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CPT: introduction

The three discrete symmetries of QM, C (charge conjugation), P (parity),
and T (time reversal) are known to be violated in nature both singly and in pairs.
Only CPT appears to be an exact symmetry of nature.

CPT theorem (Luders, Jost, Pauli, Bell 1955 -1957):

Exact CPT invariance holds for any quantum field theory (flat space-time) which
assumes:

(1) Lorentz invariance (2) Locality (3) Unitarity (i.e. conservation of probability).

Testing the validity of the CPT symmetry probes the most fundamental
assumptions of our present understanding of particles and their interactions.

Extension of CPT theorem to a theory of quantum gravity far from obvious
(e.g. CPT violation appears in some models with space-time foam backgrounds).

No predictive theory incorporating CPT violation => only phenomenological models
to be constrained by experiments.

The neutral kaon system offers uniqgue possibilities to test CPT invariance e.q. :

/mB <107, ‘mp —mﬁ‘/mp <107

/mK <107"%, ‘mBO — M

mKO - ml?()
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1) “Standard” tests of CPT symmetry in the neutral kaon
system
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CPT violation in the neutral kaon system: “standard” picture

1 _
CPT violation in the mixing: | K52) = Jliee )[(”'E'S,LXKO%(I‘ES,L]K0>]
S,L

£, =60 g:le_Hzl :_ismlzfsrlz/z

2(A, - A,) Am +iAl'/2

S = o, - H,, :l(mzz _mu)_(i/z)(rzz -I,)
200, -1,) 2 Am + iAT'/2
my=m., , My =M

« 0 # 0 implies CPT violation I, = FKO , 1, = r]zo
¢ # 0 implies T violation
. ¢ #0 or & # 0 implies CP violation Am=m, —mg , A=l -1},

(with a phase convention 3T, =0 )
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CPT violation in the neutral kaon system: “standard” picture

CPT violation in semileptonic decays

AS=AQ rule
K>zl K'>SEr'tv
K>S zirv K'>&r 'y

(7 0v[T|K*) =a+b (z 0 V|TK)=c+d
<7z+€_17‘T‘I?0>:a*—b* <7z_€+v T‘]?O>=c*—d*
CP T CPT | AS=AQ
a 3=0 3=0
b R=0 | 30 0
¢ 3=0 | 30 =0
d R=0 3=0 =0 =0

Semileptonic charge asymmetry:

>F F(KS,L > 7z_e+v)+ F(KS,L S>TevV

F(KS,L — ﬂ_eﬂ/)—F(KS,L — 7z+e_17)

| 45— 4, =4(%5+%Rx_))
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Standard Model prediction of AS=AQ
rule violation is x=c/a ~ O(107)

) =2Re+2R0 2Ry +2NRx_
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CPT violation in the neutral kaon system: “standard” picture

CPT violation in semileptonic decays

AS=AQ rule
K>zl K'>SEr'tv
K>S zirv K'>&r 'y

<7z_€+v T\K0> —a+h <7z+£—17\T\K°> —c+d
<7z+€_17‘T‘I?0>=a*—b* <7z_€+v T‘]?O>=c*—d*
CPT CPT & AS=AQ
viol. |AS=AQviol. | vjol.
b d’ c
y=—— | x.=— | X, =—
a a da

Semileptonic charge asymmetry:

F(KS,L —> ﬂ_e+v)—F(KS,L —> 7z+e_17)

>F F(KS’L > 7z_e+v)+ F(KS,L > TevV

| 45— 4, =4(%5+%Rx_))
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Standard Model prediction of AS=AQ
rule violation is x=c/a ~ O(107)

)zzmgizma—zmyizmx_
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CPT violation in the neutral kaon system: “standard” picture

CPT violation in tw decays

(s 0[] K°) = (4, + B, Je™ N, =[n,[e” = <ﬂi7z_ ; ?> —e—A+é
<7m;1T‘]?°>:(A;‘—B;‘ i0; <7Z7z ‘ ‘ S>
A(B)) CPT conserving (violating) _‘ iy <7T "z’ ‘T ‘ KL> e Ay
K— nt amplitudes for [=0,2 Moo = MTool€ ™ = < JO ‘T‘ Ks> =¢ &
(0, strong phase shift for [=0,2)
+!M " (ot to scale) A=0- ?;flz oy =arctan(2Am/AT)

oog w3 ] ERA2[‘.R82 RB, z_%(g_j
V2 ‘77+_‘ RA, g

RA, R4,
-1 m, —m,, RB, ]
— ~ +
¢+— ¢SW \/E‘UJF_‘ |: 2Am ERAO |
Re
>
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Some results of CPT tests

Study of the time evolution of ‘ CPLEAR o
neutral kaons in semileptonic decays K’ <n_

=0 ’C\ v

RO = (0.30+£0.33£0.06) x 10~ | pLB444 (1998) 52

‘ Klev ‘ 0, - sy =0.61°+0.62°+1.01° |PRLSS,

Study_ of regenergto_r be_am Oo-0,. =0.39° +0.22°+0.45° 181601(2002)
two pion decay distribution

K, semileptonic charge asymmetry: ‘ A =(3322+58+47) x 106 ‘

‘ KTeV ‘ Constraints on CPT violation in nw and semileptonic decays obtained
combining KTeV and PDG results:

m(§n+— +%7700) _% — m[y +x + ?;BO j — (_3 + 35))( 10—6 PRDG67,012005 (2003)
0
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Some results of CPT tests

Study of the time evolution of ‘ CPLEAR o
neutral kaons in semileptonic decays K’ <n_

=0 ’C\ v

RO = (0.30+£0.33£0.06) x 10~ | pLB444 (1998) 52

KTeV
‘ ‘ 0. - dgy = 0.40° £0.56° Presented at
Study of regenerator beam Ooo-0 =0.30° + 0.35° Moriond08, HQLO08
two pion decay distribution 00 Tt ' —

K, semileptonic charge asymmetry: ‘ A =(3322+58+47) x 106 ‘

‘ KTeV ‘ Constraints on CPT violation in nw and semileptonic decays obtained
combining KTeV and PDG results:

m(§n+— +%7700) _% — m[y +x + ?;BO j — (_3 + 35))( 10—6 PRDG67,012005 (2003)
0
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Data sample: 410 pb-t PLB 636(2006) 173

wol BR(Ks — me*v) = (3.528 + 0.057 + 0.027) x 104
BR(Kg — mev) = (3.517 + 0.051 + 0.029) x 104
BR(K — mev) = (7.046 + 0.076 + 0.050) x 10~

[ — MC fit
800

600 |

400 F

BR(rev) [KLOE *02, 17 pb~']: (6.91 £ 0.34 + 0.15) x 104

200 |

0-40 -20 0 20 40 60 80
E _ P (MeV)

miss ' miss
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K§—> nev: KLOE results

Data sample: 410 pb-t PLB 636(2006) 173
1000 | BR(KS —> TC_e+V) = (3528 + 0.057 + 0027) x 104

o BR(Ks — m*e—v) = (3.517 + 0.051 + 0.029) x 10~
BR(K. — mev) = (7.046 £ 0.076 + 0.050) x 10~

800 I
BR(rev) [KLOE *02, 17 pb~']: (6.91 £ 0.34 + 0.15) x 104

600 |

400 F

200 |

L, DK, > 7e'v)-T(K, > 7'e )
T ST, S ek, e )

As=(15+9.6+29)x10° | with25
04,~3 x 1073 ~2Re €

/\
YRR )| —>| Rx_= (-0.8+ 2.4 +0.7) x 10-3 | CPT & AS=AQ viol.

E

miss

N\
4,

ol

A= ARG-RY) — | Ry = (04+2.4+07)x 103 | CPT viol.

A\ :
Input from other experiments

&
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CPT test: the Bell-Steinberger relation

Unitarity constraint: K)=as|Kg)+a,|K,)

L)) - Sl

r,+T, | Re o] 1 *
(Hﬂtan%n,j[ ng]FS—FL Zf:<f‘T‘Ks> <f‘T‘KL>

I+lef

1+k(1-2b) (1-k)tan ¢,

(1-k)tangg,  —(1+k) j[% gjz

Ks KL
observables

o, =n, BR(K,—n'n) o, =1/t n,_, BR(K —»>ntnn)
0y, = Mgy BRIK—7'n") Clyge= Ts/ Ty M ggg” BRK = 7"n’n?)
o, =217, BR(K,13) [(A+A, )/4— i Tm x ]

k=t./t, b=BR(K, > zlv)
Ku)/ (K ) N=(1+k) +(1-k) tan* g, —2bk(1+k)
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Experimental inputs to the Bell-Steinberger relation

BR(Kg — mfv)
BR(Kp—rtn)

(11.77 £ 0.15) x 10~
(1.933 £0.021) x 1072

Value Source
TK s 0.08958 £ 0.00005 ns PDG [14]
TK, 50.84 £ 0.23 ns KLOE average
my, — Mg (5.290 +0.016) = 10% =1 PDG [14]
BR{Kg—nta) 0.69186 & 0.00051 KLOE average
BR(Kg—n"7"Y) 0.30687 4+ 0.00051 KLOE average

KLOE [6]

KLOE average

BR(K;—n"7") (0.848 £0.010) x 1072 KLOE average
By (43.4+0.7)° PDG [14]
oo (43.7+0.8)° PDG [14]
-ES.{;B(ET > 20MeV) (0.710 £0.016) = 11]_2 E731 [18] Main improvements done with
RIB (B, > 20MeV) (0.700 £ 0.001) x 10~ KLOE MC [19]
e (2.359 £ 0.074) x 102 E773 [17] KLO_E mea_surements on Kg
bt (43.8 £ 4.0)° E773 [17] semileptonic and 3n°® decays
BR(Kp—ntr—n%) 0.1262 & 0.0011 KLOE average
N4+—0 (=24 7)+ié(-249)) x 107 | CPLEAR [10]
BR(K;—37") 0.1996 + 0.0021 KLOE average
BR(K s—37") < 1.5 x 1077 at 95% CL KLOE [5] e
D00 uniform from 0 to 27
BR(Kj — wiv) 0.6709 £ 0.0017 KLOE average
Ap + Ag (0.5 4+ 1.0) x 1072 K 43 average
Im(zy ) (0.8 +0.7) x 1072 K3 average I:
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CPT test: the Bell-Steinberger relation

KLOE result: JHEP12(2006) 011 CPLEAR: study of the time evolution of
Re g =(159.6 + 1.3) %1073 neutral kaons in semileptonic decays
Im & =(0.4 £2.1) x 1075 RS = (0.30+0.33+0.06) x 103

PLB444 (1998) 52

Combining Red and Imd results:

5 _ 1 (mEO _ mKO )_ (1/2)(FEO — FKO) ( Z0 _FKO) (10_18 GeV) - 95% CL
— 68% CL
2 Am+iAl'/2 10}
Imd
Assuming (FI?O —FKO ): 0 ,i.e. no CPT viol. in decay: I Res
~53%x107" < My —M <6.3%x107" GeV ‘ -10} (mz?o _mKO) (107" GeV)
-10 0 10

at 95% c.l.

A. Di Domenico DISCRETE '08 - Symposium on Prospects in the Physics of Discrete Symmetries; 11-16 December 2008, IFIC, Valencia, Spain



CPT test: the Bell-Steinberger relation
M. Palutan, presented at

FLAVIANET Kaon ws 08 (prelim.): CPLEAR: study of the time evolution of
Re g =(161.2+0.6) %1073 neutral kaons in semileptonic decays
Im § =(—0.1+1.4) x 1075 RS = (0.30£0.33 £0.06) x 103

( using new KTeV results on ¢__:
Moriond EW 08, HQLO08)

Combining Red and Imd results:

PLB444 (1998) 52

S = l (mz?o B mKO )_ (i/z)(FEO - FKO ) ( K _FKO)“”-JH GeV) ::: EE
2 Am+iAl'/2 10
Imo
Assuming (FEO —FKO ): 0 ,i.e. no CPT viol. in decay: U Res
‘mlzo —m | < 4.0x107" GeV at95% C.L.| « | _(’711?0___”_”’1;0)1 (10" Gev)
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2) Search for decoherence and CPT violation
In the neutral kaon system
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The KLOE detector at the Frascati ¢-factory DA®NE

-
e

Integrated luminosity (KLOE)

1400

1200

1000

800 F

600

400 F

200 F

0

Total KLOE [£dt~ 2.5 fb"

jL dt
[ pb™' 2005: 1256 pb!

2004: 734 pb!
2002: 320 pb!
2001: 172 pb!

Jan  Feb Mar Apr May Jun

(2001 - 05)
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Jul  Aug  Sep

Oct  Nov  Dec

///@;\\\\\\M/////@\w@

b

o
Lead/scintillating fiber calorimeter
drift chamber

4 m diameter x 3.3 m length
helium based gas mixture

— ~2.5x10° KgK| pairs
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Neutral kaons at a ¢-factory
Production of the vector meson ¢
in "¢~ annihilations:
re’ecT >0 oy~3 b

W=m,= 1019 4 MeV
« BR(¢ > KOK%) ~ 34%

« ~10° neutral kaon pairs per
pb! produced in an i) =
antisymmetric quantum state

K°(5))] K°( 5))

with JFC=1— _N K.(pNK,(-ph—-|K, () K (~p
) - 110 Mevic ﬁﬂ (PN K, (= B)-| K, (P)) K5 (= 5))]
As=6mm A =35m N =l fes] i le 1= 252, )21

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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Neutral kaon interferometry

=K GKCB) K BK )

Double differential time distribution:
T, t,—Tct 2 —F t, Tt
(flatvfza Cp, 771‘ S 1 1 B -

@an‘e (T T M0 +12)/2 cos[Amt —t, +¢j})

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

final state and:
1, =71 e =<f,- T‘ KL>/<fi T‘ KS> characteristic interference term

Cph = @Kﬂ ‘T‘ Ky ><f2 ‘T‘ Ky >‘2 at a ¢-factory => interferometry

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

I(At) (a.u)

At/tg
d>KK, »>n'n o'n’

{

DISCRETE'08 -

o

A. Di Domenico

RO +Rx_

IO+ 3x,

p>KK, >r'lv mlv
I(At) (a.u) i

At/tg

I(At) (a.u)

At/tg
o> KK, >nr ©lv
A, =2Re—-RoO

— Ry —Rx_

T
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$>KK, >n'n n'm

i)= LMKO> 1?0> —‘1?0>‘ K°>] Same final state for both kaons: f, =f, =n'n-

D IIIIIIIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII

G 2.5 ) 7.0 10 12.5 15 17.5 20 22.5 25

At/tg
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$>KK, >n'n n'm

i)= LﬂKO» 1?0> —‘1?0>‘ K°>] Same final state for both kaons: f, =f, =n'n-

EPR correlation:

no simultaneous decays
(Af=0) 1n the same

final state due to the
destructive

quantum interference

- _
> (I) <Tc — I”I.HH - “I'IISIIl'i]!.lﬁlll2lﬂlll.l22l.é|”25
R ‘""Q:"t'l" T At/
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¢>KK, >n'n '

i)= LﬂKO» 1?0> —‘1?0>‘ K°>] Same final state for both kaons: f, =f, =n'n-

EPR correlation:

no simultaneous decays
(Af=0) 1n the same

final state due to the
destructive

quantum interference
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¢ oK K, »>ntn - : test of quantum coherence

=g le )RR )]
<7z 7z_,7z+7z_‘KOIZ'O(At)>

2

2 +‘<7z+7z_,7z+7z_ ‘ KK’ (At)>

I (7z+7z_, 7z+7z_;At) :g[

_29{< T, T ‘ K’K’ (N)><7T+7T_’” +7T_ ‘ EOKO(N»*)}

Feynman described the
phenomenon of interference as
containing “the only mistery” of
quantum mechanics
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¢ oK K, »>ntn - : test of quantum coherence

=g le )RR )]
<7z+7z_, T ‘ KK’ (At)>

2

2 +‘<7z+7z_,7z+7z_ ‘ KK’ (At)>

I (7z+7z_, 7z+7z_;At) =%[

—(1—4)6)-29:«”%3”%_\’(0 K'\))7'7 77 | KK )m

Feynman described the
phenomenon of interference as
containing “the only mistery” of
quantum mechanics
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¢ oK K, »>ntn - : test of quantum coherence

=g le )RR )]
<7z+7z_, T ‘ KK’ (At)>

2

2 +‘<7z+7z_,7z+7z_ ‘ KK’ (At)>

y 29{<ﬂ+ o ﬂ—‘ KOEO(N)><7Z'+7Z—_9 7;*7;“I_<°KO (N)>ﬂ

Feynman described the Decoherence parameter:
phenomenon of interference as éVOa =0 —»> QM
containing “the only mistery” of

quantum mechanics g w=1 — total decoherence

(also known as Furry's hypothesis
or spontaneous factorization)
[W.Furry, PR 49 (1936) 393]
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¢ oK K, »>ntn - : test of quantum coherence

 Analysed data: L=380 pb~!
e Fit including Az resolution and 500

efficiency effects + regeneration 5, | e
', I',, Am fixed from PDG o b i peeepentn
KLOE result: PLB 642(2006) 315 . |
-6 i
(o = (1L0E 210 2040, )X 1070 |
as CP viol. O(jn,_|*) ~ 10-¢ S
=> high sensitivity to & 200 3
From CPLEAR data, Bertlmann et al. 0§
(PR D60 (1999) 114032) obtain: 100 £
5 =0.4x0.7 50
In the B-meson system, BELLE coll. N R T T T T
(PRL 99 (2007) 131802) obtains: 0 >0 303
{B =0.029+0.057 At/t,

00
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—->KK, >ntn- e~ test of quantum coherence
S' N

 Analysed data: L=380 pb~!
* Fit including Az resolution and s
efficiency effects + regeneration 5, |

', I';, 4m fixed from PDG
KLOE result: PLB 642(2006) 315

Data

+_-_+ -
KLKS%nnnn

o
T
[ K inc. regeneration
[

efeonnnm

400 |

350 |

(G0 = (102,13, £0.4¢,5, X100 |
as CP viol. O(In,_]?) ~ 107° 0 |
=> high sensitivity to &g 0 |
From CPLEAR data, Bertlmann et al. g
(PR D60 (1999) 114032) obtain: 100 f
5 =0.4x0.7 ol

In the B-meson system, BELLE coll.
(PRL 99 (2007) 131802) obtains:

£ =0.029+0.057

00

o L
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-6 i
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¢ oK K, »>ntn - : test of quantum coherence
 Analysed data: L=1 fb-! (2005 data)

e Fit including At resolution and ™

efficiency effects + regeneration | * E:Eﬁﬁ-w
« T, T';, Am fixed from PDG 300 e
KLOE preliminary:
_6 600
(¢ = (0351257, )x10 |
as CP viol. O(jn,_|?) ~ 107°
=> high sensitivity to & 400
From CPLEAR data, Bertlmann et al. i
(PR D60 (1999) 114032) obtain: 20T
=04+0.7 _
In the B-meson system, BELLE coll. | S SR SRS NSRS RS SRS S SASATS A R

0 1 2 3 4 5 6 7 8 9 10

(PRL 99 (2007) 131802) obtains:
% =0.029+0.057

00

At/'cS
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¢ oK K, »>ntn - : test of quantum coherence
 Analysed data: L=1 fb-! (2005 data)

e Fit including At resolution and '™
. . @® Data
efficiency effects + regeneration : KKy TTr'T
T, I';, Am fixed from PDG W
KLOE preliminary:

‘4’ 0 3+1.2 ) 1076 ‘ N with full data sample 2004-05

0~ X

00 STAT -
+1.0,...x10

as CP viol. O(jn,_|?) ~ 107° TOT

=> high sensitivity to & T ‘
From CPLEAR data, Bertlmann et al. i

(PR D60 (1999) 114032) obtain: 20T
=0.4%+0.7
In the B-meson system, BELLE coll. 0(; B R e S e e T
(PRL 99 (2007) 131802) obtains:
£F =0.029+0.057 Atz

00
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¢ oK K, »>ntn - : test of quantum coherence
 Analysed data: L=1 fb-! (2005 data)

e Fit including At resolution and '™
. . @® Data
efficiency effects + regeneration : KKy TTr'T
T, I';, Am fixed from PDG W
KLOE preliminary:

‘é’ 0 3+1.2 ) 1076 ‘ N with full data sample 2004-05
0~ X
00 STAT

+1.0,4, x107°
as CP viol. O(In__P*) ~ 10-¢ toT %

=> high sensitivity to & T ‘
From CPLEAR data, Bertlmann et al. i

(PR D60 (1999) 114032) obtain: 207
=04+0.7
In the B-meson system, BELLE coll. 0 0 R T T T
(PRL 99 (2007) 131802) obtains:
é“B =0.029+0.057 | Comparison with quantum optics test precisions At/TS

00
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Decoherence and CPT violation

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

. . . . + <+— cxtra term inducing
P (t) - it p j_ ipH ) decoherence:

QM pure state => mixed state
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Decoherence and CPT violation

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

. . . . + <+— extra term inducing
P (t) BN ZH,O j: ZIOH . 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. a,3,y:

L(,O)ZL(,O;(Z,,B,]/) Atmost: a,f,y =0 My

Ol,]/>0 ) 0(7/>,32 M p,inex
see Mavromatos’ talk

2

~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, -ontn e decoherence & CPTV by QG

Study of time evolution of single kaons
decaying in m+n— and semileptonic final state

CPLEAR PLB 364, 239 (1999)
a=(—0.5£2.8)x10"" GeV
f=(2.5+2.3)x10" GeV
7 =(1.1£2.5)x107 GeV

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

=> only one independent parameter: y
The fit with (7" 7, 77707, A¢, y) gives:

KLOE result L=380 pb' PLB 642(2006) 315

7= (11720 00 £0.4,5, )} 107 GeV

Complete positivity guarantees the
positivity of the eigenvalues of density
matrices describing states of
correlated kaons.

500 [

450 f
400 f
350 f
300 f
250 f
200 f

150 &

100 |

50 |

:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
00 5 10 15 20 25 30 35

At/rS
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¢ >KK, -ontn e decoherence & CPTV by QG

Study of time evolution of single kaons
decaying in m+n— and semileptonic final state

CPLEAR PLB 364, 239 (1999)
a=(—0.5£2.8)x10"" GeV
f=(2.5+2.3)x10" GeV
7 =(1.1£2.5)x107 GeV

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

=> only one independent parameter: y
The fit with (7" 7, 77707, A¢, y) gives:
KLOE preliminary L=1fb"

17 =085, )} 10 GeV

—1.3STAT

Complete positivity guarantees the
positivity of the eigenvalues of density
matrices describing states of
correlated kaons.

1000

800 |-

600 |-

400 -

200

A. Di Domenico DISCRETE '08 - Symposium on Prospects in the Physics of Discrete Symmetries; 11-16 December 2008, IFIC, Valencia, Spain



¢ >K K, »ntn w1 CPT violation in correlated K states

In presence of decoherence and CPT violation induced by quantum gravity (CPT operator
“ill-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].

i)oc (K°K* - K°K°)
X (KSKL _KLKS)+ KSKS _KLKL)

at most one expects:

see Mavromatos’ and
Sarkar’s talks

OEO + KOEO |

1z

‘2

4

EZ/MPLANCK

Al

jleS = |w| ~107

In some microscopic models of space-time foam arising from non-critical string theory:

[Bernabeu, Mavromatos, Sarkar PRD 74 (2006) 045014]

@/ ~107 107

The maximum sensitivity to o 1s expected for f;=t,=n"n"
All CPTYV effects induced by QG (a.,3,y,®) could be simultaneously disentangled.

A. Di Domenico DISCRETE '08 -

Symposium on Prospects in the Physics of Discrete Symmetries; 11-16 December 2008, IFIC, Valencia, Spain



¢ >K K, »ntn w1 CPT violation in correlated K states

Im o x10-2

; 0.2 i
Fit of [(n' 7, mw" 7 ;At, @): 0‘15__ o
 Analysed data: 380 pb-! . = s

0.05 -

KLOE result:  pLB 642(2006) 315

Reo=(1.1%] 409, )x10™
So=(34"  +0.6)x10™

-0.05

—-5.08T4 o |
0| <2.1x107 at 95%C.L. o e
In the B system [Alvarez, Bernabeu, Nebot JHEP 0611, 087]: Re o x102

—0.0084 <*Rw<0.0100 at 95% C.L.
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¢ >K K, »ntn w1 CPT violation in correlated K states

Fitof I(n*n,n* 7 At, w):
 Analysed data: 1 fb-! (2005 data)

KLOE preliminary :

Im o x10-2

Ro=(-2.5%1 Ix10™
So = (_ 2.2 sar )X 107
< 0.98x107 at 95% C.L.

0.15
0.1 -

0.05

-0.05

-0.1 -

95% CL

68% CL

-0.15

-0.1

In the B system [Alvarez, Bernabeu, Nebot JHEP 0611, 087]:
—0.0084 <Rw<0.0100 at 95% C.L.
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0.05
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3) Tests of Lorentz invariance and CPT symmetry
In the neutral kaon system
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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]

see Lehnert’s talk

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)

e, =ct8  |S=ising,e™ y,(Aa,~ f -Ad)/ 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)

5 =isingy, e y, (Aa, — B, -AG)/ 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 0, ¢ of the kaon momentum in the
laboratory frame:

i 1 27 ~
5(]}? : 6’,t)= — j5(p, t)d¢ (in general z lab. axis is non-normal
27 3, to Earth’s surface)
;o1 iDsw
isin @, e
= P ve|Aa, + B Aa, cos y cos O
Am —_—
+ fBrAa, sin y cos @sin Qi Q: Earth’s sidereal frequency

y : angle between the z lab. axis and

+ B.Aa. sin ¥ cos @ cos Q¢
P Ay Sy ] the Earth’s rotation axis
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CPT and Lorentz invariance violation (SME)

e id s —
O =isingPge™ yy (Aao — P -Aa)/ Am‘ At DA®NE K mesons are

. , , produced with angular
0 depends on sidereal time t since laboratory distribution dN/dQ o sin20

frame rotates with Earth.

For a ¢-factory there 1s an additional
dependence on the polar and azimuthal
angle 0, ¢ of the kaon momentum in the
laboratory frame:

5(0.0)= [ 85000

isin g, e'"

= Y [Aao + fAa, cos ycost
Am —_—
+ fBrAay sin y cos Osin Q) Q: Earth’s sidereal frequency

y : angle between the z lab. axis and

+ B.Aa. sin ¥ cos @ cos Q¢
P Ay Sy ] the Earth’s rotation axis
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Measurement of Aa,, at KLOE

Aa, from Kg, semileptonic asymmetries 493(isin i¢sw)
As, (with symmetric polar angle 6 and Ag—A4, = P ™ W'k Aa,
sidereal time t integration) Am

with L=400 pb-! (preliminary): ‘Aao =(O.4i1.8)><10_17 GeVI

with L=2.5fb-1:6(Aay) ~ 7 x 1078 GeV  (Aa, evaluated for the first time)

Aay .y, from ¢ > KK, »>n'n n'n”
(analysis vs polar angle 6 and sidereal time t)

With L=1 fb' (preliminary):

Fit to: I[ﬂ*n”(;qs@>0),7z*7z”(cos6’<0);4\t] Aa, =(—6.3i6.0)><10_18 GeV
* at At~1, sensitive to Im(0/¢)
n_=&-5(p,0,1) : Aa, =(2.8459)x10™ GeV
cos0<0 o Aa, =(24£9.7)x10™ GeV
”6 7 =\&aXTF. /)X Cc
_____________________ ' - v S
- KTeV :Aay, Aay, < 9.2 x 102GeV @ 90% CL
T KS,L BABAR AgB B _ B ) -13
- cos0>0 a®, o, (AaB; —0.30 Aa®, ) ~O(10-° GeV)

[PRL 100 (2008) 131802]
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Measurement of Aa,, at KLOE

A3, from Kg, semileptonic asymmetries 49%(isin i¢sw)
As, (with symmetric polar angle @ and A, —A4, = P ™" W'k Aa,
sidereal time t integration) Am

with L=400 pb-! (preliminary): ‘Aao =(O.4i1.8)><10_17 GeVI

with L=2.5fb-1:6(Aay) ~ 7 x 1078 GeV  (Aa, evaluated for the first time)

Aay .y, from ¢ > KK, >7n'n" n'n With L=1 fb-! (preliminary):

100 d Elnmﬁ 33757 j Sldereal tlme t)

% 0. - 4. sidereal hours , ) _

) 16<0):41] Aa, =(-6.3£6.0)x10™"* GeV

70

Aa, =(2.845.9)x10™ GeV

, 60 =

50 &

T |
ol - Aa, =(24+9.7)x10™"* GeV
" KTeV :Aay, Aay < 9.2 x 1022GeV @ 90% CL
o Aty BABAR AaP_, (AaB,—0.30 AaB, )~O(10-3 GeV)
T I I T I [PRL 100 (2008) 131802]
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4) Future plans
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KLOE-2 at upgraded DA®NE

Upgrade of DA®NE in luminosity:

Crabbed waist scheme at DA®NE (proposal by P. Raimondi)

- increase L by a factor O(5) - Successful experimental test at DA®NE
- requires minor modifications
- relatively low cost

see Bossi’s talk

- phase 0: KLOE restart taking data end 2009 with a

KLOE-2 Plan: { minimal upgrade (L~5 fb-")
- phase 1: full KLOE upgrade (KLOE-2) > 2011 (L>20 fb")

Physics issues: Detector upgrade issues:
* Neutral kaon interferometry, CPT * Inner tracker R&D
symmetry & QM tests « vy tagging system

* Kaon physics, CKM, LFV, rare Kq - Calorimeter, increase of granularity

decays _
 FEE maintenance and upgrade

*nn physics C t d networki dat
- Light scalars, yy physics ompu llng and networking update
« etc.. (Trigger, software, ...)

» Hadron cross section at low energy,
muon anomaly
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DA®NE Luminosity versus colliding currents

Luminosity vs Current Product
= 35000
2 [ @ [limey -
£ 30000 | . Rt
£ |+
= i H+i|} :
| '{l' '
25000 | #H*rT|| CRAB O t
J ptics
i th"” B 24/11/2008 NEW COLLISION SCHEME:
20000 |- Py — Wit Large Piwinski angle
i i Crab-Waist compensation SXTs
15000 | 5
i r: -.L-u"'L.I"r -
# ot Ot
10000 |- | t||'1 WJ,I'{”u -
_*KLOE/HNUEA
(] LS S 12/04/2007 Finud t - .
o AT mE 160972005 17 months original collision scheme
- + B 15/09/2004 4 months
I e T PR N | 23/07/2004 3 months | W
0 0.25 0.5 075 1 1.25 1.5 1.75 2 2.25 2.5
120"Am p: fMNbunch
from P. Raimondi’s talk
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Interferometry at KLOE-2: ¢ ->KK, 5>nrn~ wrn-

Possible signal of decoherence
concentrated at very small At

I(mtn, Ttn;At) (a.u.)

At/tg
Theoretical distribution

0.1

0.08

0.06

0.04

0.02

I(mtn, wtn;At) (a.u.)

fﬁ%@%

%% Black hist. :
o(At)~1tg => 6Mmm
(KLOE)

Red hist:

o(At)~1/4 14=> 1.5mm
(KLOE + inner tracker)

Blue curve: ideal

1 2 3 4 5 6 7 8 9 10

I(deltat) At/TS
Reconstructed distribution (MC)
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Inner tracker at KLOE

B 5 independent tracking layers for a fine vertex reconstruction of Ks and n
¥ 200 pm o,, and 500 pm o, spatial resolutions with XV readout

E 700 mm active length

E from 150 to 250 mm radii

E 1.8% X, total radiation length in the active region Y%7

-
ool

_Realized with Cylindrical-GEM detectors ="

/ N
G~y

i 1o
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Perspectives with KLOE-2 at upgraded DA®NE

Mode Test of Param. Present best published KLOE-2
measurement =50 fb-L
K.—omev | CP,CPT Aq (1.5+11) x 103 +1 x 1073
wtn- mev | CP,CPT AL (3322+£58+47) x 10° + 25 x 106
wtn- oo CP Re(g’/g) (1.65 +0.26) x 103 (*) +0.2 x 103
ntn- w00 | CP, CPT Im(g’/g) (-1.2+23)x 103 (%) +3 x 103
mevV eV CPT Re(d)+Re(x) | Re(8) =(0.25%0.23) x 103 (*) +0.2 x 103
Re(x)=(-42+£1.7)x 103 (*)
mevV eV CPT Im(3)+Im(x,) | Im(8) =(-0.6 £ 1.9) x 10> (*) + 3 x 1073
Im(x,) =(0.2+£2.2) x 103 (*)
T W Am (5.288 £ 0.043) x 107 s +0.03 x 109 51
(*) = PDG 2008 fit
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Perspectives with KLOE-2 at upgraded DA®NE

Mode Test of Param. | Present best published KLOE-2
measurement =50 fb-L
T T QM Coo (1.0+2.1) x 106 + 0.1 x 106
T T QM Cs (1.8 +4.1) x 102 + 0.2 x 102
T Tt CPT & QM o (-0.5+2.8) x 101/ GeV + 2 x 1017 GeV
T TR CPT & QM (2.5+ 2.3) x 10'1° GeV + 0.1 x 1019 GeV
T T CPT & QM (1.1 £2.5) x 1021 GeV + 0.2 x 1021 GeV
compl. pos. hyp.
+ 0.1 x 1021 GeV
ntn- mn- | CPT & EPR corr. Re(w) (1.1£7.0) x 104 +2 x 10°
T TR CPT & EPR corr. Im(w) (3.4+£4.9)x 104 +2 x 10
Kg —>mev CPT & Lorentz Aa, [(0.4 £ 1.8) x 1017 GeV] + 2 x 1018 GeV
T T CPT & Lorentz Aa, [(2.4 +9.7) x 10-18 GeV] + 7 x 101° GeV
wtn- mev | CPT & Lorentz Aay y [<10-2! GeV] + 4 x 101° GeV
[....] = preliminary
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Conclusions

*The neutral kaon system is an excellent laboratory for the study of
CPT symmetry and the basic principles of Quantum Mechanics;
*Several parameters related to possible
*CPT violation (within QM)
*CPT violation and decoherence
*CPT violation and Lorentz symmetry breaking
have been recently measured at KLOE, in same cases with a
precision reaching the interesting Planck’s scale region;
All results are consistent with no CPT violation
*The analysis of the full KLOE data sample (~2.5 fb-") is being
completed;
*KLOE and DA®NE are going to be upgraded;
*Neutral kaon interferometry, CPT symmetry and QM tests are one of
the main issues of the KLOE-2 physics program

*Other interesting QM tests possible, e.g. quantum eraser.
see Hiesmayr's talk
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