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Abstract: <span>The three discrete symmetries of Quantum Mechanics, charge conjugation, parity, and time reversal, are all violated, singly or in
pairs. CPT is the only combination of these symmetries which appears to be conserved in Nature.&nbsp; Even though this result is in agreement
with the well known CPT theorem, that holds for standard quantum field theories, CPT violation in some cases might be expected and justified in
the framework of a quantum theory of gravity.&nbsp; Here the last and more refined experimental searches for CPT violation effects will be
reported with a special focus on the tests performed on neutral meson systems and the interplay between CPT symmetry and the basic principles of
Quantum Mechanics.&nbsp; No deviation from the expectations of CPT symmetry and quantum mechanics is observed, while the precision of the
measurements, in some cases, reaches the interesting Planck scale region. Finally, prospects for this kind of experimenta studies will be
presented.</span>
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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 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.
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CPT: introduction

Consequences of CPT symmetry: equality of masses, lifetimes, |q| and |u|
of a particle and its anti-particle.

Neutral meson systems are the most intriguing systems in nature; they offer
unique possibilities to test CPT invariance;

e.g. taking as figure of merit the fractional difference between the masses of
a particle and its anti-particle:

-18
neutral K system ‘mK.. - M, /nrh. <10

-14
neutral B system "”H“ "”,;H‘/’”u <10
proton- anti-proton |m -m ’/m <107
/I I? l?
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The neutral kaon: a two-level quantum system K

0 7 0
K% and K°can decay to common final K K
states due to weak interactions: T/
strangeness oscillations S=+1 {’. d , e S .l S=-1
K" /rr. E” /H'
P[K (1 =0) =K"]
PK°(t=0) =K"|
(I)S (I)L
oNe OMVNVe L
. .—n addl 0 1 2 3 4 5 6
0
K w=m, K {1/m;)
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The neutral kaon: a two-level quantum system K

0 0
K and K°can decay to common final K K
states due to weak interactions: T/
strangeness oscillations S=+1 {’. d €——> S .l S=-1
K' /rr. E“ /ﬂ'
P[K (1 =0) =K"]
PK(t=0) =K"|
(')S (l)L
oWe MV e L
. .—n pad 0 1 2 3 4 5 6
0
K w=m, K {1/m;)
A. Di Domenico Experimental search for quantum gravity: the hard facts - October 22 - 25, 2012 - Waterloo, ON, Canada

Pirsa: 12100120 Page 8/68



The neutral kaon system: introduction K

o ()
The time evolution of a two-component state vector W in the{K”J’( } space is
given by (Wigner-Weisskopf approximation): p
i~ (1) = HY(:)
ol
H is the effective hamiltonian (non-hermitian), decomposed into a Hermitian
part (mass matrix M) and an anti-Hermitian part (i/2 decay matrix I') :

i m, m,\ (L, I,
H=M-—-TI-= == )
2 m, m,/ 2\I, L,

Diagonalizing the effective Hamiltonian:

eigenvalues eigenstates

- I () 70
}Ls.!, =Mg, = ,’, [, ‘1‘.\' z,> = [(l +F-”')‘A >t (l _F"-"')‘l‘ >]

P 21 +ey,|)
’K,\'_[ (’)> . (Jif)l”{ K.\‘.I, (())> |
1s~90ps 1 ~51ns

‘<K* K, )=¢5+e, :()| \/(l *
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The neutral kaon system: introduction K

y 750
The time evolution of a two-component state vector W in the{Kt K } space is
given by (Wigner-Weisskopf approximation): P
i~ (1) = HY(:)
ol
H is the effective hamiltonian (non-hermitian), decomposed into a Hermitian
part (mass matrix M) and an anti-Hermitian part (i/2 decay matrix I') :
H=M—j_r= ’”]] ”IIZ __i_ lﬂll r!)
2 m, m,/) 2\I, L,

Diagonalizing the effective Hamiltonian:

eigenvalues eigenstates
i

s = Mgy = ~ r.w‘ ‘K-H-> - \/z(l) [(l +Es, )‘K“> - (I &5 )‘K”>]

A

’K.\._,(!» =g st Ry (())> | K, ,> are

=90ps 7 ~51ns L) k)] B

o S Ve o .
(K, |K,)=e;+¢, =0 small CP impurity ~2 x 10
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The neutral kaon system: introduction K

y 750
The time evolution of a two-component state vector W in the{Kt K } space is
given by (Wigner-Weisskopf approximation): 3
P2 (1) = HY(:)
ol
H is the effective hamiltonian (non-hermitian), decomposed into a Hermitian
part (mass matrix M) and an anti-Hermitian part (i/2 decay matrix I') :
H=M—‘i‘r= ’”]] ”IIZ _j_ lﬂll r!)
2 m, m,/ 2\, L,

Diagonalizing the effective Hamiltonian:

eigenvalues eigenstates
- r I #0 0
A’S.l, =Mg, _;r.x'./‘ ‘1\”'> - "(l+‘€ ) [(I+F"-")A >t(l _F"-"')‘l‘ >]
- ~ S.L

’K.\'.[ (’)> = "HA\ ! K.\‘.L(U)>

|
Ts~90ps Tt ~51ns = \/(wa ‘) [
‘<K.\ |K:_> =E +E, # ()|

K> are

K]‘_,>K_,_I>] l CP=11 states |

small CP impurity ~2 x 103
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CPT violation: “standard” picture

CPT violation in the mixing:

E¢, =Ex0 Em= = — = — -
' Q(Ax - )L,‘) Am +iAl'/2
S = H,-H, _ l(’”:: -m,,) —(1','2)(1“3_, -T;))
2(Ag - 2,) 2 Am + iAT/2
my=m., , My =M,
* d # 0 implies CPT violation =L, , L,,=I

* ¢ # 0 implies T violation

« ¢ #0ord#0 implies CP violation Am=m, —mg , Al'=I;-I,

Am =35%x10" GeV
ATl =T, =2Am =7 x 107" GeV

(with a phase convention 3I, =0 )
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1) “Standard” tests of CPT symmetry
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CPT test: “standard” picture — Re(0) K

Test of CPT in the time evolution of

KH C‘
neutral kaons using the semileptonic - - »<n
asymmetry (CPLEAR experiment - CERN) =0 i
L oo , R.(T)-aR (1) E_(T)—(IRJT)
L 4@=2 e
004 | H Ri(t)+aR (t) R-(t)+aR (T)
?*v*iu*r**“**##**f**ﬁw 1R @=R Ko = @ ),,)
ol b Rao@=R K= @),
_”:T;‘i’“i"'Es“'é'"1‘0‘“1‘2‘“1‘4“‘1‘5"'1‘3“'zo o=+ 4}]{5!‘

Neutral—kaon decay time [1,]

Ay (T >>75) =8R0

R6 = (0.30 = 0.33 + 0.06) x 10°3

PLB444 (1998) 52
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CPT test: “standard” picture — Re(0) K

Test of CPT in the time evolution of

KH C‘
neutral kaons using the semileptonic - - +<Ir
asymmetry (CPLEAR experiment - CERN) =0 RN
B ooef , R.(T)-aR (1) E_(T)—(IRJT)
L 4@== e
004 H Ri(t)+aR (tr) R-(t)+aR (1)
@ﬁwmﬁﬁmWﬁﬁ%mﬁ*++KIMW=R@ﬂw—”U”H”WLJ
ol b R @ =R K =), )
_r);f;.i...i...é...é...|¢0...112...1L4...145...1L8...20 a=1+ 4:']'{8!‘

Neutral—kaon decay time [1,]

Ay (T >>75) =8R0

RS = (0.30 0.33 + 0.06) x 10

PLB444 (1998) 52
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CPT test: the Bell-Steinberger relation

Unitarity constraint: \l\'>=u.\h' Y+a,|K,)

(- 44K ) = Slasl 1K) a1, )
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CPT test: the Bell-Steinberger relation

Unitarity constraint: )l\'>=u.\K Y+a,|K,)

(41RO ) - Shalsir)sadr 1K}

/(Ts+T, \[ Ne
[ | =—=%+itangg, | ——5 -iJ6
[ -1 | + ‘F‘_ 7

\ All measurable quantities:

branching ratios of maln kaon
decays, 1, = (/|T|K,)/(/,|T|Ky)
T , T, Py =arclun("Am/Al“)
(from KLOE, CPLEAR, KTeV,
NA48 experiments)

(7[riK,)
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CPT test: the Bell-Steinberger relation

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

(~JKOF) = Sl vl 1K

(R i e B ms)

All measurable quantities:
branching ratios of maln kaon

- decays, 7, —< >/< >
Recent K'TeV result: s, T, P, =arclun("Am/Ar)
. . (from KLOE, CPLEAR, KTeV,
Im 3 =(-1.5 + 1.6) x 10™ NA48 experiments)
PRD 83, 092001 (2011)
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CPT test: the Bell-Steinberger relation

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

(~JKOF) = Sl vl 1K

e | o R | ...,\\
:\ ( r:iil—‘: +7tan (j)w. K l +l:‘: I50 ] Z ‘T‘ lT| l\l .>",f’|

All measurable quantities:
branching ratios of maln kaon

- decays, 1, —< >/< >
Recent K'TeV result: s T, ¢, =arclun("Am/AF)
. — (from KLOE, CPLEAR, KTeV,
Im 3 =(-1.5 + 1.6) x 10™ NA48 experiments)
PRD 83, 092001 (2011)
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CPT test: the “standard” picture K

(m!;_-{. - mK”) -~ (i._.'2)(l},--.. - FK[.)

o
0 =— : N
2 Am +iAl'/2 (I‘ T )
KK \ 95%C.L
(][)_‘hGL‘\'?:) | \\ \
‘"\\f‘\\
Combining Red and Imd results > \\

Re 8 =(0.30 £ 0.33) x 107

N

Im d =(-1.5 £ 1.6) x 107

. _ (mh. -m. ) (l(l a (}c\")
Assuming (I*Kt. - ITK,. )= 0 ,i.e. no CPT viol. in decay: |

‘mﬁt, - mK.,| <48x%x10™" GeV | at95%ec..
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CPT test: the “standard” picture K

(m!;_-{. — mK”) - (i._.'Z)(FA—,.. -~ FKI.)

o
(b R — : 16
2 Am + iAl'/2 (I‘ T )
K K’ ' 95% C.L
107°Gev) \
\\\
Combining Red and Imd results > \\\

Re 8 =(0.30 £ 0.33) x 107

N

Im d =(-1.5 £ 1.6) x 107

(mA. -mg ) (l(l a (}CV)
Assuming (I‘Kt, - F!\_,. )= 0 ,i.e. no CPT viol. in decay: |

‘mﬁt, - mK.,| <4.8x%x10™"” GeV | at95%ec..
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CPT test: the “standard” picture

From the study of the time evolution of neutral B mesons with opposite flavor
(and also other) decays

P(Bu —>B“) _ P([_gtl _)[_}u)
P(Bn —3‘8“) + P(E“ —"[—3“)

A('m =

PDG av.

BABAR PRL 96, 251802 (2006)
BELLE PRD85, 071105(R) (2012)

B" B"

Assuming (F -T. ) =() ,i.e. no CPT viol. in decay:

‘mn.. - mh‘(,| <~5%x107" GeVlH at95%c.l.
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Neutral kaons at a ¢-factory K

Production of the vector meson ¢

in e'e” annthilations: | Ks
e’ — q) (y(l].._._] ub - b\(])l'q\ - -
W=m,=1019.4 MeV K

¢
* BR(¢ L) K'K") ~34%

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

]

Sk )K" (-5)) - K (P& °(-p)]

g

. Ve - N ) ) ) .
with JF'¢ = 1“0: _— = $UK5‘(/’)>‘K!.(_F)>_‘K{.(f))>‘Ks'(_/))>]
Pk = ev/c - : ‘ ‘
A'Szﬁ mm )\1‘:3-5 m N=V(l+‘:‘.\‘h)(l+‘r, h)/(]-z'_\f,)gl

(KK are not perfectly back-to back in the lab because ¢ has a small momentum p(¢)~13 MeV)
The detection of a kaon at large (small) times tags a K¢ (K,)
=> possibility to select a pure Kq beam (unique at a ¢p-factory, not
possible at fixed target experiments)

A. Di Domenico Experimental search for quantum gravity: the hard facts - October 22 - 25, 2012 - Waterloo, ON, Canada

Pirsa: 12100120 Page 24/68



Neutral kaons at a ¢-factory K

Production of the vector meson ¢

g o s3sq e ) K.
in e'e” annihilations: | 4 S,L _
e’ —=¢ Og,~3ub - ‘:‘“‘\‘ —
W=m,=1019.4 MeV Ky o
* BR(¢p — KK ~34% "
* ~10° neutral kaon pairs per ]
pb~! produced in an i) = -~;)—UK“(/})>[K”(—/))> - ‘K“(;i))‘k’“(—/))ﬂ
antisymmetric quantum state
with J/¢ =1 [ p ‘K )>—‘K,.(/3)>‘KS.(—/))>]
px = 110 MeV/e
AA=6mm A, =3.5m N = Vf(l e[ ) 1+ e “')/(1 e, )=l

(KK are not perfectly back-to back in the lab because ¢ has a small momentum p(¢)~13 MeV)
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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The KLOE detector at the Frascati ¢-factory DA®NE

DAFNE .
collider

2005: 1256 pb'!
2004: 734 pb!

'
Fel Mar \ May nJul \ | Ot Nov Ik

Total KLOE [£ dt ~ 2.5 fb" |
(2001 - 05) — ~2.5x109 KK, pairs
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The KLOE detector at the Frascati q)-factory DA®PNE

DAFNE!U
collider

Integrated luminosity (KLOL)

1400

| dt
[ b

2005: 1256 pb'!
2004: 734 pb!

I
Feb  Mar

(2001 - 05)

r May Jun Jul  Aug Sep Oct  Nov I

Total KLOE [£ dt ~ 2.5 b’

— ~2.5x10° K¢K, pairs
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Correlated B meson pairs

Y(4S) produced with Py =0.425 ] * R
by the asymmetric collider e, ‘ ! Bo
\‘TH.\‘)

—essIll
QM: region of / o "~ Coomme-- ’4’
B” ({' E” [ n \/ | i‘j il
coherent :
evolution )} Z, 7. 7

B° and B? oscillate cnllc/rcnll}'.
When the first decays, the other is
known to be of the opposite
flavour, at the same proper time

Than the other B" oscillates
freely before decaying
after a tume given by

At=Az/cB 7

N.B. : production vertex position Z, not very well known : only Az 1s available !
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W

Correlated B meson pairs

Y(4S) produced with Py =0.425 ‘ s

by the asymmetric collider e, - .
\ l( — B
Y(4S5Eii s o tine

——tSITL ::
QM: region of / hhhhhhhhhh o

BO t(' -BO L ~ \/ . [5 = L

coherent ::

evolution 4 Z, y ;

B° and B oscillate coherently.
When the first decays, the other 1s
known to be of the opposite
flavour, at the same proper time

Than the other BY oscillates
freely before g
after a time

At=A7z

N.B. : production vertex position Z, not very well known : only
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Correlated B meson pairs

Y(4S) produced with Py =0.425 l /R
by the asymmetric collider e, u ‘ , 70
\‘TH.\‘)

_b-l:::::i:_____
QM: region of / B " Cee-- ’4’
B” ((’ P” [ " \/ i i‘i g el
coherent :
evolution 1 Z, > 7

B° and B oscillate cnllc/rcnll}'.
When the first decays, the other is
known to be of the opposite
flavour, at the same proper time

Than the other B" oscillates
freely before decaying
after a tume given by

At=Az/cB 7

N.B. : production vertex position Z, not very well known : only Az 1s available !
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B-factories

BABAR @ PEP-II BELLE @ KEKB
collected L=557 fb" collected L=1040 fb’

BABAR Detector

| MuonMadron Detector
Magnet Coll
. Electron/Photon Detector
' Cherenkov Detector

. Tracking Chamber

‘ Support Tube

gy A/_ q
-;_.. s " L
TR

mn -
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Neutral kaon interferometry £\ K

\\ i

|f> = \/Zi"[‘k’.\(finkz (‘/})> - ’K: (/))>|K.&(_l-’)>] 7 Kss ©) . a

AI ,/' ,_\ “. ‘I\ y

Double differential time distribution:

) A

()

XU VA2

I(fio1 forly) = Clz{lnl 2 Tt =Tyty | |

where 7,(7,) 1s the proper time of one (the other) kaon decay into f, (f,)
final state and:

L ‘)L e <f’ ‘T|K,_ >/<f’ m K»"> characteristic interference term
C, = "\; Kfl |T| K‘S.><f2 T’K.x >‘ at a ¢-factory => interferometry

From these distributions for various final states /, one can measure the
y : ’ t1a0s - = ¢ 1]
following quantities: I\ , I, , Am, n|, ¢. = dl‘gp(}),.)
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Neutral kaon interferometry: main observables K

[(At) (a.u) [(At) (a.u)
MO +Nx

IO + Jx

+
0—=>KK, =a'lv xl'v iy
I(A1) (a.u) /
T lv
-
A<
e At/
- KK, =»n'n" n'n .
¢ = KK, ¢ — KK, = arx alv
/ '
W € of € A = 2:“ E —ﬂtO
?)l I \\ . ‘
€ € At/tg -Ry -Rx_
D
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+ - + -
p =K K, »nn n'n
| — — : - . . : L f g
|,> _ $UK“N K“> _ K“>‘K“>] Same final state for both kaons: f, =/, =n*n
= |
At=|1,-1,| S
~— rain™
. =~ / N
¢ Tt <] { S —— — —
n_® O @ ~ k]
Il l‘\ JT \.‘ L 'f
“ b 8 N 0.8 I
' f
|
|
)6 =
[
-
0.4 j
02 |
/
/
0"".|I‘l|‘|.il\..|.]I....I]...Ill“..]I]..Il
C . - | 1.9 10 12.5 15 175 20 22.5 5
At/tg
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¢ =KK, —=ntn” wtn” : test of quantum coherence
UKU>‘K1|> ‘Kn> Kn>]

KK°(a1))] +

i) =

-

N

1(:r+:r'.:r+fr':At) =4 E“K”(A’w

<JT+:T_.JT+J'T_

K“K“(Az))')]

<JT*:T',JT‘:'T_

-2

K"K”(At))(:r*:r‘.fr’fr'

T
<J'T.Tf.ﬂ'ff
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¢ = KK, =ntn” wtn” : test of quantum coherence

K"R"(AID‘J + <:r*sr' nn

i) = [k IR - [ e
KK ()|

() )

I(:rfr T At)=f

<:r*:r' A

K”E”(A!)X,fr?r,;r*:r

<fr*fr,rr’:r

{1-¢;) 2%
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¢ =K K, =m*n wtn : test of quantum coherence K

K“)]

Kn>

)= K" R)-

)]

<fr*fr'.:r*zr' K“R“(A(D‘J +

(' ' |K°K°(Ar))

I(:r*:r‘.rr*:r':At) =

2R <;r*fr,7r’:r ‘K"E"(Af))(fr*:r,ﬂ*fr ‘E“K“(At»\ )}

Decoherence parameter:

E-=0 — QM

=00
&; =1 — 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)

A. Di Domenico Experimental search for quantum gravity: the hard facts - October 22 - 25, 2012 - Waterloo, ON, Canada

Pirsa: 12100120 Page 37/68



¢ =K K, =m*n wtn : test of quantum coherence K

K“)]
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)= =K R)-

)]
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I(:r*:r‘.JT*:r':At) =

R{(7'n ' KK (A)) (77 77 K “K“(A:)}”)}

Decoherence parameter:
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=00
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¢ =KK, =m*n wtn : test of quantum coherence K

K“)]

Kn>

i) =5 [K")R) -

)]

<:r*fr'.:r*.rr‘ K"E"(A()MJ +

<:r*fr‘ A }I?"K”(AID

I(:r*fr'.;r*:r':At) =4

(7' ' KK (A)) (77 77 K “K“(Ar)}"”

Decoherence parameter:

E.=0 — QM

=00
;=1 — 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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¢ =K K, =mtn wtn : test of quantum coherence K

K“)]

Kn>

i) =5 [K")R) -

)]

<:r*fr'.:r*zr' K“I?”(A(W +

(' ' |KK°(Ar)

I(:r*:r'.JT*:r':At) =3

MR <.;T+JT,H+JT ‘K”E“(A[)><H+ﬂ,ﬂ+ﬂ E“K“(A[)y):l

Decoherence parameter:

E.=0 — QM

=00
- &; =1 — total decoherence
(also known as Furry's hypothesis

or spontaneous factorization)
C.-=0 [W.Furry, PR 49 (1936) 393]

/ At/t Bertlmann, Grimus, Hiesmayr PR D60 (1999) 114032
| s ﬂ . * Bertlmann, Durstberger, Hiesmayr PRA 68 012111 (2003)

A. Di Domenico Experimental search for quantum gravity: the hard facts - October 22 - 25, 2012 - Waterloo, ON, Canada

Pirsa: 12100120 Page 40/68



¢ =KK, =mtn e : test of quantum coherence K

* Analysed data: L=1.5 fb~’
—e . . . 1400 ® Dan
* Fit including At resolution and KK, -+ XKx'"

efficiency effects + regeneration 1200 e ¥

L2

PLB 642(2006) 315 1000
KLOE result: J.phys.Conf.Ser.171:012008,2009. etpecd

;m = (] 4+95 + 38 ) X ]()*7 800

~STAT = SYST

Observable suppressed by CP | -

2 2 l()—h 00 |

violation: n,_|> ~ |
—> terms Sy, I
=> high sensitivity to C,,

200 ¢

From CPLEAR data, Bertlmann et al. ! ’ ! o ’ v .
(PR D60 (1999) 114032) obtain: Al/‘f\

C.-=04%0.7

=00
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¢ =KK, =m*n mwtn : test of quantum coherence K

* Analysed data: L=1.5 fb~’

~e, s . . 1400 ® Dan
* Fit including At resolution and KKy - K'X'R
efficiency effects + regeneration 1200 e ¥

L2

PLB 642(2006) 315 1000
KLOE result: J.phys.conf.Ser.171:012008,2009. petpecd

;m = (1 4 L)'S.\"I‘AI' * 3-85\‘8'1') x 107 e

Observable suppressed by CP
violation: |n,_|> ~ [¢|2 ~ 1070
=> terms Coo/ I,

=> high sensitivity to g,

From CPLEAR data, Bertlmann et al.

(PR D60 (1999) 114032) obtain:
&, =040.7 ;
| Best precision achievable in an entangled system

|

AT,
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¢ =K K, =m*n e : test of quantum coherence K

The decoherence parameter C depends on the basis in which the
spontaneous factorization mechanism 1s specified:

- =0 (QM) C =1 (total decoherence)
s 0= UK - KK] = KK or KK
basis \2 L/ITEs s/I™L LIRS
p <) g Tt i (iR Yo i, )f
[Ty suppressed by CP violation suppressed by CP violation

K“E“ |’ %[’K“>’K“> _ ‘En> K“>:| - ‘K“>‘R“> or ’E“> Kn

)

basis X i
e Uelem el e e )
<:r':r |’/~‘E"> ~ " suppressed by CP violation not suppressed by CP violation

=> intuitive explanation of the high sensitivity to € ;
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¢ =KK, =m*n e : test of quantum coherence K

The decoherence parameter C depends on the basis in which the
spontaneous factorization mechanism 1s specified:

c =0 (QM) C =1 (total decoherence)
- lRK) KK = KK or [K)K)
basis ’\/7 L S M L L S
i {}:r T T\A,} TR <;T*JT,JT*JT‘T|:'>‘: [ <J’T+JT’T’KX><]T+JT T K,>‘_
(7" [TIK ) suppressed by CP violation suppressed by CP violation

KUE(I |’ %[’K“>’K“> _ ‘En> K“>:| - ‘Kn>‘]?n> or ’E“> Kn

)

basis , ,
e Uelem el e kY )
<:r':r |’/~‘E"> - suppressed by CP violation not suppressed by CP violation

=> intuitive explanation of the high sensitivity to € ;
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¢ =KK; =m*n wtn : test of quantum coherence K

The decoherence parameter C depends on the basis in which the
spontaneous factorization mechanism 1s specified:

- =0 (QM) C =1 (total decoherence)
s 0= IR - KK] = KK or (KK
basis A2 L/ITEs s/I™L LIRS
o) g et )] Lo (o [T1K Yo' K )
\ra 1Ky suppressed by CP violation suppressed by CP violation

K“E“ |’ %UK“>’K“> _ ‘En> K“>:| - ‘Kn>‘l?n> or ’E“> Kn

)

basis X i
R O IR Ced O R
<:r':r |'/-‘E"> ~ " suppressed by CP violation not suppressed by CP violation

=> intuitive explanation of the high sensitivity to € ;
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¢ =KK, =m*n wtn : test of quantum coherence K

)]

I(;r*:r‘.:r*fr':m) - L <fr*:r',:r*;r‘ K“R“(AIW .

<:r*zr' gt I?“K”(Ar)>

2R <;r*fr,7r’fr ‘K”E“(A!))(Jfﬂ,ﬂ*ﬂ I?“K“(At)>”

Decoherence parameter:

E-=0 — QM

=00
e &; =1 — total decoherence
(also known as Furry's hypothesis

or spontaneous factorization)
C.-=0 [W.Furry, PR 49 (1936) 393]

/ At/t Bertlmann, Grimus, Hiesmayr PR D60 (1999) 114032
| s 1 : * Bertlmann, Durstberger, Hiesmayr PRA 68 012111 (2003)
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Test of quantum coherence in neutral B mesons

At dependent rates: opposite sign di-lepton vs same sign di-lepton
1007 0% At) = 1(07 0% At)
I(0F 0% A + (07,07, A)

A(Ar) = CcOS(AmAtL)

\

. : . M prediction
After correcting for At resolution and selection QM p

efficiency by a deconvolution procedure:

2 6
S 3
0 fitted value
~ -1
3 An . = (0.501:0.000) e L~150 fb
g 1 5.2(11 dol
© 0.75F s (error from |
€ os} o — A% (error Trom Amy) BELLE PRL 99 131802 (2007)
g 0.25fp
0 0 o ™ . = 7C
< g6k P -~ G =0.029 +£0.057
0.5F
0.75F F =
il 3 B no enhanced sensitivity (f.»|T|B >
" " Jop |\t M H
’ - y lps";" due to CP violation here |/ 7B,)| O(1)
(n not very small) WerltlT
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Test of quantum coherence in neutral B mesons

At dependent rates: opposite sign di-lepton vs same sign di-lepton
10 07 At) = 1(07 07 AY)
I(0F 07 A+ I(0 0% At)

A(Ar) = CcOS(AmAt)

\

. : . M prediction
After correcting for At resolution and selection QM p

efficiency by a deconvolution procedure:

2 6
3 3
0 fitted value
~ -1
3 Am . = (0.50140.000) ne L~150 fb
:L: 1 5.2(11 dol)
Q 0.75F = (€ITO! (8) 4
€ os} o— A (error Trom Amy) BELLE PRL 99 131802 (2007)
g 0.25f
7 0 o " . == 2C
< g5k P -~ Gs =0.029 £0.057
0.5F
0.75F F =
1E O no enhanced sensitivity {f.|TIB, )]
. ' JCP |17 |™H
’ 0 - due to CP violation here |/ 7B,)| o)
(n not very small) WerlPIEL
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Test of quantum coherence in neutral B mesons

At dependent rates: opposite sign di-lepton vs same sign di-lepton
1007 07 At) = 1(07 07 AY)
I(0F 07 A+ (0,07 At)

A(Ar) = COS(AmAt)

\

. : . M prediction
After correcting for At resolution and selection aMmp

efficiency by a deconvolution procedure:

2 6
S 3
0 fitted value
3 Am . = (0.50140.000) ne L~150 fb"
:L:' 1 5.2 (11 dof)
© 0.75F s (error fro
€ os} o — 1234 (emros Trom Amy) BELLE PRL 99 131802 (2007)
g 0.25f "
7 0 - . 7C
< g5k P -~ G =0.029 £0.057
0.5F
0.75F F =
] : B no enhanced sensitivity (fpT|B,)
. ' JCP |7 |™H
° i y lps";" due to CP violation here |/ 1B,)|” O(1)
(n not very small) ORI
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Test of quantum coherence in neutral B mesons

At dependent rates: opposite sign di-lepton vs same sign di-lepton
105,07 A1) = 1(07,0%;AL)
100 07 A+ I(0* 0% At)

A(Ar) = COS(AmAt)

\

. : . M prediction
After correcting for At resolution and selection QM p

efficiency by a deconvolution procedure:

2 6
S 3
0 fitted value
3 Ann . = (0.50140.000) ne L~150 fb-’
g 1 5.2(11 dol
Q 0.75F = (€ITO! (8)
€ os} o — A (error Trom Amy) BELLE PRL 99 131802 (2007)
g 0.25f
7 0 < ™ . = 7C
< g6k P -~ Gs =0.029 £0.057
0.5F
0.75F F =
i : B no enhanced sensitivity (f.,|TIB,)
' ’ JCP|* |™H
’ ” y lps";" due to CP violation here |/ 7B,)| O(1)
(n not very small) WerltlT
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Decoherence and CPT violation K

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

s . . + <+— extra term inducing
p(f )_ . IHP + [pH D @ 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,p,y:

L(p)=L(p;a, B.y) M,’

. Atmost: o, B,y =0
a,y>0 , ay>p"° M v cx

~2x107"" GeV

[1] Hawking, Comm.Math.Phys.87 (1982) 395; [2] Wald, PR D21 (1980) 2742;[3] Ellis et. al, NP B241 (1984) 381;
PRDS53 (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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Decoherence and CPT violation K

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

; . ‘ + <+— extra term inducing
p(f )— . IHP + [pH ) @ 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,p,y:

L(p)=L(p;a, B.y) M,’

. Atmost: o, B,y =0
a,y>0 , ay>p"° M v cx

~2x107"" GeV

[1] Hawking, Comm.Math.Phys.87 (1982) 395; [2] Wald, PR D21 (1980) 2742;[3] Ellis et. al, NP B241 (1984) 381;
PRDS53 (1996)3846 [4] Huet, Peskin, NP B434 (1995) 3; [5] Benatti, Floreanini, NPB511 (1998) 550 [6]
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¢ >KK, =»n*n” wtn : decoherence & CPTV K

Study of time evolution of single kaons
decaying in s+t~ and semileptonic final state

CPLEAR PLB 364, 239 (1999)

a=(-05+28)x10"" GeV =
3=(25+23)x107" GeV | P,
p=25x2.3)x . single : Ao oK
y=(1.1£2.5)x107 GeV kaons .
In the complete positivity hypothesis w | F
a=y , p=0 - M
=> only one independent parameter: y
The fit with I(x*n",n*n"; At y) gives:
KLOE result L=1.5fb" ’
AU/t
=(07+12,,, 03, )x107 GeV| [|entangled
Y ( STAT SYST ) kianna
PLB 642(2006) 315
J.Phys.Conf.Ser.171:012008,2009.
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¢ >K K, =»n*n” xwtn” : decoherence & CPTV K

Study of time evolution of single kaons
decaying in t+7t— and semileptonic final state

CPLEAR PLB 364, 239 (1999)

a=(-05+28)x10"" GeV =
p=25x2.3)x - single : do oK
y=(1.1£2.5)x10™ GeV kaons *
In the complete positivity hypothesis w | F
a=y , p=0 - ;
=> only one independent parameter: y
The fit with I(x* 7", n*n"; At y) gives:
KLOE result L=1.5fb" o “
At/
=(07+12,,,, 03, )x107 GeV| [|entangled
Y ( STAT SYST ) -
PLB 642(2006) 315
J.Phys.Conf.Ser.171:012008,2009.
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¢ KK, —=n*n mwtn : CPT violation in entangled K states K

In presence of decoherence and CPT violation induced by quantum gravity (CPT operator
“1ll-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) (K )R =[K*)K)) + oK )K" )+ K )R"))

e (K\\'>’K1.> - ‘Ki. >‘K\'>)+“’(‘K5‘>’KS> _‘K1.>‘Kt>)
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¢ KK, —=n*n” wtn : CPT violation in entangled K states K

In presence of decoherence and CPT violation induced by quantum gravity (CPT operator
“1ll-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 o (KR = [K*)K")) ok )K" + (K"K "))

x (K\'>’K1.> - ‘Ki. >‘K\>) _\.>’K_5.> —‘K!‘NK,,))

A. Di Domenico Experimental search for quantum gravity: the hard facts - October 22 - 25, 2012 - Waterloo, ON, Canada

Pirsa: 12100120 Page 56/68



¢ =K K, —=n*n” wtnw : CPT violation in entangled K states K

Im m x10-2

01s

Fit of I{m'n ,w*m ;At, w): - sl

* Analysed data: 1.5 fb-!

0Ous

. PLB 642(2006) 315
KLOE reSUIt' J.Phys.Conf.Ser.171:012008,2009.

O b—

0 —(_ +3.0 -4

R =(-1.651,,, £04,0)x 107 ..

~ +3.3 -4

Sw =(~1.7"0 0 £ 1265 ) x107 |

-3 y

w[<1.0x10"" at 95% C.L. PO MRS L]

018 <01 -0 085 0 008 01 015
Re w x102
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CPT violation in entangled B states

Observable asymmetry of At dependent rates: same sign di-lepton
[0, 07 A) = 1(0 07, At)
(0T 0 AD+ (07,07 Ar)

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

A, (Ar)

*For w#0 A, acquires a time dependence A, (0) = ||
-0 fh-1 504 ey Belle | L~90 fb!
L~20fb" ¥~ BBiR |
._E' 0.1 } .
S TR AN
;o of T e T |
§ 01 " 1 E . &
w-oz
0.3
P | ST PR SRR AR SRR R |
0 2 4 6 8 10 Hp-s1|2
, Babar, Al = ——r—»I ) Belle, Al = peermme— ||
Alvarez. Bernabeu. Nebot JHEP 0611, 087: | —0.0084 < Rw < 0.0100 at 95% C.L.
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CPT violation in entangled B states

Observable asymmetry of At dependent rates: same sign di-lepton
[0, 07 A) = 1(0 07, Ar)
[0 0 AD+ 1(07 07 Ar)

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

A, (A1)

*For w#0 A, acquires a time dependence A, (0) ||
-0 fh-1 504 Ay Belle | L~90 fb!
L~20fo™ ¥ BiBiR, |
E‘ 0.1 : L4 :
o jo 7 e {
§ of [H it R to
. AV L ] =
| o |
P S T T T i '
0 2 A4 6 B 10 Hp-s1|2
| Babar, At = 1 ) Belle, At = wrirer—I
Alvarez, Bernabeu, Nebot JHEP 0611, 087: -0.0084 <Mw=0.0100 at 95%C.L.
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CPT and Lorentz invariance violation (SME) K

e S 10w _ R . A7
O =ising,¢ }/,\-(A(’u By A”)/A’” 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 is an additional
dependence on the polar and azimuthal
angle 0, ¢ of the kaon momentum in the

laboratory frame:

' o 1P gy
[ [ISINQYP ., €
o(p.) = 2y, {aa,

+/'3,\.Aa,,(cosf)cos X —sinf sin¢sin X)

+P [—-Aa’\, sinfsin¢ + Aa, (cos()sin ¥+ sinf cos ¢ cos X)]sin Q21
+[3; [+Aa,. sin@sing + Aa, (cos(} Sin X + sin6cos ¢ cos X)]cosszt}

Q2: Earth’s sidereal frequency 7 : angle between the z lab. axis and the Earth’s rotation axis

A. Di Domenico Experimental search for quantum gravity: the hard facts - October 22 - 25, 2012 - Waterloo, ON, Canada

Pirsa: 12100120 Page 61/68



Exploiting neutral kaon interferometry K

i) =[x &) - [R)K)] =l = (£IT1K,)/(FITIK)

I(.fl»f;:Ar) o {rl.‘j()"’ A4 "13’2"["“;“ - 21);,“1):‘0 s +T )12 cos(AmAt +¢, - ‘Pl)}

Tt
() Tt o .
e o - o2 [L(AL) (a.u)
-+ - » ',‘ 1
(1) ) - i
.. =&l =ol+p,t)/¢ =
(2) 5 -
n,. =&(l-0l-p,t)/¢€
E At/xg
2 2( g OI I:‘>“”1'.}" 'wlr:IIJ:C"")
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K

Exploiting neutral kaon interferometry

i) =[x &) -[&°)K°)] n=nle = (£ITiK )/ (fITIK )

I(f,.fyAt) = {r;,'zc"’ My ‘1)3’20"-“\’ =2 nale ™" TN cos( AmAT + ¢, - q')l)}

.2 [I(AT) (a.u) |

'R(A(“)'/t‘)
from the asymmetry at small At

?H(Ab/t‘)=() because AdLe ; At/
“' a2 N0 =% & o " o ' ] S‘
from the asymmetry at large At S AROITRRTTIVTOTTIUR NVPTTIVYOUR PRI |

Experimental search for quantum gravity: the hard facts - October 22 - 25, 2012 - Waterloo, ON, Canada

A. Di Domenico

Page 63/68

irsa: 12100120



Measurement of Aa, , , at KLOE K

Aay v, from ¢ = KK, = n'n n'n” %
(analysis vs polar angle 6 and sidereal time t; e Kis £ .
integration in azimuthal angle ¢) < ’.-/“

- ’.
- . ; — . " ® JT KS L
I/t (cos0>0), "1 (cos0<0);At] ,2[ - B

*at At~t_ sensitive to Im(0/¢)

0. - 4. sidereal hours

With L=1 fb-' (preliminary): w/dof=131/117

Aa, =(-63£6.0)x10" GeV o B ‘
Aa, =(2.8+5.9)x10™" GeV oot
-18 ‘0 !+l Lﬁ
Aa, =(2.4£9.7)x10™" GeV 1
KTeV :Aay, Aay< 9.2 x 10°GeV @ 90% CL " At/xg

BABAR AaP__ ., (Aa%;—0.30 Aa®, )~O(10-" GeV)
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CPT and Lorentz invariance violation (SME)

B . AxB
~ }/,\.(Aa“ - Py Aa ) boosted B's at B-factory (almost fixed direction)

—

< . = icti i B B
Am —i AT/2 > cannot distinguish between Aa,® and Aa,
i
<003}
searching for a dependence of the form 202 |
Acpr “ + 4]
L = <0 + “1 L()S(Q, +¢)‘ dl|ept0n ');F A__—'-‘._ T:—T .“-ﬁ:-'.'.‘--__
asymmetry | ",
0|
Q|
L~232 fb"! 02 48 G022 N
Time | (800 houy
Bebas [PRL 100 (2008) 131802] ’

Aa; —0.30Aa) =(-3.0=24)(Am/AT)x10™"° GeV
Aay =(-22+7)(Am/AT)x 10" GeV

Aa} =(-1479)(Am/AT) x 107 GeV

.e. ~O(10°3 GeV)
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KLOE-2 at upgraded DADPNE K

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~! of integrated luminosity in the next 2-3 years

Physics program Detector upgrade:
(see EPJC 68 (2010) 619-681) « vy tagging system:
* Neutral kaon interferometry, CPT « inner tracker:

symmetry & QM tests

« Kaon physics, CKM, LFV, rare Kq decays
*n,M physics

* Light scalars, yy physics

» Hadron cross section at low energy,
muon anomaly

* FEE maintenance and upgrade
» Computing and networking update
» etc.. (Trigger, software, ...)
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Prospect for Super B-factories

Test of Param. Present best measurement Super B-factory
L~50 ab'(stat. only)
CPT Re z (1.9+ 4.9) x 1072 + 0.4 x 102
CPT Im z (-8+4)x 1073 + 0.4 x 107}
oM | (2.9 £5.7) x 102 + 3.6 x 1073
oM Gaz. (0.4 =1.7) x 102 +1x 1073
CPT & QM a,B,y
CPT & EPR corr. Re(w) <0.01 +4x 104
CPT & EPR corr. Im(w)
CPT & Lorentz Aa,-0.3Aa, (-3.0 = 2.4) xAm/ATI’ + 1.5 xAm/ATI’
x 1015 GeV x 101 GeV
CPT & Lorentz Aay (-22 = 7) xAm/AI’ + 4.4 xAm/AI
x 1015 GeV x 107" GeV
CPT & Lorentz Aa, (-14 = 12) xAm/AT’ + 7.6 xAm/AI'

x 10715 GeV

x 10°'° GeV
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Conclusions

*Neutral meson systems are unique and excellent laboratories for the
study of discrete symmetries (e.g. recent first direct T viol. observed),
and in particular CPT symmetry.

*Several parameters related to possible

CPT violation (within QM)

*Decoherence and CPT violation

*CPT violation and Lorentz symmetry breaking
have been recently measured at KLOE for K mesons and at
and for B 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 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.
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