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The DAD®NE e*te— collider

e e*e- collider @ Vs = 1019.4 MeV

e Separate e*, e rings to minimize
beam-beam interactions

e crossing angle: 25 mrad

e time between collision 2.7 ns

* Injection during data-taking
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The KLOE detector

CDIL

Gnnotz|

Lead/scintillating fiber 4 m diameter x 3.3 m length
4880 PMTSs 3 90% helium, 10% isobutane
98% coverage of solid angle T |§ 12582/52140 sense/total wires
. - * All-stereo geometry
og/E = 5.7% /\E(GeV)

0.4 % (tracks with 6 > 45°)

150 um (xy), 2 mm (2)
vaer"rex ~ 1 mm

s, =54 ps /NE(GeV) ® 50 ps P

(relative time between clusters) thﬁ

G, ~ 2 cm (n0 from K, — ntnn0)

112
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Neutral kaons at a ¢-factory

ce'e" > ¢ o3 b |
W = m, = 1019.4 MeV i)

e BR(¢p — KOKO) ~ 34%

e ~10° neutral kaon pairs per =

pb produced in an

antisymmetric quantum state

with JPC = 1—

Pk = 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 Kq beam (unique at a ¢-factory, not
possible at fixed target experiments)
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K¢ and K, Tagging

e

/
]
1

",‘,- [ | _—‘_l_: "",‘ io"‘ || -‘h‘h‘
] | i 'S s — | -y [ P
) — I- i
-\

SCRE BN S / | LH e
K¢ tagged by K| interaction in EmC K, tagged by K, — n*n~ vertex at IP
Efficiency ~ 30% (largely geometrical) Efficiency ~ 70% (mainly geometrical)
Ks angular resolution: ~ 1° (0.3° in ¢) K, angular resolution: ~ 1°
Ks momentum resolution: ~ 2 MeV K, momentum resolution: ~ 2 MeV
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K— 07070 : search for a CP violating decay

Observation of Ks — 3x° signals CP violation in mixing and/or in decay:

SM prediction: T =T |& +£ "ol => BR(Kg — 3n%) ~ 2x10°

Present published results: BR(Kg — 3n%) < 1.4x10~> (direct search, SND, “99)
BR(K — 3n%) < 7.4x10- (interferometry, NA48, ‘04)

BR(K¢ — 3nY) < 1.2x10-7 (direct search, KLOE, “05)
Data sample: 450 pb 90% C.L.

~ 4 x 107 K, -crash tag + Ks—neutrals ]
* Require 6 prompt photons: . 60 .
large background ~40K events ‘?'\;l mi .
 Analysis based on y counting and kinematic fit . .
in the 27° and 3n° hypothesis ‘ . S D B
« After all analysis cuts (g5, = 24.4%) 201 *
— 2 candidate events found 0 T - | C ,
— 3.13+0.82,+0.37 expected bckg 0 2 4 6 3 Can
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K— m0n070 : test of CPT

A limit on BR(Ks — 3nY) translates into a limit on |77y,

‘77000‘ =

The CPT test from unitarity was limited ~ **}

by the knowledge of |77,,,| at the 10 0.02 |

level; now it is limited by uncertainties 0ol @E V0% c.f.
on other factors,

e.g. n,_ etc. (see later)

<0.018 at90% C.L.

AlKs »37°) |z, BR(K, —37°)
AlK, »37°) |z, BR(K, —»37°}

0.06 |-

- S NA48 90% cl

-0.02 |-

-0.04 |-

-0.06 |- E)6‘377()00

with full statistics of 2.5 fb~1 + improved bck
rejection: => BR limit improved by a factor 10

A. Di Domenico

Mini-workshop on Neutral Kaon Interferometry: from Quantum Mechanics to Quantum Gravity - March 24, 2006 - Frascati, Italy

-0.06 -0.04 -0.02 0.0 0.02 0.04 0.06

7




Ks— mev

Data sample: 410 pb-!
Event selection:

* K tagged by K| crash " N. Evts. (IMeV bins)
e Two tracks from IP to EmC

pure sample of ~ 13000 signal events

1000 |

« Kinematic cuts to reject - "DAIA
| — MC fit
background from Ky — nin 300 |-
 Track-cluster association required !
e/n ID from TOF 600
|dentifies charge of final state 100

Number of signal events obtained _
from a constrained likelihood fit of 200 -
multiple data distributions

. : 0 b | OIS
Normalization using Kq — n*n=(y) 40 20 0 20 40 60 80

events in same data set AE, (MeV)
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Ks— mev: Results

BR(Kg — me*v) = (3.528 + 0.057 + 0.027) x 104
BR(Kg — mev) = (3.517 + 0.051 + 0.029) x 104
BR(Kg — mev) = (7.046 % 0.076 + 0.050) x 104

Branching ratios:

BR(mev) [KLOE *02, 17 pb-1]: (6.91 + 0.34 + 0.15) x 104

Charge asymmetry: A, — 1“(KS —> 7z‘e+v)—F(KS —> 7z+e‘17)
MKs - 7ev)+T(K, - z'e7)

As=(15+9.6+29)x 103

with 2.5 fb1: A ~3 x 103~ 2 Re ¢
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Semileptonic decay amplitudes: definitions

<7z_€+v KO>=a+b <7z+€_17‘K0>=C+d
<7z+€_17‘K0>=a*—b* <7z_€+v IZO>:C*—d*
CP T CPT | AS=AQ
a 3=0 3=0
b ‘R=0 3=0 =0
C 3=0 3=0 =0
d ER:O S:O :O :O
o b
CPT violation: Y =—— *
a CPT violation & ,  _ ~a
o C AS=AQ violation : "~
AS=AQ violation: X, = ; Q a
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Ks— mev : test of AS=AQ rule

Test of AS = AQ rule: BR(K(¢3)
______ (?__________________
7(Ks) = 89.58 +0.06 ps KTeV 04 FoOE I
PDG fit 040 KLOE’05 AS = AQg
1(K,) = 50.84 +0.23 ns !
KLOE 05 (avg.) 0.39 % DG "04

KX, =—
4

BR(K, — 7ev) 7,

1(BR(KS —>mv)r,

11

ratio of AS = AQ violating and
conserving amplitudes (CPT
cons.) SM pred.O(10)

Rx, = (-0.5+ 3.1+ 1.8) x 103

1(Ko) PDG
1(K,) KLOE 05 (avg.)
BR(K, — 7e1) KLOE

A. Di Domenico

Factor 2 improvement w.r.t. current
most precise measurement
(CPLEAR, 6=6.1x 10-3)
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Ks— mev : test of CPT

e Rx_: CPT viol., AS =AQ viol.

A, KTeV  o6=0.75x10"*
As—A =4 (Rx_+Ro)

RS CPLEAR o©=34x 10+

Rx_=(-0.8+2.4+0.7) x 103 Factor 5 improvement w.r.t. current
— — — most precise measurement

(CPLEAR, 6= 1.3x 102)

* Ry : CPT viol., AS =AQ cons.

AS+A|_ =4 (Re-Ny) R e from PDG not assuming CPT

Comparable with best
My =(0.4+£24+0.7) x 103 result (CPLEAR from

unitarity, c=3.1x 1073)
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CPT test: the Bell-Steinberger relation

Measurements of K. K, observables can be used for the
CPT test from unitarity :

(1+itan dgy) [Ree—ilm§] = rl—szf A K> ) AK ) =2, a

a, =n, B(K—>n'n")
o, = 27/7 B(K 13)
Gloyo™ Moo B(KS_MTOTCO) [Re e — Re y— |( Imo+ Im X+)]
=21/t B(K I3)

a, =mn, BKomny) [(Ac+A )/A—i(Im & +1m x )]

o, =1/t M, , B(K—>n'nn’)

_ x 00,0
Ooo= T/ T N g0 BIK —>7T0T7)
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CPT test: inputs to the Bell-Steinberger relation

B(K —>nn)/B(K,—n’n?)=2.2549+0.0059

B(K,—»m"ny)<9 x10~

B(K, »mny)=(29+1) x107° 1= 0.08958 + 0.00006 ns
B(K, —nlv)=0.6705+0.0022 t=°08420.23ns
B(K o> n%)=(3.2£1.2) x1077 A =(3.3210.06) x103‘
B(K, > n%)=0.1263+0.0012  Ag=(1.5£10.0) x10~

B(K—m10n0)<1.2 107 B(K, —»n*n)=(1.963 £ 0.021 ) x10~
$SW = (0.759:£0.001) B(K, —>n’1%)=(8.65 £0.10) x10
(I)OOO: (|)+—O _ (|)+—y:[072n] (|)+_ =0.757 £ 0.012

$°0=0.763 + 0.014
Im X, = (0.8 +0.7) x10°2

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

We get the following results on each term of the sum

104
¢ '
21/t B(K_13)

o, = T]+—B(KS_)TE+TK_) [ (A3+A|_)/ 4— 1 Im X+]

Im

— g, BK om
%oo= Moo B(KS_)TCOTCO) Rbe A, =TT N ( L P T )
®
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CPT test: KLOE result

3
I I I A 0.1 =2
o
43 =
oW
008 [ = = 8
n o= ]
S < ©
0.06 - do
[=]
004 [ —§
g5 wm
g
002 | 2z 19
o
UM 1o
S
002 |- s
.
004 |- =]
=]
0.06 S
0. 12
0.08 =
o 1=
_0.1 | | L ! L L L | | | —
"0.15  0.153 0.155 0.157 0.6 0.162 0.165 0.167 0.17 - g
10 > 2 8 3 2 3 2
“ 8 2 2 E =

Ree” o
e KLOE preliminary:

1600

Re £ =(160.2 + 1.3) x10°5
ol Im&=(12+1.9)x10°°

CPLEAR:
o Ree=(164.9 +2.5) 10
-] Im & =(2.4 + 5.0) 103

Il Il 1 L L 1
00.15 0.153 0.155 0.157 0.16 0.162 0.165 0.167 0.17 5
x10 °
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Neutral kaon interferometry

Double differential time distribution:

| (f1’t11 f21t ) > ﬂnl‘ —T t,-Tst, N ‘nz‘Ze_rstl_rLtz
e 2 cos[Am(t, —t, )+ ¢, =

where t,(t,) Is the proper time of one (the other) kaon decay into f, (f,)
final state and:

- ‘ni ‘el¢i - < fi ‘ KL>/< f‘ ‘ K5> characteristic interference term

Cp, = M‘ f,|Ks)(f,|K >‘2 at a ¢-factory => interferometry

f.=ntn, nx0, nlv, ntnnY, 379, nrny .etc

A. Di Domenico Mini-workshop on Neutral Kaon Interferometry: from Quantum Mechanics to Quantum Gravity - March 24", 2006 - Frascati, Italy 17



Neutral kaon interferometry

Integrating In (t,+t,) we get the time difference (At=t;-t,)
distribution (1-dim plot simpler to manipulate than 2-dim plot):

~Ts At

(£, £,;At20)= S {n [fe ™ 4 f, e

=2 r.[e " N2 cos(AmAL + 6, — )] S

forAt<0 At—[Af and I 2

From these distributions for various final states f. one can measure the
following quantities: Phases (difference of) from the

_ interference term =>
s, T, Am, ‘77‘ ‘@: arg(ﬂ‘ interferometry
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Neutral kaon interferometry

Interference term:
=110 MeV/c
e =6mm 7 =35m e (2T cos(AmAL+4, —i)
Oscillation period: T=h/Am~13 t¢
Exponential damping: ~2 t¢

,‘:""?iI,_ :j—:'""h::_‘
z'éi____ e ___—::1“;, . i
A Tha For interferometry a quite good K
AT FHY decay vertex reconstruction
ﬁf" | \“ j capability is required: S(At) <1z
i E/}l i ®
ﬁ; fﬁ:.ﬂ_rﬂm | Fj y
‘_— r‘; \ N —_Jf
t’?_— ; i _77
NgH | / _—_:7:5
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Neutral kaon interferometry: main observables
[(Al) (a.u) [(Al) (a.u)

0.25 |- .
| 10 E
0.2 5L
10 L
KK WA A
Po>KK >z lvolyv
10 &
0.1
[(Al) (a.u) )
| WO —
0.05 0.8 -
07 | ‘ 1oL
0*25‘”‘*‘2(‘)"L‘Wé”‘*;(‘)”!\%””o‘H“5”HW‘OHHWEHHZ‘OH“2 : 7‘“"““‘“"“‘““““““““““““““““
0.6 -25 -20 -15 -10 -5 0 5 10 20 25

Atltg

At/tq
¢—>KK —>r'n 2°n°

¢ —> KK —=>ar 2y

03 [

0.2 ==

At/

Lo b b b b b by 1
0
—-25 —20 —15 -10 -5 0 5 10 15 2 5
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Neutral kaon interferometry: main observables

mode measured quantity parameters

¢—> KK —>rzin z°n°

NAt)= : Eyz%, o At > 03— | (7[%_, o At < 0; gn(i'j S(ij

i o At>0)—1 (7Z'+7Z'_, 7% At <0 & &
P—o>KK -7 lv 7 v ( ) ( ) RS, +RX_
Wz evzev:A>0-Ilrev,rev,At<0
At) = ! ! ! ! ~ ~
A:PT< ) |(7Z'_e+l/, revA >O)+I(7z_e+v, rev:A <O) SOy + X,
o> KK —=>7zr #lv A =2Re, —R,
A(AT) = | (7z+7r: , 7Z':e+l/; At)— | (77+7r:, 7z+e:1j; At) — Ry —RX_
|(7z+7z T e+v;At)+ |(7Z'+7Z' e v;At) 7
P I8 = I(7z+7z_,7z+7z_;At) Am I, I}
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¢ >K K, —»>ntn nin-

At\) oc {e‘m“‘ +e sl g g{TseTu)jatr2 cos(Am\At\)}

I (7z+7z_ T

_ ge—,

Am from here

no simultaneous decays
(At=0) in the same

final state due to the
destructive

quantum interference

0.4

At/
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¢

>KK| =>ntn nhn-

A kinematic fit is performed to improve the vertex and At resolution:

14000

12000

10000

8000

6000

4000

2000

0

A. Di Domenico

MC results : before fit
after fit

G~ 0.9 g

-10 -8

At -

rec

At] in 7. units
true S

9000 |
8000 f
7000 f
6000 f
5000 f
4000 |
3000 f
2000 f

1000 |

+ before kinematic fit
+ after kinematic fit
+ original distribution

=+ e s
TR

MC simulation

10 15 20

25I - I3O
At/tq
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¢ >K K, —»>ntn nin-

200 K, regeneration
[ on beam pipe

» Analysed data: L=380 pb-!

e Fit including At resolution and
efficiency effects + regeneration
[, I', fixed from PDG

400

300 i
KLOE PRELIMINARY _

200
Am = (5.34 + 0.34) x 109 s~ | Data
At 2.5fbt Am +0.14 x10% s - _

100 | Fit result
PDG "04: |
(5.290 +£ 0.016) x10° s 00T s 0 s s 175 20 225 %
Best (Ktev’03)(5.288 + 0.043) x10° s1 At/
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¢ >KK| —»>ntn whr~ : test of quantum coherence

o) e 2 g e cfamia)

e Fit including At resolution and Decoherence parameter:
efficiency effects + regeneration =0 — QM
* I's, I Am fixed from PDG £y =1 — total decoherence
KLOE preliminary result: _
with 2.5 fb?:
g =0.043+0.037 5y, £0.008,1 | £ 0,015 ..

From CPLEAR data, Bertimann et al. (PR D60 (1999) 114032) obtain :
o =0.13+0.16
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¢ >KK| —»>ntn whr~ : test of quantum coherence

<7z+7z_, T ‘ KORO(A’[»‘Z +‘<7z+7z_, T ‘ K° KO(At)>‘

I (7Z'+7Z'_, T At) :%[

‘29{ 72 T 72%“ K°K°(At >< T 7z+7z_‘ K°K°(At )> ﬂ

Decoherence parameter:

* Fit including At resolution and (=0 — QM

?flflst’:lleircczne]f}‘ie)((:;sa J;r(r)?gje;[e)rétlon ¢, =1 — total decoherence
KLOE preliminary result: S

(G = (245204, £024,)x10°|  ——  +0.8,,, x10°°
From CPLEAR data, Bertlmann et al. as CP viol. O(n,_?) ~ 106
(2;?%?29?()).171 4032) obtain: => high sensitivity to C
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» KK, >t mtn-: decoherence & CPTV by QG@H

Decoherence and CPT violation parameters «, 5,y due to QG

At most one expects: o, 5,y = O(M K2

MM e ) 2x10°% GeV

The fit with (z# 7, 7" 7, M, &, B,7) QiVes:

KLOE preliminary

with L=2.5 fb!;

(-10%  +9. Jx107 GeV

N ™ R

=(-04788 _+1.2

—0.1STAT —

(3.7:89.  +1.8 Jx10™° GeV
oor Jx1072 GeV

+15,.,, x10™" GeV
+3.3..,r x107° GeV
+2.2, X107 GeV

CPLEAR

o =(-0.5+2.8)x10" GeV
B=(25+2.3)x10™" GeV

In the complete positivity hypothesis
o=, B =0 =>
only one independent parameter: y

7 =(1.1£2.5)x107* GeV

A. Di Domenico
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¢ ->K K —>ntn ntn~: CPT violation in EPR states

CPT violation and EPR correlation modifications might be induced by QG:

‘i>oc (KSKL - KLKS)@SKS — KLKL)

O(Re o)
3 : ® present KLOE
- ® KLOE-2
_4_
a3 == Planck scale region
10_5;— ‘a)‘z -0 E*/M ppanc ~10°5
: AT
=l | | | = ‘a)‘ ~107°
1D _1I L1 1111l L1 1 1111l L1 11111l |
14 1 10 10°

int. lum. (fb?)
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CPT and Lorentz invariance violation

Spontaneous breaking of CPT and Lorentz
symmetry [Kostelecky PRD61 (1999) 016002].

For a fixed target experiment §, depends
on sidereal time t since laboratory frame
rotates with Earth.

For a ¢-factory there is an additional
dependence on the polar and azimuthal
angle 0, ¢ of the kaon momentum in the
detector frame:

S5l 0.)=5 - [ 5 (p.tpip

isin g, e'%"

Rotation axis Z

P

= 7. |Aa, + B, Aa, cos y cosd

Am
+ B.Aa, sin ycos@sin Qt
+ S Aa, sin y cosdcosQt]

costant
vector

Aa

— at 6 A.M.

at 6 P.M.

Q: Earth’s sidereal frequency

y : angle between the z lab. axis and

the Earth’s rotation axis
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¢ >K K, —»>ntn~ nev : CPT and Lorentz violation

KLOE with 340 pb-t reach KTev measured the sidereal time

a statistical sensitivity on variation of ¢, _;
. ; |
A =2Rg, —2RS, limits at 90% C.L. on:

of ~3 +4 %104 (very preliminary) | | Aay, Aa, < 9.2 x 1022 GeV

forward-backward asymmetry of A_
=> limit on Aa, at a level:

d(Aa,) =0O(1 x 107) GeV
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Perspectives with KLOE-2 at DAD®NE-2

Mode Test of Param. Present best measurement KLOE-2

=50 fb1

K.omnev | CP,CPT Aq (1.5 +11) x 103 +1x 103
ntn- mev | CP,CPT AL (3322+58+47) x 106 + 25 x 106
wtn nond CP Re(g’/g) (1.67 £ 0.26) x 103 +0.2 x 103
wtn- 700 | CP, CPT Im(e’/e) (1.2+2.3) x 103 +3 x 103
eV Tev CPT Re(dy)+Re(x) | Re(dx) =(0.29 £0.27) x 103 +0.2 x 103
eV Tev CPT IM(S,)+Im(x,) Im(8y) = (2.4 £5.0) x 10-° +3 x 103

T T Am (5.288 + 0.043) x 102 st +0.03 x 109 51
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Perspectives with KLOE-2 at DAD®NE-2

Mode Test of Param. Present best KLOE-2
measurement L =50 fb-L
TS T QM Cog (2.4+2.0) x 10 + 0.1 x 106
fL I | QM CsL (4.3+£3.8) x 102 +0.2 x 102
TS T CPT & QM o (-0.5+2.8) x 1017 GeV +2 x 1017 GeV
T T CPT & QM B (2.5+2.3) x 10'1° GeV + 0.1 x 10'1° GeV
T W CPT & QM Y (1.1+2.5) x 1021 GeV + 0.2 x 1021 GeV
ntn- wtn- | CPT & EPR corr. Re(w) - + 2 x 107
ntn- wmn- | CPT & EPR corr. Im(®) - +2 x 10°
nwtn- mev | CPT & Lorentz Aa, - O(1018 GeV)
ntn- mev | CPT & Lorentz Aay <102 GeV O(1018 GeV)
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Bell-type inequality test with neutral kaons

Ks K, s <« with no absorber
’ | no regeneration

I ) with one absorber:

appearance of coherent regeneration

K S
L Ko )

‘KLS _)‘KLS>+/Ocoh

KS,L L,S

the regenerator paradox

with two symmetrical absorbers:
disappearance of coherent regeneration
due to a totally destructive interference
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Bell-type inequality test with neutral kaons

Ks K, s <« with no absorber
’ | no regeneration

I ) with one absorber:

appearance of coherent regeneration

Ks.)

‘KLS _)‘KLS>+/Ocoh

L,S

Kis Ksi,_ the regenerator paradox
Ks, K, < Wlth two non-symmetrical absorbers:
| appearance of coherent regeneration
In excess due to a constructive
Interference
A. Di Domenico
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Measurement of the number
of K, K, pairs in the four
experimental set-ups

Detection of K, K, pairs by K,
Interaction in the calorimeter
and/or decay in the DC

Bell’s — type inequality
BOTH LEFT RIGHT 0
‘ I:)LL < I:)LL T I:)LL T I:)LL

violated by QM predictions!

proposed by Eberhard (NP B398
(1993) 155)
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Conclusions

«Several parameters related to CPT and QM tests are (will be) measured
at KLOE, some of them for the first time.

*In the future KLOE-2 will improve the existing limits on them.

*The w and y parameters related to possible CPT violation induced by
QG can be measured with a precision that goes inside the Planck’s scale
region.

A Bell’s inequality (Bl) test with neutral kaons might be feasible at
KLOE-2 (with some additional assumptions, i.e. loopholes)

*Also other interesting tests of QM might be possible.

*These tests require thin regenerators close to the IP =>

1) modify the beam pipe

2) dedicated run
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