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Testing CPT: introduction 0

The three discrete symmetries of QM, C (charge conjugation: q = -q),

P (parity: x = -x), and T (time reversal: t = -t) are known to be violated in nature both singly
and in pairs. Only CPT appears to be an exact symmetry of nature.

CPT theorem holds for any QFT formulated on flat space-time which assumes:

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

Extension of CPT theorem to a theory of quantum gravity far from obvious.
(e.g. CPT violation appears in several QG models)

huge effort in the last decades to study and shed light on QG phenomenology
— Phenomenological CPTV parameters to be constrained by experiments

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

Neutral meson systems 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:

neutral K system neutral B system proton- anti-proton
fme <107 Jmy, —mey| fmy, <107 |y —m | /my, < 107°

‘mKo — Mo
Other interesting CPT tests: e.g. the study of anti-hydrogen atoms, etc..
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and in pairs. Only CPT appears to be an exact symmetry of nature.

CPT theorem holds for any QFT formulated on flat space-time which assumes:

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

Extension of CPT theorem to a theory of quantum gravity far from obvious.
(e.g. CPT violation appears in several QG models)

huge effort in the last decades to study and shed light on QG phenomenology
— Phenomenological CPTV parameters to be constrained by experiments

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

Neutral meson systems 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:

neutral K system

/mK <107"

neutral B system proton- anti-proton
/mB <10  |m, —my|/m, <107

Mo = Mo ‘mBO — Mgy

Other interesting CPT tests: e.g. the study of anti-hydrogen atoms, etc..
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The neutral kaon two-level oscillating system in a nutshell @'

K.) [(1+85L )| K*)=(1-g, )| K >]

CP violation: T violation:
g, =€+0 ‘ ._H,-H, _-idM,,-3T,/2
2(As—2A,)  Am+iAl'/2
CPT violation:
_ H,-H, _ l(ml?o B mKO) _(i/z)(rl?o _FKO)
2(As —A,) 2 Am +iAT/2

* d # 0 implies CPT violation A =m. —m AC=T -T
« ¢ # 0 implies T violation L s s 7L

« ¢ #0ord # 0 implies CP violation Am =35x10"" GeV
(with a phase convention 3, =0)  Al'=Ig=2Am =7 x 107" GeV
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The neutral kaon two-level oscillating system in a nutshell @'

K)o | (1485, )|KO) (-8, )| K°))

CP violation: T violation:

£, :gig‘ ._H,-H, _-idM,,-3T,/2
2(As—2A,)  Am+iAl'/2

CPT violation:
_ H, -H, =l(ml?°_m _FKO)
2(As —A,) 2

amplification factor!!
* 5 # 0 implies CPT violation Al =M. —m AT=T. -T
« ¢ # 0 implies T violation L 57 Sk

« ¢ #0ord # 0 implies CP violation Am =35x10"" GeV
(with a phase convention 3, =0)  Al'=Ig=2Am =7 x 107" GeV
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neutral kaons vs other oscillating meson systems

<m> Am <> AT'/2
(GeV) (GeV) (GeV) (GeV)
KO 0.5 3x10°15 3x10°1° 3x10°15
DY 1.9 6x10-1> 2x10-12 1x10-14
BY, 5.3 3103 | 4x103 | O(10715)
(SM prediction)
B, 5.4 1x101 | 4x103 | 3x10°4
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I I 1 F= KL
K¢ semileptonic charge asymmetries g

Ks and K, semileptonic charge asymmetry T CPT viol. in mixing

r(k,, >z e'v)-T(K,, >7'ev) _ 29;{9 N 2;’ §— 25y £ 290
F(K 51> 7Z'_€+V)+ F(K 51> 7r+€_\7) - - _

AS,L —

CPTV in AS=SAQ AS#AQ decays
As #0 signals CP violation

Ag#A, signals CPT violation (AA=Ag-A #0

|A1=(3.322+0.058+0.047) x 103| |Ag=(-3.8+5.0+2.6)x 1073
KTEV PRL88,181601(2002) KLOE-2 JHEP 09 (2018) 21
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' i : FN 3
K semileptonic charge asymmetries 4

Ks and K, semileptonic charge asymmetry T CPT viol. in mixing

r(k,, > e'v)-T(K,, >x'ev) v

A, = - 2Re+2RE - 2Ry +2Rx.

MKy, > 7 ev+T(K,, > atev

CPTV in AS=SAQ AS#AQ decays
As #0 signals CP violation

Ag#A, signals CPT violation (AA=Ag-A #0

|A1=(3.322+0.058+0.047) x 103| |Ag=(-3.8+5.0+2.6)x 1073

KTEV PRL88,181601(2002) KLOE-2 JHEP 09 (2018) 21
CPT test

AA/4=(Ag-A,)/4 = R&+Rx_= (-1.8 £1.4) x 1073

V_ N

As— A4, =4R3+ R ) —  [Rx_ = (2.0 +1.4) x 1073| CPT & AS=AQ viol.

JHEP 09 (2018) 21

Ao+ 4, =4Rg-Ry) — |[Ry=(1.7+14)x 10| CPTviol.

input from-Other experiments
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K tagging at KLOE " e

Initial entangled state 1
rom ¢ KORO decay: (i) =—=[K"&") - |K )] :

For times t; >> 15 (or t, >> 1g): i HN

( st [t ) ., ﬂm‘ -T,t,-Tst, +‘772‘26_F5t1—m2 A{_- __}h

| |

I

ﬂq‘h‘Hﬁ_m +1, )ty +,)/2 }
1112 B ()

=> the state behaves like an incoherent

mixture of states: ; \
\‘— Al }7
N H 4 H
K @ )>‘ K, (1, )> or |K, @ )>‘KS (&, )> NTHH. A4 L
**;__ -i:"‘,‘
the selection of a pure Kg beam is possible N
exploiting entanglement
unique at a ¢-factory, not possible at fixed K tagged by K interaction in EmC
target experiments Efficiency ~ 30% (largely geometrical)
= ' K angular resolution: ~ 1°  (0.3° in ¢)
A recent study on this quantum effect: K¢ momentum resolution: ~ 2 MeV

J. Bernabeu, A.D.D. “Can future observation of the living
partner post-tag the past decayed state in entangled neutral K mesons?”
PRD 105 116004(2022)
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CPTtestat CPLEAR @7

Test of CPT in the time evolution of neutral kaons using the semileptonic
Asymmetry, i.e. comparing “survival” probabilities: K — K° vg K° — KV

Ko KO S K K
___—»<>ﬂ; ————v<:t+

=0 T
v

0.1

exp
]

A

y (T)_R+(f) aR.(r) R(D)-aR.(x) <o
° R.(7)+aR. (r) R (0)+aR, (r)  oosf +

R(@)=R (Km0 — Oz ), ) _::E Wj‘ﬂ# l| M' H

Roy@=R (K’ - Wrw),_) BoN: +
a=1+4R¢, R

_0'1 .é..;A...é.;.é...110...112..;114‘...116...118l..20

Neutral—kaon decay time [1.]

As(t >>15)=8Ro RS = (0.30 £ 0.33 +0.06) x 107
CPLEAR PLB444 (1998) 52
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(SR
“Standard” CPT test g

All observables quantities (BRs, lifetimes etc..)
updated inputs from KLOE, NA48, KTEV, CPLEAR, etc.

\

| . | SRR
using the unitarity constraint 236 =3[(K, |K,)] =3< /
(Bell-Steinberger relation) > o i(A - 27)

[Im 5 =(—0.3 £ 1.4) x 10~ | .

r,-T,
s_1 (mz?o B mKO) B (i/Z)(I“EO - FKO) )

J. Bell

K 68% CL

10 |

(107" GeV)
2 Am +iAl'/2
Combining Red and Imo results > . 1
Assuming (FEO —FKO ): 0, i.e. no CPT viol. in decay:

<40x10™"° GeV | atos5%ect Lot

-10 0 10
(1m0 =me,) (107" GeV)
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Direct CPT test in transitions 3

Is it possible to test the CPT symmetry directly in transition processes between
kaon states, rather than comparing masses, lifetimes, or other intrinsic
properties of particle and anti-particle states?

CPT violating effects may not appear at first order in diagonal mass terms
(survival probabilities) while they can manifest at first order in transitions (non-
diagonal terms).

Clean formulation required. Possible spurious effects induced by CP violation
in the decay and/or a violation of the AS = AQ rule have to be well under
control.

In standard WWA the test is related to Red, a genuine CPT violating effect
independent of AT, i.e. not requiring the decay as an essential ingredient.

Probing CPT: J. Bernabeu, A.D.D., P. Villanueva, JHEP 10 (2015) 139
Time-reversal violation: J. Bernabeu, A.D.D., P. Villanueva, NPB 868 (2013) 102
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. (==Y Q)
Time Reversal r

*The transformation of a system corresponding to the inversion of events in time, or
reversed dynamics, with the formal substitution At — —At, is usually called ‘time
reversal’, but a more appropriate name would actually be motion reversal.

*Exchange of in & out states and reversal of all momenta and spins tests time
reversal, i.e. the symmetry of the responsible dynamics for the observed process
under time reversal (transformation implemented in QM by an antiunitary operator)

*Similarly for CPT tests: the exchange of in & out states etc.. is required.
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Direct test of CPT symmetry in neutral kaon transitions @ -

CPT symmetry test
Reference CP7T -conjugate
Transition Decay products Transition Decay products
K? — K, 0=, ) Ky — KY 370, ¢7)
KO — K_ =, 37Y) K_ — KO (rm, £7)
KO — K4 et ) Ky — KO (370, ¢)
KO — K_ e+, 379) K_ — KO (rm, £1)
One can define the following ratios of probabilities:
Ry cpr(At) = P [K4(0) - KO(At) /P [K°(0) — K (A?)
Rycpr(At) = P [K(0) — K_(A#)] /P [K_(0) — K°(A?)
Rycpr(At) = P [K.(0) - KO(At) /P [K°(0) - K4 (At)
Rycpr(At) = P [KO(0) — K_(Af)] /P [K_(0) —» K°(At)

Any deviation from R; cpt=1 constitutes a violation of CPT-symmetry
J. Bernabeu, A.D.D., P. Villanueva, JHEP 10 (2015) 139
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Direct test of T symmetry in neutral kaon transitions

T symmetry test

Reference T-conjugate
Transition Final state | Transition Final state
I'_<0 ¥ I<_ ((i+ ’TO’TO ()) I<_ 3 I'_<0 ( () () () ( )
Ky - K% (n%7%Y,¢%) | K - K, (6, 7m)
K° - K, (67, 7m) K, —K° (7r07r07r“, )
K_ — KY (7w, £F) K% - K_ (0, nm)

One can define the following ratios of probabilities:

Ri(At) = P[K’(0) = K(
Ry(At) = P [K’(0) - K_(
R3(At) = P [K°(0) — Ky(
Ry(At) = P [K%0) — K_(

|/P]|
| /P
|/P|
)] /P |

Any deviation from R;=1 constitutes a violation of T-symmetry
J. Bernabeu, A.D.D., P. Villanueva: NPB 868 (2013) 102

A. Di Domenico
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Entanglement in neutral kaon pairs

T T;\‘
(=)= }KL‘
W 5‘,
(\' &
|
khok

*EPR correlations at a ¢-factory can be exploited to study transitions involving
orthogonal “CP states” K, and K.

i) -

Sl 5=

| (B))|E°(-5)) - [K°(B))|K"(-P))]

K,(-5))]

K. (p))|K_(-B)) - |k (p))

A. Di Domenico

decay as filtering
measurement
.entanglement ->
preparation of state

16
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Entanglement in neutral kaon pairs

"Pvc‘ )
/9

*EPR correlations at a ¢-factory can be exploited to study transitions involving
orthogonal “CP states” K, and K.

i) -

Sl 5=

| (B))|E°(-5)) - [K°(B))|K"(-P))]

K,(-5))]

K. (p))|K_(-B)) - |k (p))

A. Di Domenico

K’ —=K

decay as filtering
measurement
.entanglement ->
preparation of state

reference process

17
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[ ° (=)= }K;
Entanglement in neutral kaon pairs g

*EPR correlations at a ¢-factory can be exploited to study transitions involving
orthogonal “CP states” K, and K.

decay as filtering

) I of=\\|70( = —>0( = of =
|l>=ﬁ_\K (B)IK"(-P)) - K" (B))K (‘P)>] measurement
L. ) ) ) ~entanglement ->
-2l K.(P))|K_(-B))-|K_(B)) K+(‘P)>] preparation of state
31!
K’ — K reference process

A
X

t1 t1 At=t2-t1 ”

18
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1 - f’f\K;
Entanglement in neutral kaon pairs g

*EPR correlations at a ¢-factory can be exploited to study transitions involving
orthogonal “CP states” K, and K.

ol v «decay as filtering
|l>=ﬁ_\K (B)IK"(-P)) - K" (B))K (‘P)>] measurement
L. ) ) ) ~entanglement ->
-2l K.(P))|K_(-B))-|K_(B)) K+(‘P)>] preparation of state
310
K' — K reference process

K — EO CPT-conjugated process

19
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i - (= mKL
Entanglement in neutral kaon pairs g

*EPR correlations at a ¢-factory can be exploited to study transitions involving
orthogonal “CP states” K, and K.

ol v «decay as filtering

|l>=ﬁ_\K (B)IK"(-P)) - K" (B))K (‘P)>] measurement
L. ) ) ) ~entanglement ->

-2l K.(P))|K_(-B))-|K_(B)) K+(‘P)>] preparation of state
310
b ARG
E I | f
ntanglement as a tool for K0 K reference process

in <-> out state inversion

K — EO CPT-conjugated process

20
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i - Le‘KL
Entanglement in neutral kaon pairs g

*EPR correlations at a ¢-factory can be exploited to study transitions involving
orthogonal “CP states” K, and K.

LD )R] oo
LI )k D] araratem ot st
- 3m0
Crianglement e 3 too for KO K. reference proces
Note: CP and T conjugated process K — EO CPT-conjugated process

—0

K —K K — K

21
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KLOE and KLOE-2 at the Frascati ¢-factory DAONE @

:(:b' i \‘\ .
4 P o

KLOE detector DA®NE collider
/ L % 1 O~ 1
NN\ KLOE2: L~ 5.5
S.C.|COIL - Lint =~ 4. 7
- * L . KLOE-2 Run Nov 1%2014 + Mar 30" 2018
| —;gg 25007 * L:pp:ak KLOE  Aun Oct 2™ 2001+ Feb11m:2:006 T

__________

o500 : KLOE2 K.
é@ /NN NN,

A . KLOE + KLOE-2 data sample:
Lead/scintillating  op/E = 5.7% NE(GeV) ~8fb! = 2.4 x 10'° ¢’s produced
fiber calorimeter 5, =54 ps /NE(GeV) @ 50 ps ~ 8 x10% KgK| pairs

~ 8 .+’
drift chamber; 4 m diameter X 3.3 m length 3x10° n’s
90% He - 10% isobutane gas mixture = the largest sample. ever coIIe.ct.ed at
the ¢(1020) peak in e*e collisions

o(p)/p.=04% o, =10pm o,=2mm

22
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T, CP, CPT tests in neutral kaon transitions at KLOE ea

CPT T CP observables
(6, 37% At) 1(0-,370; At) ex I(t~,3n% At)
exp — 9 ) exp — ) ’ b At f—
Ry epr (A1) I(mm, 0= At) By 7(A1) = I(mm, 0+ At) facp(80) I(0+,3m0; At)
I(¢+, 370 At) I(F,37% At I(mm, £ At)
Rexp A £ = ’ 3 exp _ s OTT ] ) Rexp A 1) = 9 ’
sepr(A) I(mm, 0+ At) Ryr(At) = I(mm, 0= At) 1.cp (A0 I(mm, 0= At)

(At > 75) Ry op(At > 75)
T(At > 715)  Ryep(At > 75)

DRepr (At > T19)

Rex
DRT,CP(At > 7’5’) = Rex

Corresponding to study the following processes at KLOE:

~

r

d—KK, —n'et v,3n°

A. Di Domenico The 2024 Int. workshop on Future Tau Charm Facilities — 16 January 2024 — Hefei, China



(

Direct test of CPT symmetry in neutral kaon transitions @

Survival probabilities vs Transitions:
comparison of sensitivity to “standard” CPT violation parameter o

(for visualization purposes, plots with Re(8§)=3.3 104 Im(5)=1.4 10~ = present limits)

10 F
10 E ‘1_RCPT

i e, survival
10 ¥

1
~

10
10 ‘1 _ RCPT

______________________________ survival
10

10

]0 111111111111111111111:::11111111111111111 At/'t
20 -15 -10 -5 0 5 10 15 20 S

N

o
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Survival probabilities vs Transitions:
comparison of sensitivity to “standard” CPT violation parameter o

(for visualization purposes, plots with Re(8§)=3.3 104 Im(5)=1.4 10~ = present limits)

- R

..... 1-R”

survival

0"k ‘1_RCPT

survival

]0 :1111111111111111111lnl'znnlnnn11111111111
20 s g0 5 o0 s 10 15 20 Alts
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Direct test of CPT symmetry in neutral kaon transitions @

Survival probabilities vs Transitions:
comparison of sensitivity to “standard” CPT violation parameter o

(for visualization purposes, plots with Re(8§)=3.3 104 Im(5)=1.4 10~ = present limits)

- R

..... 1-R”

survival

- R

1 _ RCPT

survival

T BN R B
0 15 20 AUts
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St(m) [ns]

T, CP, CPT tests in neutral kaon transitions at KLOE g

Measured double kaon decay intensities

« Analysed data L=1.7 fb™"

* Four processes studied: 250 014 e ]
d—KsK —te®v 30 and i mety o} 1 OB gt T
in the asympotic regime: At > ¢ = 1sof : .go,og_ﬁt "I
 Time of flight technique to identify 2w — ] Sooek " ]
. . ; Ttev 3n ; 004F —Tev3n 3
semileptonic decays O e 1 omp  mweva
M C KS S| gn al D ata OO‘ SIO l(l)O ??[TS] 2(I)0 25IO 3(I)0 : 0'00(-') 5IO l(I)O 15IO 2(I)0 25IO A3t(l)[(*)cs]
10? 1 -"'.. ."-_..... 102 zgg <10 0.25 1_ W | | _
z - 700 0.20 — 1 —
= OF » & 600 st b s ]
10 zg .- 10 Z 500 '80-15; -0 ]
1 = & —— ' TreV e
I ."-."-.._ L% :88 mO.IOE- —— ' ety ** ]
u 200 o rou]
T M i e e BT S Lt - '
3(e) [ns] 3(e) [ns] 00 "S0 100 10 200 250 300 000 =S 0 150 200 250 300
At[r Atz
« residual background subtraction for re*v 3% channel
* MC selection efficiencies corrected from data with 4 independent control samples
KK, - me*v 3n’ KK, = ' me*y
K,— mevKicrash KK, — ' 3n’ K,—n+n-Kicrash KK —=n'n’ nev
27
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B 7{\‘
,{':%n\‘,na
W\ @

)y
kick

T, CP, CPT tests in neutral kaon transitions at KLOE

horizontal dashed lines denote expected values:
CPT invariance and TV extrapolated from observed CPV (PDG)

KLOE-2 result

Los PLB 845 (2023) 138164
+  f1o08
o . ; | Ro.1 =0.991 + 0.0175¢qr + 0.0145ys + 0.012p ,
w{ ] H 1007 Ry =1.015 % 0.0184rqr £ 0.0155y5 £ 0.012p
R R R - Ra,cpr = 1.004 £ 0.0175¢qr + 0.014gy5 +0.012) ,
""" i -y | % Rycpr = 1.002 £ 0.0171¢ & 0.0154 = 0.012p

0.98 1 | E | * . Ry.cp = 0.992 £ 0.028¢qt +=0.0195y¢ ,
) < - 1.005
= Error bars: R4,cp = 1.00665 4= 0.00093¢q¢ = 0.000895yst ,

0-967 solid — statistical
dotted — total i [ 1 004 DRt cp = R2,1/R41=0.979 £ 0.028¢4 £ 0.0195ys¢ ,
0.94 T T T T r : T - -
Ryr  Ryr Rpcrr Rycrr 2’2.('1’1‘ Ry cp % Ry cp Ry cp DRcpr = R2.cpr/R4,cpr = 1.005 £ 0.0294¢4 &= 0.0195y5t .
4, CPT 1, T
1.50 1.50
1951 R ++ + + ' _+__+_ 1.251 2CPT_+__+_ + + + _+_+ 1.50 RC’PT/RCPT
T e g T . + 1
0.75 0.75
005 100 150 200 250 w0 TR 100 5 200 250 300 1009 “ _ _" _ _“ _ g _—+:““ _"$'_+_'+ +
150 ol 150 il 0.75 1 _+_ _}_
1.251 _+_ 1.25 RALCPT _+_ 0.50 r T T
Lol {+.+.+.+.+._.+_+}_+_ _+___+_+_ +t | 0] K ++ TS + ,+_+ 4t 4 152 o 200 250 300
0.75 0.75

0.50

50 100 150 200 250 300

0.50
At [rg]
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28



¢ >KsK;—>ntn~ ntn~ : test of quantum coherence " [
1 - The EPR correlation
i) = TUK >‘K > ‘KO>‘KO>] suggested a simple test

I(n*n',n*n';At) >

(' |K'K O(At)>‘2 ¥

of quantum coherence

<.7r+.7r' o ‘I? 'K O(At)>‘2

S e SN e s OKO(N)Y)]
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¢ >KsK;—>ntn~ ntn~ : test of quantum coherence " [
1 - The EPR correlation
i) = TUK >‘K > ‘KO>‘KO>] suggested a simple test

I(n*n',n*n';At) =2

(w'a wa|K'K 0(At)>‘2 ¥

of quantum coherence

(' i |KK O(At)>‘2

{1t R W ) |
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¢ >KK;—>ntn ntn~ : test of quantum coherence [

I(n*n',n*n';At) =2

Cs o lemiuln o)

A. Di Domenico

The EPR correlation

i) = %[‘K(’NEW - ‘I?°>‘K°>] suggested a simple test

of quantum coherence

Kn*n' xr|K'K 0(At)>‘2 ¥ Kn*n' x|K°K O(At)>‘2

Decoherence parameter:

06=O - QM

=1 — total decoherence
(also known as Furry's hypothesis

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

Bertimann, Grimus, Hiesmayr PR D60 (1999) 114032
Bertimann, Durstberger, Hiesmayr PRA 68 012111 (2003)
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¢ >KK;>n'n™ nttn~ : test of quantum coherence '»"

|> 1 [‘K0>‘[?0> ‘EO>‘KO>] The EPJ[Rdc;orrglatilont t
1) =—F — suggested a simple tes
‘/5 of quantum coherence

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

Cs o lemiulsn o)

| ~~— Decoherence parameter:

=0 —= QM

o E_>0 =1 — total decoherence
| 00 (also known as Furry's hypothesis

or spontaneous factorization)
406 =( W.Furry, PR 49 (1936) 393

“ / At/T Bertimann, Grimus, Hiesmayr PR D60 (1999) 114032
Bertimann, Durstberger, Hiesmayr PRA 68 012111 (2003)

2 3 4 5 6 7 a 9 10
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¢ >KK;>ntn ntn : test of quantum coherence e
KLOE-2 JHEP 04 (2022) 059 E
5 1000~ e
Joo = (—0.5 £ 8.0540¢ + 3.75y5)Xx1077 | & 800:_
CP violating process: i
terms Coo/In, > with [n, > ~ [e* ~ 107 T -
. g1 e . _ ° t
=> high sensitivity 10 Goo ; - = Rggaeneraﬁon
CP violation in kaon mixing acts as 400 — Bl c'e— 4n
amplification mechanism - Signal fit
In the B-meson system, BELLE coll. =0
(PRL 99 (2007) 131802) obtains: | | | | |
gB =0.029%0.057 ° ° ) ° ° P Aty
Possible decoherence due quantum gravity In this scenario y can be at most:
effects (apparent loss of unitarity) implying O(m% /Mppanck) = 2%X10720 GeV

also CPT violation => modified Liouville —von o, qE 5 asult
Neumann equation for the density matrix of the Py
kaon system depends on a CPTV parametery | V = (1-3 + 9-4stac X 4'25y5t)><10 Gev

[ J. Ellis et al. PRD53 (1996) 3846 ]
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Logt

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].

iy K )[R K

at most one
expects:

IE)+ KN K)

o

‘2

0 Ez/MPLANCK

Al

~107 = o~ 10~

1.2

1

0.8

0.6

0.4

L2

o

I(mtm, wtn—;At) (a.u.)

T 1T

¥
o
r
W
y

L
i

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

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

The maximum sensitivity to w is expected for f=f,=n*n~ (terms: |®|/|n._|)
All CPTV effects induced by QG (a,B,y,®) could be simultaneously disentangled.

A. Di Domenico

W ~107+107°

jf f’:f\ ;
L/ ol =3x10°
=-_;I'| I.llj:lll-
9, =0
'1 [ | I 11 1 | 11 1 | L1 1 I L1 1
O 2 4 3] 8 10
At/TS
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» >KK;—>n*n ntn: CPT violation in entangled K states @

Ln‘

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(m*m-, 'm;AD) (a.u.)

i« ([K°) ) -k @K ISRISTS I
(KK ) - |KL)KS) )-IKKD) el

il

2/ i ¢ lo|=3x107
at most one 2 E° /M _ _ L _
e =0 PLANCK. 12107 = |@| ~107° oz i ¢, =0
expects: ATl A
0 ] 2 4 B ] 10
At/TS
In some microscopic models of space-time foam arising from non-critical string theory
Bernabeu, Mavromatos, Sarkar PRD 74 (2006) 045014] : _
| (008N DASOTH g 107 107
The maximum sensitivity to w is expected for f=f,=n*n~ (terms: |®|/|n._|)
All CPTV effects induced by QG (a,B,y,®) could be simultaneously disentangled.
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¢ >KK;—>7ntn~ n*n~: CPT violation in entangled K states @

The flt with ](72-+7Z-_, 7Z-+7Z-—’-AZ-’ a)) yleldS (1 7 fb_1 ) §04§_ ......................... ......................... ......................... ...............

02l T— — i 2

9:{(1) — ( 2 3+1 2 stat _|_ 0. 6syst)><10_4 o;_ ............. gl ...............
Sw = (=415 8srar £ 0.95y5) X107 NIy y
o] = (4.7 + 2.9, £ 1.0,,,) X107 b .

b = —2.1+ 0.2, + 0.1, rad o o [me

_1;_| ..................... I I I o Bost Fi .
5 BR(¢ - KSKS’ KLKL) T 02 04 Row
from |w|® =
BR(¢ - KK} ) =
BR(¢p » KoKo, K, K;) < 2.4x1077
at 90% C.L.
KLOE-2 JHEP 04 (2022) 059 Experimental disproof of prediction: -952/00EL
BR(¢p — KoK )~3.6%107° “ =
PRL 96, 192001(2006) o T e s e
In the B system:
—0.0084 <Rw<0.0100 at 95% C.L.
Alvarez, Bernabeu, Nebot JHEP 11 (2006) 087 (see also Bernabeu et al, EPJC (2017) 77:865)
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Conclusions \ ¢

The neutral kaon system is a jewel donated to us by Nature.

It is an excellent laboratory for the study of CPT symmetry and the basic principles of
Quantum Mechanics.

These studies are widely expanded with entangled neutral kaon pairs at a ¢-factory.

Several parameters related to possible:
« CPT violation (within QM)
« CPT violation and decoherence
have been measured, in same cases with a precision reaching the interesting Planck’s
scale region;
Direct test of CPT in transitions has been performed at KLOE-2
All results so far are consistent with no CPT violation

Other interesting tests (not discussed here) related to
CPT violation and Lorentz symmetry breaking

The deep connection of entanglement with discrete symmetries of neutral kaons is still
surprising and continues to provide interesting results (e.g. the “from future to past”
paradox, post-tagging effect in entangled kaons [PRD 105 116004(2022)]) with new results
expected from the analysis of the whole dataset of KLOE+KLOE-2 of ~8 fb.
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Definition of states ar

We need two orthogonal bases:
1) |K®) and |K") assuming AS=AQ rule identified by their zlv decay (I* or I')

2) |K+) and |K_) (* not to be confused with charged kaons K* and K-)
|K,) is the state filtered by the decay into nr, a pure CP=+1 state

|IK.) is the state filtered by the decay into 3=Y, a pure CP=-1 state
Their orthogonal states correspond to the states that

cannot decay into nr or 3n0 : [ . o = T TR
[K-) = N_[[KL) = 7r [Ks)) " (am|TIKs)

K+) = Ny [Ks) = mgoolKe)] |, , — BITIKs)

™ = 30| TIKy)

~

The orthogonal bases are: {K,,K_} {IN{+, K_}

Even though the decay products are orthogonal, the filtered |K,) and |K_)
states can still be non-orthogonal.
Condition of orthogonality:

Neglecting direct CP violation ¢’ Ky) = [Ky)
Nrr + Mp0 = €L + €5 oo |
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Definition of states 4’
We need two orthogonal bases:
1) |K®) and |K") assuming AS=AQ rule identified by their zlv decay (I* or I')
2) [K.) and [K_) (* not to be confused with charged kaons K* and K-)
|K,) is the state filtered by the decay into nn, a pure CP=+1 state

|IK.) is the state filtered by the decay into 3=Y, a pure CP=-1 state
Their orthogonal states correspond to the states that

cannot decay into nr or 3n0 : [ . o = T TR
[K-) = N_[[KL) = 7r [Ks)) " (am|TIKs)

K+) = Ny [Ks) = mgoolKe)] |, , — BITIKs)

™ = 30| TIKy)

~

The orthogonal bases are: {K,,K_} {IN{+, K_}

Even though the decay products are orthogonal, the filtered |K,) and |K_)
states can still be non-orthogonal.
Condition of orthogonality:

Neqglecting direct CP violation ¢’
777T7T_|_77§7T0 ZEL_|_€’§ g g
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Direct test of symmetries with neutral kaons

Reference | T-conjugate | CP-conjugate | CPT-conjugate
K' - K% K°— K K — K° K’ — K°
K' - K| K°— K" K% — K K% — KY
K°—-K,| Ky — K K% — K, K, — K"
K’ —-K_| Ko -K’ | K'—=K_ K- — K°
K' - K| K'—- K’ K’ - K° K’ - KY
K' - K| K°— K" K’ — K° K’ — K°
KO-K,| Ky -K | K°—>K, K, — K°
K'—-K_| KL =K’ | K’—=K_ K_ — K"
K, —-K'| K'-K, | Ky —-K° K — K.
Ky -K° K—-K, | Ky —K" K% — K,
Ky - Ki| Ky - Ky | Ky =Ky Ky — K4
Ki = K| KL =Ky | Ky —K_ Ko — Ky
K. —-K’| K'-K_. | Ko -K° K’ — K_
K. —-K'| K"—=K_. | Ko —-K° K’ — K_
Ko —-Ky| Ky —K_ | Ko - K¢ Ky — K_
Ko —-K_| KL — K_ Ko — K_ K. —-K_

A. Di Domenico
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Direct test of symmetries with neutral kaons

Conjugate=

reference
|

A. Di Domenico

Reference | T-conjugate | CP-conjugate | CPT-conjugate
KO — KO | i K% — K°© K° — KO
K - K| K° - K° K% — K¢ ——
KO—>K_|_ K_|_—>KO KO—>K+ K+—>KO
KO >K_| KL 2K | K°—>K_ K_ — KY
K - K°| K° — KO K° — KO u
KO — KV | e K% — KO K% — KO
KO-K,| Ky -K | K°—>K, K, — K°
KO >K_| KL K| K'—=K_ K_ — K
K, —-K'| K'-K, | Ky —-K° K — K.
Ky -K° K—-K, | Ky —K" K’ - K,
K+ — K+ H H H
Kiy = K_o| Ko = Ky | e——lte K_ — K4
K.—-K'| KY>K_ | KL -K K — K_
K.o—->K'| K-5K_. | Ko —K" K° - K_
Ko - Kyl K 2 Ko | e—— K, — K_
Ko > K| s | —— [—
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Direct test of symmetries with neutral kaons

Conjugate=
reference

already in the
table with
conjugate as

reference
]

A. Di Domenico

Reference | T-conjugate | CP-conjugate | CPT-conjugate
KO — KO | i K% — KY K’ - K°
K' - K| K'— K" K - K° o o
KO—>K4r K+—>KO K0—>K+ K+—>KO
K'—-K_ | KL -K" | K'—=K_ K_ — K"
KO N KO I;O I_EO IGO KO I_i I;O
KO — KO | roteeeped | oy pa—
KO- Ky | Ky 5> KY | ine——n K, — K"
K - K_| KL — K° | e K_ — K’
Ky — KY HO Ky — K’ u
Ky — KY| bty | d——"" Ie—r
Ki— Ki| Kl | ol | i
Kiy = K_o| Ko = Ky | e——lte K_ — K4
K. — K| i | K_ — K = ]
K_ — K°| i | d— T
Ko — Ky | M—— | S— ——
K. — K_| ——lte Al [C—
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F=K2

Direct test of symmetries with neutral kaons ]
Conjugate= Reference | T-conjugate | CP-conjugate | CPT-conjugate
EfErenCe 10 RO | gl | el | el

K’ — KY | il | ol R

KO—>K_|_ K_|_—>KO KO—>K+ K+—>KO

_ K —-K_| KL -K’ | K’ —=K_ K_ — K°
e KK |k | k|

0 0| = _

conjugate as I_<O — K ~, .
reference K=Kyl Ky =K i, Ky =K
— K’ - K_| Ko — K° | —t K- — K°
K_|_ — KO “ K_|_ — KO u

Ki — KO | bt | ip—(" I

K+ — K+ H H H

TWO identical K_|_ — K_ H H_ H_
conjugates K — K| it K —K I—
for one reference 1 | 70| Clemigs | —f" o

Ko — Ky | ke e —ren [e——

Ko — K_| —lte e [e—

A. Di Domenico
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Direct test of symmetries with neutral kaons

Conjugate=
reference

already in the
table with
conjugate as
reference

Two identical
conjugates
for one reference

A. Di Domenico

Reference | T-conjugate | CP-conjugate | CPT-conjugate
KO — KO | inheiegd | OO K% — KO
KO — K¥ | iR KY — K° s 2 o
KO—>K4r K+—>KO K0—>K+ K+—>KO
K'—-K_ | KL -K" | K'—=K_ K_ — K"
KO N KO I;O I‘;O I;O I‘;O I_; I;O
KO — KO | polempeped) | gk’ s —
KO- Ky | Ky 5> KY | ine——n K, — K"
KO - K_ | KL - K° | b K_ —K°
Ky — KY HO Ky — K’ u
Ky — KY| bty | d——"" Ie—r
Ky — Ky | Kty | dpelin | e —
K — K| K, | m——te (7
Ko - K| ki | K. — K —(t
K_ — KO| i | — e
Ko - K| et | —l I —
Kl - K| el | Ce——] e

-
(52,9
| k= N l
(=)= \IN
(\/ al
\ /

4 distinct tests
of T symmetry

4 distinct tests
of CP symmetry

4 distinct tests
of CPT symmetry
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