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Introduction

*The correlations between the decay modes of a system consisting of a KK
pair were first considered in 1958 by Goldhaber, Lee and Yang in nucleon-
antinucleon annihilation.

*In 1960 Lee and Yang and then several authors (e.g. Inglis, Day, Lipkin)
emphasized the EPR-like feature of KYK? system in a J?*=1- state,
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showing correlations very similar to a pair of spin 'z particles 1n a singlet state
(correlation between the two decays even if the two kaons are distant in

space),where the quantum number strangeness S=x1 plays the same role of the
spin Tor { along a chosen direction.

*Many experimental tests using Bell’s inequality performed so far by using
the entanglement of the polarization of two photons, all confirming QM

*[t’s of great interest to perform complementary test of QM using neutral kaons
in a completely different physical context (different energy and time scales)
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Test of OM in the kaon system

Most of QM tests exploit the initial correlated state of kaons
i)=|K(B))| K. (- B)-| K, (B))| Ky (- b)) or |K*(B)) K (- p))-| K (B)) K" (- P),

*It has been suggested that the initial state (that in orthodox QM is non-separable)
spontaneously factorizes to an equal weighted mixture of states:

: - - - = Furry’s hypothesis of
‘l> = ‘KS (p)>‘ K, p)> or ‘KL (p)>‘ K p)> “spontaneous factorization”

Measurement of the amount of deviation from QM ({ parameter)
(=0 — "orthodox" QM C=1 — Furry's hypothesis

®*Decoherence can also be introduced in a more general way adding an extra term
directly in the Liouville — von Neumann equation for the density matrix of the kaon
system (formalism of open quantum systems coupled to an unobserved environment ):

p.(t)= i[p’H]"'



Decoherence and CPT induced by quantum gravity

¢ At a microscopic level, in a quantum gravity picture, non-trivial space-time
fluctuations could give rise to decoherence effects, which would necessarily
entail a violation of CPT.

J. Ellis et al. => model of decoherence for neutral kaons => 3 new CPTV param. &, 3, ¥

L(p)=6H(a,B,7)p
a,y>0 , ay>pf’
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For entangled kaon states the “complete positivity” of the density matrix
of the two kaons system hypothesis imposes = % =10

*¢*Bernabeu, Mavromatos and Papavassiliou: in presence of decoherence induced by
quantum gravity, CPT operator might be 11l defined => breakdown of the correlations
imposed by Bose statistics to the initial state:

i)« (KK, =K K@K K=K K)ol £ Mmocs |10



Simple models of decoherence
tested at CPLEAR and KLOE



CPLEAR
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Test of OM correlations at CPLEAR

p—|K*,p)| K =p)~|K' )| K'.p)
-Unlike Strangeness (KK?)
*Like Strangeness (K°K?, KOK0)

Strangeness correlation for JP¢=1-

unlike—like ~ 2cos(Am(4))
unlike+ like e "7 +e4*"?

A(t,,t, )=

separability hypothesis : A (t,,t,)= 0 =
Furry’s hypothesis of spontaneous factorization:
initial state = equally weighted
statistical mixture of KK, and K; K¢

-

separability
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bty 7]

test of QM versus
separ ability hypothesis




Results

Determine the strangeness/flavor of the two
K by their strong interaction products
with two converters (K°—K-,A;K'—K™*)
«Same Flavor: K°A, AA1

*Opposite Flavor: K4, KK

Measurements of asymmetry in both
configuration consistent with QM
expectations

—
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Separability (A=0) hypothesis excluded
with CL > 99.99%

. Asyminetry
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Independent check: N, jo< I, .
Measured # events in C(0) and C(5)
consistent with QM expectations

=
b

c r

e

Carbon

separable wave function

ElR




Decoherence parameter: fit to CPLEAR data

Interference term modified introducing a decoherence parameter C:

parametrizes the amount of deviation from QM predictions
Bertlmann et al, PRD 60, 114032 (1999)

The decoherence can happen either in K, K¢ or in the KOK? basis:
A (1,,0,) = A" (1(T)

400t )= cos(AmAt) + cos(Am(t, +1, )
¢ T cosh(1/24TT4) - 128 cosh(1/2AT ) + cosh(1/2AT (t.+t,))]

From the fit to CPLEAR data: ,0 =1 [,0, H ]_ Dfp]
A
D[p]== Y [P,[P,p]]
§sr=0.1357 250
— 0.4+
$oo=0.4%0.7 sz‘Kj><Kj‘

A=(1.847 )x107" GeV
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KLOE at DA®DNE
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The KLOE design was driven by
the measurement of direct CP
through the double ratio:
R=T(K, »rn'm) I'(Ks »7'7n) /
I'(Kg —»ntm) T'(K, »7°7°)
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Neutral kaons at a ¢-factory

-€'e >0 0,~3ub i) 1
W =m,;=1019.4 MeV J2
* BR(¢p - KK ~34% N
« ~10% neutral kaon pairs J2
per pb-! produced in an
antisymmetric quantum
state with J°¢ = 1—

[k (5)) k(- 5)-| K* ()| k(= p))]
| &, (5))| &, (- )~ | K, ()| Ks (- )]

P =110 MeV/c
As=6mm A =35m

The detection of a kaon at large (small) times tags a K¢ (K,)
= possibility to select a pure Ky beam (Unigue at a ¢-factory,
not possible at fixed target experiments)
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Decoherence parameter: fit to KLOE data

I( At mwm) o< e TLIAM + g TSIAl — (7] - {sr) e-(F'S +L)|AT)/2

4 de S(herence)parameter basis dependent: KK, K’K’

KLOE 380 pb!
{5, =0.018 +0.040+ 0.007
{0 =(0.10£0.21+ 0.04) x 10°

A=(0.13£0.30%0.05)x10°° GeV

CPLEAR
f =013 O

-0.15
(oo=04+0.7

+2.50

A=(1.84 7

) X10°15 GeV

100 |

- No simultaneous decays

e Data: 7366 evts
— Fit: x%/dof = 30/32

K| regeneration
on the
beam pipe
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AUT,

13



Decoherence induced by space time fluctuations at the Planck scale:
Measurements of &, 3, ¥ and @
at CPLEAR and KLOE
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Decoherence and CPT: CPLEAR results

Space time fluctuations at the Planck scale may cause loss of quantum coherence
and can be tested using QM of open systems

M,’

p=ilp,H|+éHp 0(,,8,7/:0[ jzleo'zo GeV

M PLANCK
(pﬁ) rest _) KOK'”"'
op),..—>K'K'n

—m*zz‘(r)_ 't
(T 1) = N . (T)+N

, fit simultaneously to the model

Using single kaons from {

(7) mostly sensitive to evand 3

) (7) mostly sensitive to & and Am

N, (DN (O] =[Ngo o (D)+ N, . (T)]

Ay (T:0,By) = e
Am [NI_(o —e 'ty (T) + NK” —et Ty (T)I + [NI_(o —et Ty (T) T NK” —e 'ty (T)l
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CPLEAR results o

Performing a global fit + constraint on 7 , _and
semileptonic K; asymmetry d, ,
both measured at long lifetimes PLB 364, 239 (1999)

a=(-0.5+2.8)x10"" GeV
B=(2.5+2.3)x10"" GeV . l
y=(1.1£2.0)x10% GeV g KL SUVETON: FOVL YOS . Wy e

Imposing a, y>0 o y> [

a<4.0x107"7 GeV
-19

B <2.3x10" GeV at 90% CL

¥y < 3.7x10 % GeV

Expectations:
M:
O(—E—)~2x10"" GeV _
M l k III_.: l|||||||||||||||I-1|||I|..I...
ptanc. 2 n .} g 12 1 L] :;I_T::
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Decoherence and QP% at KLOE: results

Key feature at a ¢-factory

Possible decoherence due to space-time fluctuations acting on the propagation
of onekaon state (CPLEAR) 1s quite different from acting on the propagation of an

entangled state of two kaons.

KLOE 380 pb-
Fit (A7, et y)
(complete positivity assumption)

y=(1.1'2)+0.5)x107" GeV

x° /dof =31/32
¥y<5.5%x107" GeV at 90% CL

Y 1s measured for the first time
in the entangled kaon system

100

| e Data: 7366 evts

| — Fit: y2/dof = 31/32

\ beam pipe

No simultaneous decays

K| regeneration|

on the

ﬁtr"’ts
1/



Bernabeu, Mavromatos and Papavassiliou model

“Novel type of CPT violation for EPR correlated neutral mesons’,
PRL 92,131601 (2004) 002 ¢

() I
>8< l.ms:— xz/d0f=29/31
= [

|i>°° (KSKL_KLKS)
+w(KSKS_KLKL)

; 1/2 i
|w(~0 E /MPLANCK ~10—3 ,&‘b‘du:— .
A" Q;\\@ : 68 % CL
’Q& 1005 _ 95% CL
KLOE 380 pb* ""“I.o.;)i S0 0 o00s 001 00T 608
Fitting the time distribution:
. RN P . . Re wx10
‘<7z T AT |1> = I(n" 7w ,m° 7w ,w;A4t)
Rew=(1.17;+0.9)x10™ o< 2.1x 107 at 95% CL

Imw=(3.4"7+0.7)x10™"

First measurement of @!
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CPT tests

Simplest test of CPT: equality of masses and lifetimes of particles and antiparticles.
Most stringent test of CPT comes from mass difference between K and K°.

Test of CPT 1n the neutral kaons has been performed both directly measuring
the time dependent asymmetry (CPLEAR) and using the unitarity
relation (CPLEAR, KLOE)
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CPT test: unitarity relation

Measurements of KS KL observables can be used for the
CPT test from unitarity :

(1 +itan @) [Re €—ilm 5] = li"szf A*Kg—[f) AK, —f) =2, a
a, =1, BK.,—>n'n)
a,,,=2t/T, B(K,I3)
Xpy= 77003(1(3*%”0”0) [Re € —Re y—i(Im o +Imx )]
=21./1, B(K,I3)
a, =0, BE—-rry) [(A A ) A—i(Tm 5 +Im x )]

o, ~t/t 1N, ,BK,—>r'nr’)

0= TST, 11 " BK, —>7°7°7°)
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CPT test at CPLEAR

Direct test of CPT through the semileptonic asymmetry Az(7)

Red = (—3.0 £ 3.35tae £ 0.64y0) X 107°
Q.03

.06
0.04
.02

Phys.Lott. H444 (198E) B2

.02
£.04
.06

.08

2 4 6 8% 10 12 14 16 18 20
Neutral kaon decay time [Tg]

Using as constraint the unitarity relation If no QI{T in the decay
(+ constraint for the semileptonic K I =r
as try o, (Lo =T5)
ymmetry &)
Re £=(164.9 £2.5) x10™ m_,—m_, |<127x107" GeV
Im 6=(2.4 + 5.0) x 107 eoR 00% CL
PLB 456 297 (1999) arouze
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CPT test at KLOE

x10°| 1 i(m ,—m_,)+1/2(I ,— 1T :
Im o I 95% CL o= (myo —My) (Lo =L ) cos P, e'”"
05 F I 63% CL 178‘ _ 11
If no nginthe decay (I, =1%,)
0 —4><10"19<mK0 —m, <7x107" GeV
at 95% CL
15
05 | Re & AT’
! | ! (10-3GeV) [0 95% CL
0.155 0.1.6 . 0.165 < 10° 10 + B 5% L
KLOE preliminary:
5 -
Re e=(160.2 + 1.3) X107
Im 6=(1.2+1.9)x 107 ol
Main improvement: Sf AM
K, semileptonic asymmetry, UL Kq —n® 7t 70 A
Im x, from a combined fit of KLOE + CPLEAR data 10 5 5 5
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Conclusions

**CPLEAR and KLOE have performed QM and CPT tests in the neutral
kaon system both studying the time evolution of single kaons and two
entangled kaons and measuring BR’s (inputs for unitarity relation)

**Results are consistent with no QM and CPT violation

\/ . . .
**From these measurements we are reaching an interesting range

on some CPT and QM parameters

KLOE has 5 times more data in hand: considerably improve soon these tests
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Spare slides
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Kaon interferometry: ¢ KK, >n'n n'n

o K| Komp) | Kump| o) =

I(ffﬂ'_,?fﬂ'_ ;‘At‘)oc {e—FL\At\ o sl _ o, st )2 cos(Am‘At‘)}

1.2 —

ﬂ' L

>¢ (b <ﬂ »

T @ oL
t 1 t 2 /4 o L ”/

0.6

=

[

=

NN
I(AY) (a.u)

no simultaneous decays Am from here

(At=0) 1n the same
final state due to the
destructive

quantum interference

A7

1 1 L1 L1 L1
5 7.5 10 12.5 15 17.5 20 22.5 25
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Kaon interferometry: main observables

mode measured quantity parameters

I(ﬂ*ﬂ‘,ﬂ”ﬂﬂ;ﬁ > 0)—1(7:*7:‘,#%”;4& < 0) 9{(5) 3( 8,)

KK, >n'n n'n’ A4)= ‘
0> KK, >rn'n n'n’ o) o', w'n ;s 4>0)-Iw'n n'n’ s 4<0)  \ €

E
72

( ¥ e

- + + = - + + - a
SK.K >y v =17£eV,ﬂev;zh‘>0—17[ev,7£ev;zh‘<0 \ &)
/ — Acrl4) I\ e'v,mtev; 4> 0)+ I\ e'v, e v; 4 <0) (¢

[0, +3| —
\ 4 )

¢ - K. K > T ﬂgv A(At)— 1(7[+”_,7[_3+V,°At)—I(f[+7[_,7[+e_l7;At) AL - 29{81( _9{51(
SHL = )

I(ﬂ'+ﬂ'_,7t'_e+v;At +I(7r+7r‘,7t+e‘17;At) +9{b/a+9{d*/a

¢7Z7Z'
60> KK, >n'n n'n I(ﬂ'+71'_,7[+71'_;4ﬁ‘) Am Iy T,
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CPT test: inputs to the Bell-Steinberger relation

B(K ' )V B(K .—7°7°)=2.2549+0.0059
B —r'm <9 X107

B(K | T Y=(29£1) x10°° 7,=0.08958 = 0.00006 ns

B, —»mdv)=0.6705+0.0022 TL= 50.84 £ 0.23ns |

B —r'nnl)=(3.241.2) x107 A, =(3.3240.06) x10~

BK, »r'w 7°)=0.1263+0.0012 —( 1.5410.0) x107

Bﬂ( —>97%70)<1.2 x1077 Bﬂ( St )=(1.963 £+ 0.021 ) x107
@ = (0.759+0.001) B(KL —°n°)=(8.65 £0.10) x10~*
", ¢*0, ¢ =[0,2r] ¢=0.757 + 0.012

#0=0.763 £ 0.014
Imx, = (0.8£0.7) X107

KLOE measurements \

Im x+from a combined fit of KLOE + CPLEAR data
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CPT test: accuracy on @,

We get the following results (error contours) on each term of the sum

104
' '
2t /1, B(K, 13)
a, =1, B(K—>n'n) - [(AgtA )/A—iImx ]
> o, =TT ‘B(K, »ntrn’

OCOO: nOO B(KS%TCOTCO) Re +0 S "L n+— 0 ( L )

° ®
o, =M, BK—>mn) Olgo= Ts/ Ty, M oo B(K >1°n’n?)
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Prospecitves for a future @ factory (1)

10 3 \—\\_\_\
“F L (B/AT)

10
_T-
12

. O(Y/AT)

G 25

IIII|IIII|IIII|IIII|III
[ 12.5 15 17.5 20

int. lum. (fbd)

® present KLOE

® KLOE + VDET

-= CPLEAR results

== Planck’s scale region

o By -~ E 2/ MPLANCKN 10° =10°

AI AI
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Prospecitves for a future @ factory (1)

O(Rew) (similar for Im m)

1Q

T T T TTTI1T]
h
h
h

® present KLOE

® KLOE + VDET

== Planck’s scale region

0 b
; ‘ ‘zzEZ/]Au;LANCK ~ 710~ =10°°
1[;.‘5_-1....|....|....|....|. = |~ 107

G 5 16 15 20
int. lum (fb™")
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¢ =K K, ->r'7m w'r : measurement of decoherence

(o, 2 AL o € .e<rs+n>w cos(AmAt)

interference term modified introducing a decoherence

parameter C.
decoherence C depends on the basis in which initial state is

written the (QM not!):
KK, —-K K, or K'K’'-K'K’ ...

For a generic basis {K K} we can write:

(s )= KNI A )]

g kKRR ]
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KLOE experiment

The KLOE design was driven by the measurement of direct ¢P through the double ratio:
R=1IK, »rn'm) ITK —=>'7) / INK; —»ntw) INK, 7' 7°)

m %mm\@//

COIL

/ e Bebeam pipe (spherical, 10 cm &,
Z 0.5 mm thick) + instrumented per manent
magnet quadrupoles (32 PMT’s)

e Drift chamber (4 m @ x 3.75 m, CF frame)
e Gas mixture: 90% He + 10% C,H,,
e 12582 stereo—stereo sense wires
 almost squared cells

e Electromagnetic calorimeter
e lead/scintillating fibers (1 mm @), 15 X,

e 4880 PMT’s
e 98% solid angle coverage

| N
e

6 m o’ e Superconducting coil (B=0.52T)
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KLOE detector specifications

Gp/p =0.4% (tracks with 6 > 45°) 6-/E =5.7% /\/E(GeV)
hit — =
o, Nt = 150 um (xy), 2 mm (2) o, =54 ps NE(GeV) @ 50 ps

vaertex ~1 mm

G(M ) ~1 M eV GV’[X(W) ~1.5cm (n? from K; — w'nnY)
178
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