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The KLOE detector at the Frascati ¢-factory DA®NE
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4 m diameter x 3.3 m length
helium based gas mixture

— ~2.5x10° KK pairs



KLOE-2 at upgraded DA®NE
DA®NE upgraded in luminosity:

- new scheme of the interaction region (crabbed waist scheme) at DA®NE
(proposal by P. Raimondi)

- increase L by a factor x 3 demonstrated by a successful experimental test

KLOE-2 experiment:
-extend the KLOE physics program at DA®NE upgraded in luminosity
- Collect O(10) fb~"1 of integrated luminosity in the next 2-3 years

Physics program Detector upgrade:
(see EPJC 68 (2010) 619-681) - yy tagging system

* Neutral kaon interferometry, CPT e inner tracker

try & QM test
symmetry _Q eSIS  small angle and quad calorimeters
* Kaon physics, CKM, LFV, rare Ks decays FEE maintenance and upgrade

*nn’ physics Computing and networking update
 Light | hysi
ight scalars, ry physics - etc.. (Trigger, software, ...)

* Hadron cross section at low energy, a,
» Dark forces: search for light U boson

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



DAO®NE luminosity upgrade

Crabbed waist scheme at DA®NE

Luminosity [10%8 cm™ s!]

45000

40000

35000

25000

15000

10000

5000

:_ T Crabbed waist is realized with a sextupole in
- ! phase with the IP in X and at n/2 in Y
[ ‘ - NEW COLLISION SCHEME:

i g/%g(%g%gg}fﬁm Large Piwinski angle
- & T ‘ Crab-Waist compensation SXTs

Ll

san® Mt E
- ‘1“‘,"”‘” i} i’

- e o
. w; g M|

- : e

L A4l : ""' Hh'”

E k) . igpe |

» , = ] 12/04/2007 Finuda

i A . 16/09/2005 Kloe best
0

B 06/08/2002 Kloe best \

S Old collision scheme

N,
1'*' . [- 5 harmonic [AZ]

max. expected at KLOE-2: L, ,~ %‘(’J"bb'vday x 200 dd/year = 4 fb-! /year

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



DAO®NE luminosity upgrade

Crabbed waist scheme at DA®NE
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DAO®NE luminosity upgrade

Crabbed waist scheme at DA®NE
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Inner tracker at KLOE-2

F 4 independent tracking layers for a fine vertex reconstruction of K and 7

B 200 pm 0,4 and 500 um o, spatial resolutions with XV readout

B 700 mm active length
B from 150 to 250 mm radii
F 1.8% X, total radiation length in the active region XN/ SN

B Realized with Cylindrical-GEM detectors

N2\

bf [N

6 m
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Inner tracker at KLOE

- Construction completed
- Installation inside KLOE

(by summer 2013)
- Commissioning (autumn 2013)




Entangled neutral kaons at a ¢-factory K

Production of the vector meson ¢ ’\
in ¢"e” annihilations: N Ksi _
o orBub < <
W=m,=1019.4 MeV K,
* BR(¢p — KK%) ~ 34% | \
« ~10% neutral kaon pairs per 1
pb'? produced in an i) = ﬁUK p)|K’(-p)) -|K"(p)) K 0(—13)>]
antisymmetric quantum state N
with SO =1 - 5[ @)K (-5) - K. (B)|K ()]
px = 110 MeV/c
KS=6mm 7\.L=3.5m N = 1+‘£ )(1+‘e )/(l—eSgL)sl

The detection of a kaon at large (small) times tags a K¢ (K,)
=> possibility to select a pure K¢ beam (unique at a ¢-factory, not
possible at fixed target experiments)
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List of KLOE discrete symmetries and QM tests with K’ K

Mode Test of Param. KLOE measurement
K, =t CcP BR (1.963 £ 0.012+ 0.017) x 1073
K30 CP BR <2.6x10°%
K —=mnev CP Aq 1.5+11)x 103
K —>mev CPT Re(x) (-0.8 + 2.5) x 1073
K —mev CPT Re(y) (0.4 = 2.5) x 10
using unitarity T Re(e) (159.6 = 1.3) x 105
(Bell-Steinberger rel.) CPT Im(d) (0.4 £2.1) x 105
KK, =t v CPT & QM o (-10 £37) x 1017 GeV
KK, =t v CPT & QM B (1.8 £3.6) x 10 GeV
KK, =t v CPT & QM Y (0.4 = 4.6) x 1021 GeV
compl. pos. hyp.
(0.7 = 1.2) x 102! GeV
KK, =t CPT & QM Re(w) (-1.6 £2.6) x 10+
KK, =t CPT & QM Im(w) (-1.7 £ 3.4) x 104
KK, =t v CPT & Lorentz Aa, (0.4 = 1.8) x 107 GeV
KK, =t v CPT & Lorentz Aa, (2.4£9.7) x 1018 GeV
KK, =t v CPT & Lorentz Aay (-6.3 £6.0) x 1018 GeV
KK, =t v CPT & Lorentz Aa, (2.8 £5.9) x 10°18 GeV
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QM: region of

B? & B? >

coherent

evolution Z, Z,

B? and B° oscillate coherently.
When the first decays, the other is
known to be of the opposite
flavour, at the same proper time

Than the other B oscillates
treely before decaying
after a time given by

At=Az/cB v

N.B. : production vertex position Z, not very well known : only Az is available !
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Entangled neutral D mesons at a T-charm factory

Production of the vector meson ’\ .
W(3770) in e*e- annihilations: D
< NP e
>\@DOv
e'e- — W(3770) — D'DO \

assume symmetric machine
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Neutral kaon interferometry

, N
i) = 1Ko (B))K. (=) - K, (B)) K-
Double differential tlmre distribution:

I(flat1;f2at2) =C)y) ‘771

@2‘6_(r5 Ty (1 +1,) /2 COSI:AWZ ¢2

where ¢,(t,) 1s the proper time of one (the other) kaon decay into f, (f,)

final state and:
Y

_ i¢ _
n,=mie = < Ji > characteristic interference term

C), = < FITIK ) fo|TIK >‘ at a ¢p-factory => interferometry

From these distributions for various final states f; one can measure the
following quantities: I, , I, , Am, .|, ¢. = arg(nl.)
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Neutral kaon interferometry: main observables

I(AY) (a.u)
| NO+Nx_

30 + S,

0—=>KK, =na'"lv alv
I(At) (a.u)

At/
¢ —>KK, »a'n n’n’

)1
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At/tg

I(AY) (a.u)

At/tg
¢ —= KK, =nm nlv

A, =2Re-No

- Ry -NAx_
¢.7T.7T



=K K, =a'n” n'n”

‘K0>‘[?0> _ ‘I?O>‘KO>] Same final state for both kaons: f, =f, =n'n

A1
‘l>=ﬁ[
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¢ —=> KK, »>n'n" n'n”

EPR correlation:

no simultaneous decays
(A=0) 1n the same
final state due to the
destructive

quantum interference
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Same final state for both kaons: f, =f, =n'n




=K K, =a'n” n'n”

‘K0>‘[?0> _ ‘I?O>‘KO>] Same final state for both kaons: f, =f, =n'n

, 1
‘l>=ﬁ[

EPR correlation:

no simultaneous decays
(A=0) 1n the same
final state due to the
destructive

quantum interference
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test of quantum coherence
(or search for decoherence and CPT violation effects)
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¢ KK —=n*n” wtn” : test of quantum coherence
- 1 70 0
)= [k | K]

l(w'n ') =4 Kn*n',n*n' KK O(At)>‘2 ¥ Kn*n',n*n' KK 0(At)>‘2

B R ) |
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¢ KK —=n*n” wtn” : test of quantum coherence
- 1 70 0
)= [k | K]

I(n*n',n*n';At) =4 Kn*n',n*n‘ KK O(At)>‘2 ¥ Kn*n',n*n' KK 0(At)>‘2

{1-go} 2w (KR M \EOK“(Ar)>*)]
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¢ KK —=n*n” wtn” : test of quantum coherence K

)=k R -[R)K°)

I(JT+JT_,JT+JI_;N) =4 Kn*n',n*n‘ ‘K 'K O(At)>‘2 + Kn*n',n*n' ‘I? ‘K 0(At)>‘2

@) 28‘{(<n+n' ot ‘K 'K 0(At)><n+n' N ‘I? 'K (At )> )]

Decoherence parameter:

goﬁ =0 — QM

G = — total decoherence
(also known as Furry's hypothesis

or spontaneous factorization)
[W.Furry, PR 49 (1936) 393]

Bertlmann, Grimus, Hiesmayr PR D60 (1999) 114032
Bertlmann, Durstberger, Hiesmayr PRA 68 012111 (2003)
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¢ KK —=n*n” wtn” : test of quantum coherence K

)=k R -[R)K°)

I(n*n',n*n';At) =4 Kn*n',ﬂ*n‘ KK O(At)>‘2 ¥ Kn*yr',n*n' KK O(At)>‘2

@) 28%(<n+n' ot ‘K 'K O(At)><n+n‘ N ‘I? 'K (Ar )> )]

I(At) (a.u.)
. ~— Decoherence parameter:
=0 — QM
£ >0 G = — total decoherence
00 (also known as Furry's hypothesis

or spontaneous factorization)
— = [W.Furry, PR 49 (1936) 393]

// Bertlmann, Grimus, Hiesmayr PR D60 (1999) 114032
At/tg

Bertlmann, Durstberger, Hiesmayr PRA 68 012111 (2003)
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¢ KK —=n*n” wtn” : test of quantum coherence K

* Analysed data: L=1.5 b _
e Fit including A¢ resolution and o E. KoKy W
efficiency effects + regeneration 1200

PLB 642(2006) 315 1000 |-
KLOE result: Found. Phys. 40 (2010) 852 '

‘goﬁ — (1 A9 5¢r,r 3'88YST) x107 v ]
Observable suppressed by CP .
violation: [n,_> ~ [e]> ~ 107° 200 §

=> terms Coy/[n,? _
=> high sensitivity to G,

200 =

From CPLEAR data, Bertlmann et al. 0 2 4 6 8 10 12
(PR D60 (1999) 114032) obtain: At/T,
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¢ KK —=n*n” wtn” : test of quantum coherence K

* Analysed data: L=1.5 b _
e Fit including A¢ resolution and o E. KoKy W
efficiency effects + regeneration 1200

PLB 642(2006) 315 1000 |-
KLOE result: Found. Phys. 40 (2010) 852 '

‘goﬁ — (1 A9 5¢r,r 3'88YST) x107 v ]
Observable suppressed by CP .
violation: [n,_> ~ [e]> ~ 107° 200 §

=> terms Cyy/|M,-|? ]
=> high sensitivity to C,,

200 =

0 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1

From CPLEAR data, Bertlmann et al. 0 2 4 6 8 10 12
(PR D60 (1999) 114032) obtain: At/T,

00 = 0.4 + 0.7

Best precision achievable in an entangled system
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Test of quantum coherence in neutral B mesons B

At dependent rates: opposite sign di-lepton vs same sign di-lepton

A(

At)

~ 107,07 A0) = I(07 ,07;Ar)

= coS(AmAt) => (1 - C ;) cos(AmAr) + Coa(....)

IO 0T AL + 10 0% AY)

\

QM prediction

After correcting for At resolution and selection
efficiency by a deconvolution procedure:

6
3
0 fitted value:
SE Am, = (0.501=0.009) ps’! L~150 b
1h v2=15.2 (11 dof)
0.75F —
05F "‘* o — QM (error from Amy) BELLE PRL 99 131802 (2007)
0.25F I
0 e — -
025 £ S S goﬁ =0.029 £ 0.057
ol F ek -
j T - — no enhanced sensitivity (fITB,) [1-2,
At [ps] due to CP violation here <meL> = 1+ 7,
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(n not very small)



Test of quantum coherence in neutral D mesons

At integrated rates: opposite sign di-lepton and same sign di-lepton
(AC=AQ rule and CPT invariance assumed)

1-R
\“_R =Qh\ = (1-&,)0

QM prediction

2

0= 2 I A I

1+ 10 0+ 100 0

bounds on ¢ at the level of 102 - 103
can be set with O(1070%) DD pairs
measuring integrated opposite/same
sign di-lepton rates
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Decoherence and CPT violation K

Modified Liouville — von Neumann equation for the density matrix of the kaon system:

. _ . . + <+— extra term inducing
P (t)_ N LH, P +10 4 , decoherence:
QM pure state => mixed state

Possible decoherence due quantum gravity effects:

Black hole information loss paradox => Possible decoherence near a black hole.
Hawking [1] suggested that at a microscopic level, in a quantum gravity picture, non-
trivial space-time fluctuations (generically space-time foam) could give rise to

decoherence effects, which would necessarily entail a violation of CPT [2].

J. Ellis et al.[3-6] => model of decoherence for neutral kaons => 3 new CPTV param. o,f,y:

L(p)=L(p;a,B.7) M,

) Atmost: a,f,y =0
o,y >0 , Ay >/3 MPLANCK

~2x107% GeV

[1] Hawking, Comm.Math.Phys.87 (1982) 395; [2] Wald, PR D21 (1980) 2742;[3] Ellis et. al, NP B241 (1984) 381;
PRD53 (1996)3846 [4] Huet, Peskin, NP B434 (1995) 3; [5] Benatti, Floreanini, NPB511 (1998) 550 [6]
Bernabeu, Ellis, Mavromatos, Nanopoulos, Papavassiliou: Handbook on kaon interferometry [hep-ph/0607322]
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¢ KK, —=n*n” ™ : decoherence & CPTV by QG

Study of time evolution of single kaon

S

decaying in m+m— and semileptonic final state

CPLEAR PLB 364, 239 (1999)
a=(-05+28)x10" GeV

B=(25+23)x10™"° GeV
y =(1.1£25)x107" GeV

single
kaons

In the complete positivity hypothesis
a=y , p=0

=> only one independent parameter: y

The fit with I(n*n™,n*n;At, y) giv
KLOE result L=1.5fb"

CS.

K

1400 —
1200 —
1000 —
800 —
600 —
400

200

0 1 ! 1 | 1 1 I

10 12

Iy = (0.7 212, £034, ) x 10 GeV|

PLB 642(2006) 315
Found. Phys. 40 (2010)
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—-K.K; =»n*n” wtnw : CPT violation in entangled K states KK
STML 8

In presence of decoherence and CPT violation induced by quantum gravity (CPT operator
“11l1-defined”) the definition of the particle-antiparticle states could be modified. This in turn
could induce a breakdown of the correlations imposed by Bose statistics (EPR correlations)
to the kaon state:

[Bernabeu, et al. PRL 92 (2004) 131601, NPB744 (2006) 180]. [(mwtm™, wro;At) (a.u.)
i) (KR -[ROK°)) yate R+ [RY&)
« )= ) Akl i) o
at most one ‘w‘z _ O( EZ/MPLANCK ) ~107°5 = ‘a)‘ ~1073 D'z h"’f g (pl“’ =|O o
expects: AT b 2 4 & & 10
At/tg

In some microscopic models of space-time foam arising from non-critical string theory:
[Bernabeu, Mavromatos, Sarkar PRD 74 (2006) 045014] ‘ w‘ ~107* =10

The maximum sensitivity to w is expected for f;=f,=n*n"
All CPTV effects induced by QG (o,p,y,w) could be simultaneously disentangled.
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¢ =K K; —=n*n” w*n: CPT violation in entangled K states K

Im w X102
0.15 [
Fit of I(m*m,wmw ; At, w): : mm ot
0.1
3 [ 68%CL
 Analysed data: 1.5 fb"!
0.05 :—
. PLB 642(2006) 315 :
KLOE result: Fc&und. P(hys. 210 (2010) 852 ol
+3.0 -4
%w — (_1 .6—2-1STAT =+ O'4SYST) X 10 -0.05 -
Sw = (=175 06 1255 ) x 107 | 11|
1 _30STAT — "< SYST b
w|<1.0x107 at 95% C.L. N S R
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 N

Re w x102
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CPT violation in entangled B states B

Observable asymmetry of At dependent rates: same sign di-lepton
10T 07 A = 1(07 07, A1)
10T 07 A + 107 07 ;AL)

*For =0 equal sign di-lepton time asymmetry A is exactly time independent

Asz(At) =

. . 2
-For w#0 A acquires a time dependence A, (0) = |o|
00 fo1  E T M Belle | L~90 fb-
L 20 fb E 0.35_ B/_lB_lR__ 03
‘E o.zé— | —
o AT E
8 ol [t * T+
i T T Jr ;
s | :
-0.32— ]
T R e N R L
At (ps)
| (a) Babar, At = %%;—)1"_1 (b) Belle, At = m?%lu_nr_l
Alvarez, Bernabeu, Nebot JHEP 0611, 087: —0.0084 <Rw=0.0100 at 95% C.L.
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CPT and Lorentz invariance test
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CPT and Lorentz invariance violation (SME)

Kostelecky et al. developed a phenomenological effective model providing a framework
for CPT and Lorentz violations, based on spontaneous breaking of CPT and Lorentz
symmetry, which might happen in quantum gravity (e.g. in some models of string theory)

Standard Model Extension (SME) [Kostelecky PRD61, 016002, PRD64, 076001]

CPT violation in neutral kaons according to SME:
« CPTV only in mixing, not in decay, at first order (i.e. B, =y =x_=0)
« § cannot be a constant (momentum dependence)

Eg, =Ex0 S =isingg, e’ yK(AaO — /;’K~ AZI)/Am‘

where Aa, are four parameters associated to SME lagrangian terms and related to
CPT and Lorentz violation.
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CPT and Lorentz invariance violation (SME) K

8 =isingg, e’ yK(AaO — B’K Aﬁ)/Am‘

0 depends on sidereal time t since laboratory
frame rotates with Earth.

For a ¢-factory there 1s an additional
dependence on the polar and azimuthal
angle 6, ¢ of the kaon momentum in the
laboratory frame:

8(p.t) = isin gy e " [Aa #
P Am Yk 12% (in general z lab. axis is non-normal
to Earth’s surface)

+fBAa, (cochos X —sinfsin¢gsin X)

+ 5 :—AaX sinfsin¢ + Aa, (COSH sin ) + sinf cos ¢ cos X) sin Q27

- COS Qt}

+ -+AaY sinfsin¢ + Aa, (cos 0 sin x + sinf cos ¢ cos X)

Q: Earth’s sidereal frequency 7 : angle between the z lab. axis and the Earth’s rotation axis
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CPT and Lorentz invariance violation (SME) K

— 71Q1 LD sw _ P . e
0 = (SN Py e YK(AaO ﬁK Aa)/Am‘ At DA®NE K mesons are

. , , produced with angular
0 depends on sidereal time t since laboratory distribution dN/dQ « sin26

frame rotates with Earth.

For a ¢-factory there 1s an additional
dependence on the polar and azimuthal
angle 6, ¢ of the kaon momentum in the
laboratory frame:

1 iPsw
5(13,t) _ Isin qlz;;;e v {Aao

+fBAa, (cochos X —sinfsin¢sin X)

NN\

+ 5 :—AaX sinfsin¢ + Aa, (COSH sin ) + sinf cos ¢ cos X) sin Q27

- COS Qt}

+ -+AaY sinfsin¢ + Aa, (cos 0 sin x + sinf cos ¢ cos X)

Q: Earth’s sidereal frequency 7 : angle between the z lab. axis and the Earth’s rotation axis
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Exploiting neutral kaon interferometry K
. 1 O\l 0 170 0
i) = |k )R) - [R k) 7, = KN/ f

I(fl,fz;Al‘) {‘771‘2 I, Ar "“TIz‘ze_rSAt _2‘1]1”772‘6 (Fg 4T, At/chS(AmAt+¢2 —¢1)}

AN +
> ¢ <ﬂ = (A7) (a.0)
T & Q- : i
tl t2 ] ¥ :

T T

K,)

niei(p =<fi
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Exploiting neutral kaon interferometry K
. 1 O\l 0 170 0
i) = |k )R) - [R k) 7, = KN/ f

I(fl,fz;Af) {‘771‘2 I, Ar +‘712‘2€_FSN ‘2‘771”772‘3 (Fg 4T, At/ZCOS(AmAt+¢2 —¢1)}

T T

K,)

niei(p =<fi

= [I(AD) (aw)

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Exploiting neutral kaon interferometry K
. 1 O\l 0 170 0
i) = |k )R) - [R k) 7, = KN/ f

I(fl,fz;Af) {‘771‘2 I, Ar +‘712‘2€_FSN ‘2‘771”772‘3 (Fg 4T, At/ZCOS(AmAt+¢2 —¢1)}

T T

K,)

niei(p =<fi

S(Aé/s)

from the asymmetry at small At

ER(A(S/E) ~(0 because AdLe
from the asymmetry at large At

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Measurement of AaM at KLOE

The analysis is performed in

4 bins of sidereal time Example: g
x 2 bins for the ¢ quadrant of 1 bin sidereal time = -
the forward kaon (0-4 hours) =
x 30 bins of At = 240 bins for quadrant
cos6<0 cos6>0 (COS@>O COS(])>O). ol

. Data: black points .,
c05¢>0 ,KL,S'L ™ Fit result: green band -
: (stat. err. only) s, J‘.

cosd<0

with L=1.7 fb-" KLOE final result (2013)
Ady =(=60 77, 3150 )x10™ GeV

Aay =(09 155, +0.65,,)x10™" GeV
Aay =(-2015,, £0.54,)x10™" GeV
Aa, =(-31%17g,, £064,.)x10™ GeV

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba

)

100 -

-10 -5 0 5 10

At/tg

An improvement in the precision
of a factor ~ 3
wrt old KLOE preliminary results.



CPT and Lorentz invariance violation (SME) B

B 7 ~B
B VB (Aao - /33 Aa ) boosted B’s at B-factory (almost fixed direction)

< A — iAF/Z => cannot distinguish between Aa,® and Aa,?P
I
<002
searching for a dependence of the form 202
Acpr o} it
Z=2Z,+Z COS(Qf + ¢)‘ dilepton OF—-""*/:V-_NW\
asymmetry ::; ’
-003;
L~232 fb-" I
0 2 43 W22 N
Time 1 (3003 hours)
Babar [PRL 100 (2008) 131802]
Aal —0.30Aal =(-3.0+24)(Am/AT) x10™"” GeV
Aal =(-22+7)(Am/AT)x10™" GeV i.e. ~O(10-3 GeV)
Aay =(-1473)(Am/AT) x107° GeV

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



CPT and Lorentz invariance violation (SME)

_ VD(AaoD _BD' AaD)

S

AA

boosted D’s from photoproduction at

fixed target experiment

=> cannot distinguish between Aa,® and Aa,®

D*->Dx
D in right-sign Acpr(7)
hadronc decays

(D" =K (1)) -1(D" =K n (1))

(D" =K (1)) +1(D° —=K"7 (1))

FOCUS at FNAL [PLB 556 (2003) 7]

f(x,y,é)[Aaé) +O.6Aa§]
f(x,y,0)Aal =(-1.6+2.0)x10™"° GeV
f(x,y,0)Aal =(-1.6+2.0)x107"° GeV

I

(1.0+1.1)x107"° GeV

f(x,y,é) =xy/3 +0.06(xcosc3 + ysiné)

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba

i.e. ~O(10°12GeV)



Prospects for KLOE-2

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Prospects for KLOE-2 at upgraded DA®NE

K

Param. Present best published KLOE-2 KLOE-2 KLOE-2
measurement =5 fb-! L.=10 fb-! L=20 fb!
K —3n' <2.6 x 108 <1.3x 108 <0.6 x 108 <3x 107 - seen
Ag (1.5+11) x 1073 +2.7 x 1073 + 1.9 x 1073 + 1.4 x 1073
Ay (332.2+58+4.7)x 103 + 8.9 x 10-° + 6.3 x 10-° + 4.5 x 10
Re(e’ /¢) (1.53 £ 0.26) x 1073 + (.72 x 103 + (.51 x 103 + (.36 x 103
Im(e’ /¢) (-1.72 £ 2.02) x 103 +9.4 x 1073 + 6.7 x 1073 + 4.7 x 1073
Re(d)+Re(x) | Re(d) = (0.24 = 0.23) x 1073 (¥) + (0.7 x 1073 + 0.5 % 103 + 0.4 x 103
Re(x) = (4.1 £1.7) x 103 (*)
Im(0)+Im(x,) | Im(8) =(-0.7 £ 1.4) x 10 (¥) +9x 103 +7 %103 +5x%x 103
Im(x,) = (0.2 £ 2.2) x 103 (¥)
Am (5.2797 = 0.0195) x 10° s°! +0.096 x 10°s! | +0.068 x 10°s! | +0.048 x 10°
g1

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba

(*) = analysis using Bell-Steinberger relation




Prospects for KLOE-2 at upgraded DA®NE

K

Para | Present best published KLOE-2 (IT) KLOE-2 (IT) KLOE-2 (IT)
m. measurement L=5 fb-1 L=10 fb-! L=20 fb-!
Coo (0.1 £1.0) x 10-¢ + (.26 x 10 + (.18 x 10¢ + (.13 x 10
CsL (0.3 +£1.9) x 102 + (.49 x 102 + (.35 x 102 + (.25 x 102
(-0.5+2.8) x 1017 GeV | £5.0x 1017 GeV | +=3.5x1017 GeV + 2.5 x 10'17 GeV
B 25x£23)x10°GeV | £0.50 x 10° GeV | £0.35x 10'° GeV | +0.25 x 10°"° GeV
1.1£25)x1021GeV | £0.75 x 1021 GeV | £0.53 x 1021 GeV | =+ 0.38 x 102! GeV
compl. pos. hyp. compl. pos. hyp. compl. pos. hyp. compl. pos. hyp.
(0.7 +1.2) x 1021 GeV | £0.33 x 1021 GeV | £0.23 x 1021 GeV | =0.16 x 102! GeV
Re(w) (-1.6 £2.6) x 104 + (.70 x 104 + (.49 x 104 + (.35 x 10
Im(w) (-1.7 £ 3.4) x 104 + (.86 x 104 + (.61 x 10 +0.43 x 104
Aa, | [(-6.2+8.8) x 1083 GeV] | £4.8x 10 GeV | £3.4x 108 GeV + 2.4 x 1018 GeV
Aa, | [(-0.7+1.0)x 108 GeV] | 0.6 x 108 GeV | +0.4 x 1018 GeV + 0.3 x 10718 GeV
Aay y [<10-2! GeV] +0.76 x 1018 GeV | £0.54 x 103 GeV | £0.38 x 1013 GeV

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba

[....] = preliminary




Direct test of T symmetry

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Direct test of Time Reversal symmetry with neutral kaonsK

A direct evidence for T violation would mean an experiment that,
considered by itself, clearly shows T violation INDEPENDENT and
unconnected to the results for CP violation and CPT invariance

*Only one evidence of T violation: Kabir asymmetry, comparing a
process with its T-conjugated one, i.e. K° -+ K° vs KO0 — K©
performed by the CPLEAR experiment

A o PE =KD -PE' ~K)
! P(I_(O eI{O)'l'P(I{O %EO) 0.01 :—‘ ._‘ “‘ &
0 Fr @ i U L
(A;)=(6.6%1.3) 103 oor

Neutral—kaon decay time [7.]

‘Remark: K9 — KU is a CPT-even transition, so C'P = T in this
case ! we cannot distinquish between CP or T tests (not independent)

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Entanglement in neutral meson pairs K

*EPR correlations at a ¢-factory (or B-factory) can be exploited to study other
transitions involving also “CP states” K, and K.

Lo o, v oo decay as filtering

i) ﬁ‘K (p)>‘K (_p)>_‘K (p)>‘K (—p)>] measurement
I, B B B *entanglement ->

T-K+(p)>‘K-(‘p)> -|k () K+("p)>] preparation of state

(\®)

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Entanglement in neutral meson pairs K

*EPR correlations at a ¢-factory (or B-factory) can be exploited to study other
transitions involving also “CP states” K, and K.

«decay as filtering
>‘KO(‘p)>] measurement
*entanglement ->
preparation of state

)= K B)F(-5)- R
z

2l

(\®)

,,'

TC+|-'V -:_,: ----- » 33-[:0
be > \\‘A
Y b AL
K =K reference process

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Entanglement in neutral meson pairs K

*EPR correlations at a ¢-factory (or B-factory) can be exploited to study other
transitions involving also “CP states” K, and K.

«decay as filtering
>‘KO(‘p)>] measurement
*entanglement ->
preparation of state

)= K B)F(-5)- R
z

2l

(\®)

,,'

TC+|-'V -:_,: ----- » 33-[:0
be > \\‘A
Y b AL
K =K reference process
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Entanglement in neutral meson pairs K

*EPR correlations at a ¢-factory (or B-factory) can be exploited to study other
transitions involving also “CP states” K, and K.

«decay as filtering
>‘KO(‘p)>] measurement
*entanglement ->
preparation of state

)= K B)F(-5)- R
z

2l

(\®)

TC+|-'V -:_ ,: ----- » 33-[:0
BTN - =
K —K  reference process

K —K 0 T-conjugated process

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Entanglement in neutral meson pairs

*EPR correlations at a ¢-factory (or B-factory) can be exploited to study other
transitions involving also “CP states” K, and K.

)= K IR (=5) - 1R (3)K(-5)]
1

K. (P)E(-7) - [K_(5))

N
¢ K

(\®)

1 SRY

e.g.

t,] t1 ) At=t2't1 "

I(rm, IT; At) = C(rm, 1) x P[K_(0) = K°(At)]

In general with f, decayng before f, i.e. At>0:
I(fg. fri At)= C(fz. fr) x P|Kx(0) > Ky(Ar)]

|2

with C(fg fr) = [(f=ITIKx)(fr|TIKy)

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba

2(I's+11)



Direct test of Time Reversal symmetry with neutral kaonsK

T symmetry test
Reference T-conjugate
Transition Final state | Transition Final state
I'—<0 S K (éﬂ+’ 72'072'073'0 K — I‘—<U (“() ‘()“()‘( )
K, - K («a%%°¢%) | K= K, (0, 7m)
K°— K, (e, ) K, —- K (a%%° ¢°)
K. — K (mm, (1) K" - K_ (0, 7m)
One can define the following ratios of probabilities:
Ri(At) = P[K’(0) — Ky(At)] /P [Ki(0) — K'(At)
Ry(At) = P K“(()) — K_(At)] /P [K_(0) — K"(At)
R;(Af) = P[K"(0) — K+(_\.f) /P [Ki(0) — ’(Az‘)
Ry(At) = P [K°(0) — K_(At)] /P [K_(0) — K’(At)

Any deviation from R;=1 constitutes a violation of T-symmetry

J. Bernabeu, A.D.D., P. Villanueva:

N PPD %omemgozq %I)ar;lnglg, 27 may 2013, Elba

T test could be feasible at KLOE-2
with L=0O(10 fb-') but challenging



Direct test of Time Reversal symmetry in neutral B mesons B
= —1.37£0.14 £ 0.06

Direct T violation observed at BABAR 1.17+0.18 £ 0.11
in the B’s with significance of 14 o 0.10 +0.16 + 0.08
Babar coll. PRL 109 (2012) 211801 —  0.0440.16 +0.08
-
< 05
.
0.5
0
H
< 0.5¢
ol
-0.5F
o 2 4 6 3

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Direct test of symmetries with neutral kaons

Conjugate=

reference
]

already in the
table with
conjugate as

reference
]

Two identical
conjugates
for one reference

Reference | T-conjugate | CP-conjugate | CPT-conjugate
KO — KO | i | om0 K’ — KY
K? - KO | Kol | Rl o o
K'—-K,| K =K | K'—=K, K, —- K°
K ->K_| KL - K° | K°—=K_ K_ — K
KO - KO | il | el  FACNG re
K — KO | (e K — KY KY — KY
K°—-K,| Ky - K° i K, — K"
K' 5 K_ | KL 5 K% | ine— K_ — K
Kt — K| Ho——— Ky — K° e —
Ki — KY| bty | dm——"" I—ty
Kt — Ki | Kl | i Tl
Ki — Ko | KeadSe, | M——lie K- — K4
KoK i | K. — K —t
K_ — KO| b | o— ——
Ko - Ky | —— | S— —
Koo K| ——tte | —  PA—a

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Alternative formulation of Bell’s inequality for kaons K
I = G -)- |k )(-5)]

CHSH-Bell inequality: Hiesmayr, A.D.D., et al. EPJC (2012) 72:1856

min S(n,m,n’, m')[psep] <S(n,m,n",m")[p]
a"pscp

< max S(n,m,n',m')[psep] (3)
all pep

where the extremum is taken over all separable states.

¢ or J/W K+
\4—> — O §4:r A)

At a T-charm running at J/¥(1s): BR(J/W-> KK )~1.5 x 104 => O(108) KK pairs

Advantage: more boosted kaons wrt ¢:
Ag~ 8 cm => Kg reaches the beam pipe wall !!

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



Conclusions

Entangled neutral meson systems are unique and excellent
laboratories for the study of basic principles of quantum mechanics
and discrete symmetries.

«Several parameters related to possible (i) decoherence and CPT
violation, (ii) CPT violation and Lorentz symmetry breaking
have been recently measured at KLOE for K mesons and at Belle
and Babar for B mesons (and also in D mesons) with very high
precision, especially for kaons. In some cases the precision reaches
the interesting Planck’ s scale region.

*All results are consistent with no QM and CPT violation.

*CPT symmetry and QM tests are one of the main issues of the
KLOE-2 physics program; a significant improvement in the precision
IS expected.

*Improvements are possible at Super B-factories

*At a high luminosity symmetric tT-charm factory improvements are
possible — to some extent - also with time-integreted observables

A. Di Domenico - Tau-Charm WS, 27 may 2013, Elba



