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Kaon physics facilities

BNL CERN IHEP Protvino
E865, E/77, E787, E949 NA48, NA62 ISTRA+, OKA, KLOD

FNAL LNF KEK/J-PARC
KTeV, ORKA KLOE, KLOE-2 E391a, KOTO, TREK

A variety of experimental techniques:
K decay-in-flight (e.g. CERN), stopped K*, ¢ factory 2



KLOE: latest results

o(ete” = ¢) =3 ub KoK+ ¢ > K K

¢ decay at rest provides monochromatic and pure kaon beams

Search for CP violation in Kg — 777"

arXiv:1301.7623

BR(K; —> 3n°) £ 2.6 x 108 @ 90% CL
' Mogol < 0.0088 @ 90% CL |
1.7 fbt of the KLOE data sample

KLOE preliminary

BR(K* ->m*mn') = ( 0.05526 + 0.00035,, . + 0.00036,,,), ABR/BR=9.2x107

stat = 5ys




NA62, R, Phase: recent results
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2003: K+/K-

MNA4S/2
2004: K*/K-
| | NAs2) 2227 Ko/l
Primary SPS protons (400 GeV/c): 1.8x1012/SPS spill RO | [2008: K- /K-
Un-separated secondary positive beam ; 2007_20:23_ =
Composition: K+(xt*) = 5%(63%). design & construction
K+ decaying in vacuum tank: 18%. NA62Z § 2012: test run 4

L 2014: first data taking



R, in the SM

A precise measurement of the ratio of K -> |v, leptonic decays provides
an ideal test of SM and indirect search for New Physics.

Hadronic uncertainties cancel in the ratio K,
SM prediction: excellent sub-permille accuracy

Ry is sensitive to lepton flavour violation and its SM expectation:

KT —e*r) m? m2 — m? | e
R K — — = e . K e . (1 L ()R.II({L(LCUII. )

NK* — ptv) m?2 m3z, — m?2 N )
W_l I
Helicity suppression: f~10-°

Radiative correction (few %)
due to K*—e*vy (IB) process,
by definition included into Ry

helicity suppression of Ry might enhance [V.Cirighiano, I.Rosell JHEP 0710:005 (2007)]
sensitivity fo non-SM effects to an
experimentally accessible level. RM = (2.477+0.001)x10-°

Phys. Rev. Lett. 99 (2007) 231801
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R, beyond the SM

In the MSSM large tanp scenario, the presence of LFV terms (charged Higgs
coupling) introduces extra contributions fo the SM amplitude ~1% effect
Girrbach and Nierste, arXiv:1202.4906

2HDM - tree level

K= —[*v can proceed via charged Higgs H*
(in addition to W=*) exchange

—> Does not affect the ratio Ry

Tree level

2HDM - one-loop _level

One-loop level

Dominant contribution to R,: H* mediated oD 74 (2006
LFV (rather than LFC) with emission of v_ S 011701IJ|—({EP 08)11

> R, enhancement can be experimentally accessible " (2008)042

LY I, (K —ev,)+I,,, (K —ev,) Much limited by the recent B and T measurements
Koo I, (K—=uv,) Fonseca, Romao and Teixeira, EPJC 72 (2012) 2228
u

4 2
1+( P )(mz)
m,. \m,

A \ztan6 [3] Sensitive to SM extensions with 4t" generation,
13 sterile neutrinos
Lacker and Menzel, JHEP 1007 (2010) 006,
Abada et al., JHEP 1302 (2013) 048 6

LFV SM
RK = RK




NA62 final result Strong UK
Ry = (2.488 £ 0.007,,, + 0.007,,) x 10-° cadership
Ry = (2.488 + 0.010) x 10-> [Phys. Lett. B 719 (2013) 326]
u:e 2.6E NAG2 PDG 2008 «+—— 2013 average
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Lepton momentum, GeV/c Ryx10
Independent measurements —
P World average Ryx10°3 Precision

in lepton momentum bins

(systematic errors included,
partially correlated)

PDG 2008 2.447+0.109 4.5%
2013 2.488+0.009 0.4%




Ry: Future prospects Strong UK

leadership

Future NA62 (data taking in 2014-2015):

Hermetic veto (large-angle and small-angle veto counters) will strongly
decrease the background.

Beam spectrometer (beam tracker plus beam Cherenkov) will allow time
correlation between incoming kaons and decay products (improved PID).

Only the K, (u—e) background will remain: well known ~0.1% contamination.

Assuming an analysis at low lepton momentum and not using electron ID,
measurement of Ry with much improved relative precision is feasible.

Required statistical uncertainty is ~0.05% > few million K., candidates.
Required kaon decay flux: N, ~ 1012
Expected NA62 flux: N, ~ 1013




K., candidates
NA62 E —~ Data |

[ K*>nluty
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NA62-R, subsample: 18.0M K*—u*v,
- Search for heavy sterile neutrino:

Sensitivity is limited by background
fluctuation (mainly beam halo)

NA62-Ry is competitive at high M

K,,: heavy sterile neutrinos

Limits for heavy neutrino mixing

NA62-R, is potentially |
competitive in this intervals

K2 .
o i LR K|J.2 i
BBN 3

50

K*—u*N
NA62-R, Upper Limit if no backgrounds:
|U,n[2<1077, 100 MeV/c2<My<380 MeV/c?

100

150 200 250 300 350 400
Neutrino mass (MeV)

Peak searches (long-lived v, )

1.PSI, PLB 105 (1981) 263.

2.KEK, PRL 49 (1982) 1305.

3.LBL, PRD 8 (1973) 1989.

Decay searches (short-lived v,)

4. ISTRA+, PLB 710 (2012) 307.

5. CERN-PS191, PLB 203 (1988) 332

6. BNL-E949, preliminary

More info in Francis Newson’s posgter



Overview of TREK

TREK detector: Upgrade of E246 detector for the study of
various Kaon decay channels at J-PARC.

installing/running FY2014/2015 Gap  lroppole
Col —-I'|——___ JIIP I'ES“"::'FP'H
N s
Search for lepton universality K" Se'v € ponuics
wallu’rmn in a measurement of the K* = p'y
ratio of the K.z and K,z decay
widths 0.25% precision

Search for a heavy sterile neutrine K'— u'N

IU|<2 108 for M<200 MeV

Search for dark light K'osrn'A'srtee M. Abe et al., Phys. Rev. D

K —}_‘f.!iVA'—}ﬁ*VEFE_ T3, 072005 (2008&)

\

SM extensions with massive gauge boson A’
Sensitivity: mixing parameter ~10-6 for 10<M(A’)<100 MeV 10



TREK: Dark photon
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T. Beranek and M. Vanderhaeghen, Phys. Rev. D BT, 015024 (2013) Fig. from M. Pospeloy, PEB2013 workshop (2013)
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K—mvyv
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K—mvvV : Theory in the Standard Model

W
= FCNC loop processes S

/
= SM precision surpasses any other s G T f
FCNC process involving quarks d 4 qm _

"
= Short distance dynamics dominated

2
R

A=V, B(K* = a*vw) =k, - (Im)“fX(x)) +(R;}LtX(x)+ ;)LCP(X)) ]
A=V
A =VVi mA 2 Charm

B(K? = x'v7) =1, ( e fX(x)) contribution
x(q)=—; “ Y,

My g

2 F__ 0 Top

K, =V Sa”Br(k T eV) ‘AP contribution
25r° sin 0

T, The Hadronic Matrix Element
Brod et al., PRD 83 (2011) 034030 is measured and isospin rotated

Mode BRgx1011 .
K—mwv(y)  7.81=0.75x0.29 Theoretically clean,
K —>70yy 2.43+0.39+0.06 sensitive To new physics,
- almost unexplored




BNL E/787/949: K> nt*vv

Technique: K* decay at rest £ T EIa g d A

Data taking: E787 (1995-98), E949 (2002) ol _E—"SWE%’ . 7
Q [ [ Tlusanﬁlyfls Reg|o._n I

Separated K+ beam (710 MeV/c, 1.6MHz) S 40 | & Egr o . .

PID: range (entire n*—u*—e* decay chain) @ - [ @ E787-PNN] E

Hermetic photon veto system [ :

1.8 x 10"2 stopped K*, ~0.1% signal acceptance 30 - ;e 2

........ s f | ;. .

BNL E787 \%‘ ropy oo | 4 .

- — . : . Region Il .

] j 15 - | =

i0 :....I....I....I....I....I....I....I....I....I....

50 60 70 80 90 100 110 120 130 140 150
Energy (MeV)

Background in Region 2 from the K, _decay
with t* scattering in the target.

E787/E949: BR(K* » n*vv) = 1.73*115_ - x 1070

. PRL 101 (2008) 191802;
7 observed candidates, 2.6 expected background PRD 79 (2009) 092004

 Probability that 7 observed events are all background is 103

* Still compatible with SM within errors "



NA62 @CERN: K*—> wt*vv

NA62 aim: collect O(100) SM K*—xn*vv decays with <20% background
in 2 years of data taking using a novel decay-in-flight technique

Decay signature: high momentum K* (75GeV/c) - low momentum =* (15-35 GeV/c)

Advantages: max detected K* decays/proton (p,/p,=0.2); efficient photon veto
(>40 GeV missing energy); good z* vs u* identification with RICH

Un-separated beam (6% kaons) - higher rates, additional backgrounds

Kinematic variable;

m2 Z(PK—PW+)2

mM1SS

15
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Backgrounds

Background
1) K* decay modes

2) Accidental single track matched

with a K-like track

Accidental single tracks:

Beam interactions in the beam tracker

Beam interactions with the residual gas

in the vacuum region.

Signal & backgrounds

(events/year)

Signal 45
K+—m*n0 5
Kt—u'*v 1
Kt—=m*ntn- <1
Other 3-track decays <1
K*—n*nly (IB) 1.5
K*—p*vy (IB) 0.5 16
Total background <10




The NA62 detector

Un-separated hadron (p/x*/K*) beam:
400GeV SPS protons - 75GeV (+1%) kaons
800MHz - 50MHz kaons - 6MHz decays

Vacuum Tank

LAV:
Large Angle Photon Veto

Total length: ~270m

SAV:
Small Angle Photon Veto

GTK: beam

spectrometer Hodoscop

NA62UK \
v

Target Il |
o mw g W

/ W .
u . r r—/H Vacuum: p<10> mbar __,,.d/-)lf*

CEDAR
4 K

Hll

..............

(Cherenkov ﬁ L N"‘lmmumll
;%on ragaer) Anti- L T T it i | I
<380ps timing counters

o - - RICH LKr MUV

Straw <80ps timing

Tracker

i Y
Pipe Decay region: L=65m

Kinematic rejection factors (limited by beam pileup and tails of MCS):
5x103 for K*—=n*n®, 1.5%x10% for K—p*v.
Hermetic photon veto: ~10% suppression of n%—yy.

Particle ID (RICH+LKr+MUV): ~107 muon suppression. 17



NA62 Timeline

Dec. 2008 Oct/Nov. Oct. 2014
NA62 2012 15t Physics Test Run
approved Technical ~10% of intensity
Run
LHC LHC
LS1 Physics Physics Physics | Ls2

) 2009 - 2012 ) 2013 - 2014 ) 2015 ) 2016 ) 2017 ) 2018-2019)

L]

Detector Construction

and Installation

* 5years of construction interleaved with a Technical Run in fall 2012
* In 2014 a first Run with full detector
* 3years of Physics data taking before LHC Long Shutdown 2 (LS2)

18



K—nvv experiments: ORKA

ORKA expected sensitivity

T !
210 events/year (SM) ]

ORKA @ FNAL Main Injector (K*): i
Builds on BNL stopped-kaon technique il
Expect ~100 times higher sensitivity 02
(x10 from beam and x10 from detector) 0.15}

__w=eseeee Stat, + 10%Background uncertaifty

-— Stat. only

Goal: O(103) SM K*—x*vv events

5% measuremen

e
-

Fractional Error on Branching Ratio

Fits inside the CDF solenoid R NS years
Re-use CDF infrastructure : Tﬁeo(f;;ggf;gamtv _
QI IR RN AR
MAGNET BARREL  VE Running Time (years)
- r.'UE-'.-'-‘?'EI-.'\ / RANGE STACK
b4 COUNTERS / I-COUNTER
g END CAP , VETO

COLLAR COUNTER _,--" BEAM VETO

HOLE COUNTER

BEAM =

CERENKOV COUNTER
BEAM CHAMBER 1
BEAM CHAMBER 2 )

ACTIVE DEGRADER 7 N -
END CAP + VETO ~

. ) \ TARGET
2 Fin

V=-COUNTER

MICROCOLLAR

COLLAR VETO

Stage | approval:

US Flavour community
and funding agencies are
working to find a way to
make it possible

19

[EPPEEN SN “~ DRIFT CHAMBER

J



K—nvv experiments: KOTO

KOTO @ J-PARC (K,):

E391a: BR<6.8x10-8 @ 90%CL
Expect ~103 times higher sensitivity

Builds on KEK E391a technique

Detector construction finished
Data taking: 2013-2017

Collimators to suppress halo neutrons -
main background in E391a (n + detector —x°)

Pencil beam: can reconstruct decay

vertex assuming x® mass —2om | RE - i
Ni, Pt, Au target ) et —— r—

lr -"16 oTee

GeV
Goal: ~3 SM K, —n%v events  proton

Possible step 2: ~100 SM events Operating w/

vacuum ~10- Pa v v

Collimator




Lepton Flavour/Number violation

21



LFV in kaon decays

Copious production: high statistics
Simple decay topologies: clean experimental signatures

High NP mass scales accessible for tree-level contributions

Dimensional argument:

: + o
Example: Kp — pTe Ty gx My \*
8 pt -~ .
I'sm gw Mx
X
g g For 9x = gw and B ~ 10~ '2:
d e

MX ~ 100 TeV

22



LFV in K* decays

Mode UL at 90% CL Experiment Reference

KT > nTpuTe” 1.3 x 10=* BNL E777/E865 PRD 72 (2005) 012005
Kt > rantpuet 5.2 x 10—10

Kt > an putet 5.0 x 10~10 L BNL E865 PRL 85 (2000) 2877
Kt 5 meTe™ 6.4 x 1019

K* — nFputpu® 1.1 x 1072 \CERN NA48/2  PLB 697 (2011) 107
KT — p~veTeT 2.0 X 108 \Geneva-Saclay PL 62B (1976) 485
Kt s evutu™ no data \i

CERN NA48/2 sensitivities for these 3 modes are similar to those of BNL E865

Expected NA62 single event sensitivities: ~10-12 for K= decays
NA62 is capable of improving on all these decay modes

e.g. 2003-4 data K*—=mpu*u": g g+ 5 #FuFpu®) < 1.1 x 10~° @90% CL
Precision limited by background from n*—pu*v decays in spectrometer,
despite SES = 3x10-"1

In future, no K;_background expected due to high spectrometer P (270 vs
120 MeV/c) and improved mup mass resolution (1.1 vs 2.6 MeV/c?) 23




Sensitivity to Majorana neutrino

KT > a0fef, t=e,p

Majorana neutrino exclusion regions
from existing data

( etnt

u < E
+ 4+ E
K+< e, e =
S 0P E
= d S, F
_ S F
v 2 _F
_ g0~ &
u 20 LHCb, PRD 85
0 E (2012) 112004
resonant enhancement for o -~ pBD
My Smy, S mi vE
10° & + S, S
Littenberg and Shrock, 10_105 s K IT)IW el © .

PLB491 (2000) 285 0.1 0.2 1 2 3 45
Neutrino mass, GeV/c2
Plot from Atre et al.,
JHEP 0905 (2009) 030 24



Summary

Several kaon existing experiments producing results

(only a selection shown here)

Several planned experiments around the world: KLOE-2, NA62,
TREK, KOTO, ORKA, KLOD

Diverse physics programme:
- CP violation, T violation
- Ultra-Rare Decays
- Lepton Flavour/Number violation
- Search for heavy/Majorana neutrinos
- Branching ratios, QCD tests, form factors etc. (not shown)

NA62@CERN (construction/commissioning):

expected single event sensitivity for K* decays: ~10-12
preparing for the physics run in 2014 (low intensity)
with a rich physics programme 25






Spares
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Detector

Muon veto sytem
Hadron calorimeter
Liquid krypton calorimeter

Hodoscope

Drift chamber 4
Anti counter 7

Helium tank

Drift chamber 3

Magnetic spectrometer:
o,/p = (1.0 ® 0.044 p)% [GeV/c] 2004
o,/p = (0.48 @ 0.009 p)% [GeV/c] 2007

Magnet

Drift chamber 2
Anti counter 6

Trigger Hodoscope:
o,~=150ps

Drift chamber 1

Kevlar window

,
Momentum kick: -
2004: 120 MeV/e

2007: 265 MeV/c

LKr electromagnetic calorimeter:
o/E = (3.2N E® 9.0/E @ 0.42)%
(E in GeV)

o, =0, ~ 1.5mm for E=10 GeV
o(M_.0.0) = 1.4 MeV/c?

E/p ratio used for e/nt discrimination

* ~100 m long decay region in vacuum

» Similar acceptance between K* and K-
beams checked reversing magnetics
fields

* Pion decay products, from the hadronic
beam, remain into the beam pipe

28



Leptonic meson decays: P*—l*v

SM contribution is helicity suppressed:

s e, u’
G2.MpM? M2\ 2 +*
+ +,) — _F l _ 2 2 + H
e =l (1) IE LY S S
u
Sizeable tree level charged Higgs (H*) contributions Yer Y

in models with two Higgs doublets (2HDM including SUSY)
PRD48 (1993) 2342; Prog.Theor.Phys. 111 (2004) 295

(numerical examples for M;=500GeV/c?, tanf} = 40)

nt—lv: AT/Tgy =—-2(m_/m,)> m,/(m,+m,) tan?p=~ 2x10~
Kt—lv: AT/Tgy =-2(m,/m,)? tan’p ~ 0.3%
Dt.—Iv:AT/Tgy =—-2(mp/my)? (m/m) tan’p = 0.4%
Bt—lv: AT/Tgy = —2(mg/my)? tan?p ~ 30%

29



10°

10*

102

NAG62 data set for Ry

‘ Ke, candidates ‘

B K*—utv :
K>ty (w—e? |
B K*—e*vy (SDY)
- Beam halo :
[ K*—n%*v
B K-+

T T TTTTT

T IIlIIII|

-0.06 -0.04 -0.02 0 0.02 0.04 0.06
M2 (e), (GeV/c?)

145 958 K*—e*v candidates.
Positron ID efficiency: (99.28+0.05)%.
B/(S+B) = (10.95+0.27)%.

10°

10°

104

10°

‘ K, candidates

—o— Data
[ K*—>nlutv

: [ IK*—ataox
.................................... I K —ntn®

5 Il Beam halo

[ JK'—=utv

| | | | l

-0.1 -0.05 0 0.05 0.1

Mz (), (GeV/c?)

42.817M candidates
with low background
B/(S+B) = (0.50+0.01)%
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CKM Unitarity and Rare Kaon Decays

The unitarity of the CKM matrix can be expressed by triangles in a complex plane:
there are six triangles but one is more “triangular”: .
A=V Vs

ImA,=A2A%n

* * *
Vudv ub T Vcdv b ¥ thv tb ~ 0 Re A’t = A2 )5 0

It is customary to employ the Wolfenstein parameterization:
Vus ~\ Vcb ~NMA Vub ~N A(p_ i"l) th ~ N A(l_p_ i"])

The "Standard” Unitarity Triangle The "Kaon" Unitarity Triangle

ViVia *VerVea ¥ ViVia =0 VisVia T VesVea +ViVig =0
ol AV i Golden modes
: ' K™ > xvv V=, V.4l
‘-.,_‘_‘K‘P_mﬂ"u K, —> zvv Im (V*, V.y) =<7
1 . Am, :Bd — Ba Vot /V. |
(0,0) (L,0) (p,:0) Am_, B, _B. td/ Vts

31




The NA62 Beam

Primary Beam: Secondary Beam:
* 400 GeV/c protons + 75 GeV/c momentum (Ap/p~1%)
+ 3 10'2 protons/pulse (3 NA48/2) - Beam acc.: 12.7 mstr (32 NA48/2)
+ 4.8/16.8 s duty cycle * Total rate: 800 MHz
+ Kt~ 6%

+ 4.5 10!2 K*decays/y (45 NA48/2)
Only 6% K* but:

* protons and positrons don't decay...
* pions and muons decays cannot mimic
K* decays

Size @ beam tracker: 5.5 x 2.2 cm?

Qo
* but beam-gas interactions doll o Rate @beam tracker: 800 MHz
e Rate @ KTAG: 50 MHz
1 e Rate downstream 10 MHz
(K* decay mainly)
KE'EP vacuum at 10-¢ mbar: o AI:igular spread in X and Y <100
ra

use existing NA48 decay tank



NA48/2 K*—x*u*u* upper limit

FCNC K, candidates “Wrong sign” uu pair
2 i i i = 7,
“1065 | ! i ko ....106E L3
§ - The largest sample: § /"‘\
oo | 3120 candidates ‘“105% \
10 10
10° 10°E
102 102
10¢ 10F
1 1é‘
= K,, (MC) = K. (MC)
- L1 1 I | I | I 1 1 I 1 1 I L1 1 1 | I — e L1 1 I L1 1 I L1 1 I L1 1 I 1 I — |
1004042 0.44 046 048 05 052 054 9.4 042 044 046 048 05 052 054
M(rup), GeV/c? M(mup), GeV/c?
Noata = 32 =) B(KT — n#FuTp®) < 1.1 x 1072 @90% CL

Npg = 52.6219.8

Precision limited by background from n*=—pu*v, despite SES = 3x10-11,
Flat phase space assumed (rather than Majorana neutrino exchange).
A dedicated re-analysis has a potential sensitivity of ~10-1°,

syst.
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10

T Illlllll
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o _l T lll
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o

w s 060506 000005000000050000000000000000000000000000000000000000000000000000000000s0scscscssssssscscsassscscscssacffiscctucccscssscsases

1 L1 1 | | I |
.52 0.54 38 04 042 044 0.46N0.48 0.5.0.52 0.54
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NA62: no K, _background expected due to

NA48/2: Ky, background to K., pioh spectrometer P; (270 vs 120 MeV/c)

due to m=—p*v decays and improved mup mass resolution
in the spectrometer (1.1 vs 2.6 MeV/c2) 34




Prospects for LFNV Searches
in K* and n° decays at NA62

Decay mode Physics Interest UL at 90% CL (Experiment)
K* = m*ute LFV <1.3x 10" (BNL E777/E865)
K* = mty et LFV < 5.2 x 10-1° (BNL E865)
K* = mp*et LFNV: AL, =AL, = -1 < 5.0 x 10-1° (BNL E865)
K* = me*et LNV: |AL.| =2 < 6.4 x 10-1° (BNL E865)
K* = mp*p* LNV: |AL | =2 <1.1 x 10 (NA48/2)
K'—= pv,e*e’ LNV: |AL.| = 2 or LFV < 2.8 x 108 (Geneva-Saclay)
K* = e v utp? LNV: |AL | = 2 or LFV No Data

n® = pte” LFV < 3.6 x 10-'9KTEV)

- Total number of decays in fiducial volume: 1.2 x 1083 K* & 2.5 x 1012 7°
- Expected Acceptance O(10%)

NA62 SINGLE-EVENT SENSITIVITY(*): ~ 10'20ON K* DECAY ~ 1011 ON
n® DECAY



NA62 Detector 2012 and 2014

NA62 / 2012 Layout SAC
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Kt—n*n? Sample in 2012

Exploit the timing and spatial correlations between the subdetectors to define
a Kaon candidate, pion candidate and a muon candidate.
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Using time-correlation and signal from

New KTAG and MUV:

Selection based on LKr (n° vertex assuming

n9 mass, and assumed kaon direction)

Pp+ = (Pgx — Ppo) = P2, = mZ. for K'—»n*n’
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