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Neutral kaons beams

UNIQUE

@

K, tagged by K¢ tagged by
Ks — m*me vertex at IP K| interaction in EmC
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CKM unitarity

The most precise test of CKM unitarity by |V |*+|V|*+|V,,|*=1
IV,4| from superallowed B decay, |V, | negligible (~107),

|Vs| from the measurements of the semileptonic decay rates
C? G2 M 0, —
r([{f?{;-‘}) — SEW |Vn,s|2 J;(+}~; : (O)F X

192773 | -
L({2} ) (1 + 205V + 27 FM

with K € {K+,K°}; /1 € {e, u}, and:
C,? 1/2 for K+, 1 for K°

Inputs from theory: Inputs from experiment:
S, Universal short distance I(K.. ) Branching ratios with
EW B correction (1.0232) (Kisep) e
Ko7 _ . treatment of radiative
f+ (0) Hadronic matrix element decays; lifetimes

at zero momentum transfer (t=0)

IKIOV) Phase space integral: As

AKSI-’CF Form factor correction for strong parameterize form factor
SU(2) breaking dependence ont:
K;:onlyA, (or A, A.")
AMEM Long distance EM effects K, :need A, and A,

KLOE has measured all relevant inputs for charged and neutral kaons:
BR’s, lifetimes (K ,K*) , form factors (FFs)



V, from neutral kaons Lﬁ

BR(K,; ) = 0.4008(15) Based on 13x10° K| decays tagged by | PLB
_ N 632
BR(K ;) =0.2699(14) K —mm (2006)

T,= 50.92(30) ns Fit the time dependence over 0.4z, of PLB
8.5x10° K —n’n’n° decays tagged by ( 2602065)
Kg — '

A, =(25.5+1.8)x10°? Based on 2x10°¢ K _e3 decays tagged PLB
A"=(14+£0.8)x103 by K.—m*m (2603066)
BR(Kg —mev)=7.046(91) X104 From tagged K beam 1.2x10% events PLB

(20% of full data sample) (2603066)

A =(256.6+£154,+0.9,,)x10° Based on 1.8x10° K_u3 decays tagged JHEP
A"=( 15+07,,%04,,)x10° byKm'n and from combined fit with '€
A= (15418, %13 ,)x10% Ke3data

(2007)
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f(0)V_|

Present total error:

- value from KLOE

- world average

Expected at KLOE-2 with 5fb™

World average
M.Moulson
at CKM14
%err BR

K e3
K Hu3
K8e3
K*e3
K*u3

Aver

26-28.10.2016

f,(0)|Vl
0.2163(6)
0.2166(6)

0.2155(13)

0.2172(8)
0.2170(11)

0.2165(4)

0.26
0.28
0.61

0.36
0.51

0.19

0.09
0.15
0.60

0.27
0.45

T

0.20
0.18
0.02

0.06
0.06

0

0.11
0.11
0.11

0.23
0.23

KL

0.28% JHEP 0804 (2008) 059
0.19%
0.14% with world average

Kl

0.05
0.06
0.05

0.05
0.06

KLOE-2 prospects
with 5fb™
%err BR 1 o I,

0.20 0.09 0.13 0.11 0.06
0.24 0.15 0.13 0.11 0.08
0.32 0.30 0.03 0.11 0.06

048 0.25 0.05 0.40 0.06
048 0.27 0.05 0.39 0.08

0.14
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Charge asymmetry test for K

[(Ks)y = m etv) —T(Ks/ — 17e™ D)

KL

As/L =

r(KS//_ = 7r—e+u) + I'(KS/L g 7r+e—D)

Assuming CPT invariance: A,;=A =2Re(g,)=3x10~

A =(3.332+0.058__ * O.O47Syst) x10- KTeV collaboration, Phys. Rev. Lett. 88 (2002)

A=(15£96, 2.9, )x10®KLOE collaboration, PLB 636 (2006) 173

Determination of charge assymetries values for K and K, tests fundamental

assumptions of Standard Model.
J 07 07rer

I K (crash)mev

- dato
[ MC all : sngnal
| preliminary
-_MC TRy
" MC other ‘ _ -~
e
AE(m,e)[MeV]

AE(TF: e) = Emiss — Pmiss
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e
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pre!,fmiriary

|||||||||||||||||||||

M?(e)/1000 [MeV?]

Finalization of new
KLOE analysis with ~2
times improved
statistical accuracy
(1.7fb' data sample).

With 5fb" at KLOE-2
accuracy of £3 x107
expected.

7

M?(e) = (Exg — E(7) — Pmiss(7, €))> — p7(e)



Rare K, decays

Ks — mPnt°% unambiguous sign of CP violation

Ks— mtrn®: CPV for for L=0,2, but contains also conserving amplitude
(r°n°mC|H|Ks) , (rtn~n°|H|K)

Nooo = (00mo] i,y ~ T E000 o0 T oK,y

In the lowest order of the yPT: ¢’ =¢', ;=-2¢

Im(n, ) =-0.002+0.009  Im(n,,)=(-0.1%1.6)x 107

!
E+E4_p

KLOE set the best upper limit on |n,,|,
D. Babusci et al., Phys Lett. B 723 (2013) 54

BR(Ks — 310
BR(K,—31°) < 2.6 x10° = |n,,| JTL isimpd 1)

<0.0088 @ 90% C.L.

(X BR(KL e 37-[0)

Uncertainties of both n,,, and n,_, contribute to phase of €
Current experimental accuracy on BR(K; — mtn®) is 30% (CPLEAR, NA48

and E621)
First direct search for K, — ntnn®is ongoing with the 1.7fb-" KLOE data set

(with expected accuracy lower than 20%)



K

—37m

0

Kinematic fit; KS mass

entries

tries

- en

total 4-momentum
conservation,
consistency between
the measured time
and position of each
cluster.
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0
K.—3n
S L 100
. " " ngn x 90
Signal region definition: .
™ 70
x>,.. pairing of 4 out of 6 photons .
0
(m° masses, E,, P, 50
angle between n%’s) wof |
0 . .
X*,.. pairing of 6 clusters with 200 .
best n° mass estimates N M AP
0 5 101520253035404550
X3n

‘ Track Veto |—>—>| AE/og |—> — | counting

With old analysis chain and cuts values we obtain N___=0 events

selected as signal,
which translates into O(10°) upper limit on BR(K,—3n°) with 20pb™’
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Quantum interferometry

Quantum entanglement - the two decays are
correlated even if kaons are distant in space
I(f1,£1; At=0)=0 Complete destructive quantum
Interference prevents the two kaons from decaying
into the same final state at the same time

1) = %(|KO>|FO> — |Ko)|Ko)) = N(|Ks ()| KL(—P)) — _Ks(—ﬁ)>|KL(ﬁ>>>,
I(fit fats 12”’71 ‘e by ’722’8_FSt1_FLt2]
@mllmle(F”FL)(”HMCOS(AM(tz—t1)+ G-,
interference term n; Efcj Illgg;
b — KsK, — m*n-n°n° = = (CPV)

¢ — KoK; — nT1Fvnnn?, :rr:rr — T violation
¢ — KK, — n 1T"va*l™v = CPT and AS = AQrule
¢ — KoK, — nrlTvnm = CPT and AS = AQ rule

¢ — KK, — mrn~ntn~ CPT, Quantum Mechanics
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Decoherence

Quantum entanglement - the two decays are
correlated even if kaons are distant in space
I(f1,£1; At=0)=0 Complete destructive quantum
Interference prevents the two kaons from decaying

into the same final state at the same time

i) = %(|K0>|Fo> R0 [Ko)) = N(IKs() KL (—5)

(fl tl,fz 12”7]1 ‘ FLtl_FSt2+ n22|e_FStl_FLt2]
@mnme“S””“l””’zcos(Am(tz—tl)w—cﬁz)]
filK
interference term My = Efj‘Kgi

l[:;f:f,:ﬁ:f;&r) — - {:r*:r'_.;r*:r" ‘KUEO(E\I):}‘I - K:r':r’ E ‘EDKG(M)H:

— |Ks(—p

[+]

1200 -

800

(@ welerrsiresriro]

J.Phys.Conf.Ser. 171:012008 (2009)
$,o=(1.4+£9.5. +3.8_ . )x107

SYST)

400
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KL

Decoherence
. ? B ’ ;itzlndof:15.87/10
New analysis on the same 1000 sl Fagps
statistics will improve B0 4 :
sensitivity on decoherence “r = KLOE with 1.7fb"
parameter due to sool- O
refined selection of n*n~ decays. S %,
400 — /)Q/‘

i 4

[(rcrn, mhm:At) (awn) i
| 200_—@%

12 I
A t|/T
s

|_-'|7 R

j IS A Further improvement on vertex
"t (KaL‘;E)'St' o(At*17s | reconstruction resolution at KLOE-2
/ Red hist: o(At)~0.31, due to insertion of Inner Tracker.

J (expected at KLOE-2)
./, Blue curve: ideal
S l-'-:'nr) T GL‘\TE:S
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CPT & Lorentz invariance violation:
Standard Model Extension framework

Using the same final state for both kaons (nt*n~) the two decay are distinguished only
by the kaon momentum direction. The decay amplitude is written as follows:

It 5, (AT) oc e 1147 {|771\26%AT + [ fPe AT — 2Re (nlnge_iAmAT)}
y

W > v

m=n+=cx —0(Px1) N2 =€k — 0(PK2)

o, is the CPT violation parameter in the Kaon system.

According to the SME (Kostelecky) [PRD64,076001] and anti-CPT theorem,
CPT violation should appear together with Lorentz Invariance breaking (Greenberg)
[PRL89,231602], and thus implying a direction dependent modulation.

d ~ 7 sin gbgwewswyK(Aao — EKAE)/Am
Ordering Kaon according to their momenta it is possible to have
the two n—coefficients containing two different 6, CPT violating parameter.
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CPT & Lorentz mvarlance
with SME

P1P,<0

I(AT) (dN/7y)
g
L |

(=)
=]
T

-
=}
T T

[
=]
T

KLOE rsult with the

best sensitivity ever

reached in the quark
sector

>
=¥ T

=3
=

(=)
=

I(AT) (dN/7g)

£y
=
T T

[
>
|

=]
T

LHCb, PRL 116(2016)241601, 2016 mixing

KLOE (1.7 fb— 1), PLB 730(2014)89 ~ 10—15
Aa(o _ (—6.2) +7.7+ 3?1) - 12)—18 Gev B /UK Adxy, ~ 10 13Gev
Aa| =~ 107~ GeV

Aay = (0.94+1.5+0.6)- 10718 GeV : o
Aa, = (—20415405)-10-18 gey ~ Ds 7 J/WKTKT Adcy )| 7 10776V

Aa; ~ 107 1?GeV
Aa, = (3.1+1.74+05) 10718 GeV al e

FOCUS, PLB 556(2003)7, mixing D BaBar, PRL 100(2000)131802,
Nay || ~ 10— 13GeV entangled W(4S) — BB — (Xlv)(Xlv)
X7y7 ~

ABJ_,” ~ 10_13GeV



KL

QM and CPT test at KLOE-2

Physics case Physics reach
T T T QM, CPT and Lorentz Factor 4 improvement in
invariance tests sensitivity
K— 3m® CP violation, best limit: <1x10%

BR<2.6 x 108 @ 90% C.L.
K.— mev CP, CPT test A;=(1.5 + 11)x10- + 3 x103(CP viol. A.=3.3x 10?)

3 (CPT : A;-A =0
Parameter Present best measurement KLOE-2 (5 fb~1)
Coo (0.1 £1.0) x 107° +0.26 x 107°
(s (0.3 +£1.9) x 102 +0.49 x 1072
& (—0.54£2.8) x 10717 GeV +5 x 1071 GeV
5] (2.5+£2.3) x 1079 GeV +0.5 x 1071 GeV
" (1.1 £2.5) x 1072 GeV +0.75 x 10721 GeV
(compl. pos. hyp.) (compl. pos. hyp.)
(0.7£1.2) x 10721 GeV +0.33 x 10721 GeV
Rew (—1.6757+0.4) x 102 +0.7 x 10~4
Imw (—1.7755+1.2) x 107* +0.86 x 10~4
Aag (-6.0£7.7+3.1)x10® GeV +0.52 x 1077 GeV
Aaz (3.1+1.720.5)x10'® GeV +2.2 x 107'% GeV
Aax, Aay [(0.9£1.5£0.6)x10-'® | (-2.0£1.5+0.5)x10-'® GeV +1.3 x 107 GeV




KS—>TE+7I'

Events / (0.15)

KLOE

f'nTr:I‘

TTTTT

TITTTA T

T

N 856.0851 + 10.5056 |
a 0.2378 4 0.0049-
m, 487.4410 + 0.0015 ]
494.6041+ 0.2931

s, 2.4899 1 0.0097 |
1255114 04316

1901894 / 94

0 i L o P - s
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g 3 o
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0y = 1.84 +0.42 10° F 6, = 0.886 + 0.048 7
10 F 7= 0.95 £ 0.12 - [l ©g = 0.979 +£0.038 ]
- m, =-0.0656  0.013 ﬁ j | m,=-0.2758 +0.013 o
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GPS@KLOE

Reconstruction mathematically similar to
GPS positioning: for each calorimeter hit -
a set of possible y origin points is a sphere

(T-tfe2 = (X=x)? + (Y-y) + (Z-2)%

(X17 Y17

I=1,...,6.
0.025?— KLOE —
- KLOE-2 with add. cuts
0.020 1 .
0.015:3 ]
0.010 | _ Decay vertex lies on the intersection of
1 the spheres, at least 4 of them
0.005 | 1 necessary to find the K — 3n° decay
i { point and time, additional two y hits
0_000 L 1 | | 1 | |

0 50 100 150 200 250 300 350 400 cCan be used to improve accuracy of
Ry, [cm] reconstruction with a kinematic.

This is a key ingredient for testing CPT symmetry in transition processes
(never done before and possible only at KLOE)
J. Bernabeu, A.Di Domenico, P. Villanueva-Perez: JHEP 10 (2015) 139



CPTand T s/ymB. test in transition

S|K’)=+1[K’] K :LHKOMI?H CP=+1

S‘E)>:—1 I?> ‘ 1> \{E -

— K, =—[IK")—|K’]] cP=-1

Tonty 5o K=K

K'»70"v, S=+1 K,»zx CP=+1
K,»37 CP=-1

K o KK,
3 o ¥

t t t \ J. Bernabeu
1 —_— 1 2 y
/ At=t-t A. Di Domenico
K—-rlv K—37’ and P. Villanueva-Perez:

Nucl. Phys. B 868 (2013) 102,
JHEP 10 (2015) 139

KoK, - [K, 2K
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CPT and T sym. test in transition KE

© g T +F 1370
I({—, 379 At C({—,3a%) & 7 e ERpnAateeses
R2exP(At) — ( Us ) — RQ(At) X ( m ) 2 1805— :x::i?qal
(7w, [(T; At) C(mm,[T) 5 1% |’rl | ‘llj iy | S e
ReXP(At) B /([+, 37.‘.0; At) _ (At) y C([+, 371-0) W ::zi Vﬁh.lif}ip.ﬂlirl#' il':. 3
4 - A(wm, (T AE) * C(rm, (=) % il ;
i3 A i
60;‘ preliminary Ih "
R2,4 ~ 1=+ 4Re(5) for At > 715 Zz 1.7 fb—* W,
" 50 100 150?2;(? 250 300 3500
. . AtREC[s]
Asymptotic behaviour of 1002 1012
¥ 1. Otehauiar FRg
R,(At>t,) and R, (At>1,) ) i

can be extracted and allows for “**

T symmetry violation test, ~ **°| 1004 |
whereas double ratio R/R, ™| E
constitutes one of the robust ... Lo O,gg; :
observables for CPT symmetry test. =~~~ /s j
J. Bernabeu, A.Di Domenico, P. Villanueva-Perez: JHEP 10 (2015) 139
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Summary

1. Based on the KLOE 1.7 fb' data sample new results on
A, determination and tests of QM and CPT symmetry.

2. Dawn of more precise results
and new measurements
from KLOE-2 with data
sample at least 5fb".

/




Danke
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