMTs
. T/u separation
Qtlmlng . 10-2 Inefficency for 1 0-2 H rejection
resolution for K=puv )
pico seconds

15 < prn< 35 GeV




1 08 1O rejection required to Pr+ — Eno
suppress K* = <35 GeV/c > 40 GeV

81 2(y 2y in forward 18 ﬁ(y 1y in forward 0 Z(y 1y in LAVS
n 0 vetoes N 0 \etoes, 1y in LAVS N 0 1y out of geometrical acceptance

LA Large angle  Lead giass block
Vetoes =M calonmeter

1 0_4 maximum inefficiency
at 200 MeV

LKr iquid krypton as Ey (GeV) 2.5-55 5.5-7.5 7.5-10 >10

a photon veto 1-£ (90%CL) <102 <10% <5x10° <8x10
Inner Ring Galorimeter e
Small Angle Calorimeter "= IIEl “““““ -
IRC SAC
1-e < 10% at 5 GeV o MV MUV

1&2



The NA62 Detector Information

Proposal: CERN-SPSC-2005-013

Technical design: NA62-10-07

RICH KTAG
AIPConfProc 1412 (2011) 161 CEDAR: CERN-82-13

NSS/MIC 2012 IEEE 2053

STRAW GigaTracker
JINST 5 (2010) C12053 JINST 7 (2012) C03030
NSS/MIC 2010 IEEE 1914 PoS VERTEX (2010) 40
LAV Lkr

JINST 8 (2013) C01020 JINST 6 (2011) C12017

NSS/MIC 2010 IEEE 852 NA48: NuclinstMeth A 574 (2007) 433



NAGZ2 Trigger
Data Acquisition




1ngger and data acquisition =0

~10 MHz ~1 MHz ~100 kHz O(kHz2)
L1 PCs L2 PCs

KTAG A T LO trigger primitive
m . —_—
GTK « ‘ LO trigger
m . «
CHANTI [ ‘
m .
I
LAV < \
m .
STRAW [ ‘ - L1
._)l . Single detector PCs
RICH A
m . L2:
CHOD - \ Correlated detector
m . information
I
MUV < \ -
[
I_)I
LKR ) !




o1

P TTPWY Tngger

at least N

at least N Lkr clusters
with E > x GeV

LO trigger:

Qi n MUV n LKr-
|

Important to
reject K2 events



952

| |
Jl-lepton [nggers
6 40 kH total can't collect all 1 0’ kH lepton pair
z 3-track rate  three track decays s z LO rate

Dominated by Kt—= 1ttt

at least N

at least N Lkr clusters
with E > x GeV

ee pair pepair Uy pair
Qo Q2 Qo

L KR2(15) LKR+(19) MUV>
MUV




