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Entangled neutral kaons at a ¢-factory q”
Production of the vector meson ¢
in e"e” annihilations:
ce’ee>¢ oy~3ub

W=m,=1019.4 MeV
* BR(¢p — KK ~ 34%
« ~10% neutral kaon pairs per
pb ! produced in an

antisymmetric quantum state
with JFC =1 |l> _

pic= 110 MeVie = UK (PR () - |K. (3)K (-5)

As=6mm A;=3.5m
N = \/(1+‘8S‘2)(1+‘8L‘2)/(1 —gSgL) =]
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KLOE and KLOE-2 at the Frascati ¢-factory DA®N

£

KLOE detector DA®DONE e*e-collider

KLOE'2 Lint ~ 55 fb_1
KLOE: Ly ~25fb"
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Day number since beginning of operations

KLOE + KLOE-2 data sample:
~8fb!= 2.4 x 109 ¢’s produced
~ 8 x10% KgK| pairs
~3x108 n’s
= the largest sample ever collected at
the ¢(1020) peak in e*e collisions

A. Di Domenico Testing Quantum Mechanics at colliders — 3 December 2024 — Roma Tre University



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

4 { e

KLOE detector DA®DNE e*e 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

A. Di Domenico Testing Quantum Mechanics at colliders — 3 December 2024 — Roma Tre University



EPR correlations in entangled neutral kaons

KOIK?) - [k K]

, 1
|l>=ﬁ[
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1 1 E=K
EPR correlations in entangled neutral kaons d

|i> = L[‘KO>‘EO> - ‘EO>‘K0>] Same final state for both kaons: f;, =f, =ntn"
V2 (this specific channel 1s suppressed by CP viol.

n b i N P=IAK > ) A(Ks->m )| ~ [e? ~ 107°)
Q‘ ----------- e ¢<
) t - T
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EPR correlations in entangled neutral kaons 2

‘K0>‘I?O> — ‘I?O>‘KO>] Same final state for both kaons: f;, =f, =ntn"
(this specific channel 1s suppressed by CP viol.
N P=IAK > )/ A(Ks->m )2 ~ [eff ~ 107°)
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EPR correlation:

no simultaneous decays
(A=0) 1n the same
final state due to the
fully destructive
quantum interference
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EPR correlations in entangled neutral kaons ]

‘K0>‘I?O> — ‘I?O>‘KO>] Same final state for both kaons: f;, =f, =ntn"
(this specific channel 1s suppressed by CP viol.

, 1
|l>=$[

1.2 -

<c N, PIAK T A K> ~ [ef2 ~ 1076)

I(At) (a.u)

EPR correlation:

no simultaneous decays
(A=0) 1n the same
final state due to the
fully destructive
quantum interference Af= | l‘l-l‘2|

15 17.5 20 22.5 2

At/xg
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EPR correlations in entangled neutral kaons

KOIK?) - [k K]

, 1
|l>=$[

EPR correlation:

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

=~ AN
(=) n\‘KQ
Q“ / 0.3;
KLo /

Same final state for both kaons: f;, =f, =ntn"
(this specific channel 1s suppressed by CP viol.
N P=IAK > ) A(Ks->m )| ~ [e? ~ 107°)

1.2

I(At) (a.u)

0B [~

0.6 -

0.4

This is the EPR-like
paradox pointed out
by Lee and Yang (1960)

7.0 10 12.5 15 17.5 20 22.5 2

A/t

Af:|t1-f2|
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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) >

(' |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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¢ >KK;—>n'n™ ntn” : test of quantum coherence g

1 The EPR correlation
i)=—||K")K K°)\K’ ted a simple test
=GR RYK] suagestod o smple e
<n+n' T ‘I? 'K O(At)>‘2

I(n*n',n*n';At) =4 <n+n',n+n' ‘K 'K O(At)>‘2 +

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

| 1 N e The EPR corrglation
i) =T[‘K IK®)-|K°)|K >] suggested a simple test
2 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 lemiuln o)

Decoherence parameter:

=0 — 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)

00
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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)
go_ — W.Furry, PR 49 (1936) 393

' 0
“ / At/T 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

KLOE-2 JHEP 04 (2022) 059

Joo = (—0.5 £ 8.054¢ £ 3.75y5¢) %1077

CP violating process:

terms COO/|n+—|2 with |1”|+—|2 ~ |8|2 ~ 107
=> high sensitivity to y, ;

CP violation in kaon mixing acts as
amplification mechanism

| ol

\5” 7]
o 0]

V)
@,

,;,«'
=/
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600 —
- e Data
- [ Regeneration
400 ~ Bllcec—o4n
u | Signal fit
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¢ > KiK;—>n'n ntn~ : test of quantum coherence g
KLOE-2 JHEP 04 (2022) 059 ERE
5 1000~ e
Joo = (—0.5 £ 8.0540¢ + 3.75y5)Xx1077 | & 800:_
CP violating process: I
terms (yy/In._|*? with In_]> ~|g|* ~ 107° 0o
=> high sensitivity to {y ; - o gg;aeneraﬁon
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: : | | | | |
&% =0.029+0.057 e e e e w0
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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
. . . KLOE-2 result
Neumann equation for the density matrix of the
kaon system depends on a CPTV parameter y ‘ ¥ = (1.3 £ 9444 + 425, )x107%2 GeV

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

A. Di Domenico Testing Quantum Mechanics at colliders — 3 December 2024 — Roma Tre University 16




From past to future

Entanglement as a tool for discrete symmetries tests

17
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Entangled neutral kaons iy ¢
In QM the entangled state can be expressed in any base: ’

Flavor basis il ¢O (K K" 10 == [KONK") — [ROIK®)]

< t1 e t1 >
1

CP states basis K. (K,) (K) K. li) = —=I[|K:)|K-) — |K_)|Ky)]

(with CP==%1) 2
Physical states basis _ N
(non-orthogonal basis) K. (Ks) (KD Ks i) = E[IKSHKL) — |KL)Ks)]

The orthogonal basis 1
1L 1L N [rL _ it
with |K_.;) = N [[Ki) — n¢[Ks)] implying (f|T|K..;) =0 n=Inile? = Fims

* In maximally entangled systems the complete knowledge of the system as a whole is
encoded in the entangled state, the single subsystems are undefined.

When the decay measurement to fis performed, the partner is instantaneously informed
and tagged as K, and the decay filters (projects) its orthogonal for the decayed meson.
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Entangled neutral kaons

Ks (K) 9  (Ks) K.

—O——

< ¢ >

4 t

19
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Entangled neutral kaons g ”

A. Di Domenico Testing Quantum Mechanics at colliders — 3 December 2024 — Roma Tre University 20



Entangled neutral kaons COl @fﬁ

KO

A
X
v
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Entangled neutral kaons

KO Ko(At)
ﬁ
< t1 1] t1 ¢ At=t2_t1 >

22
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Entangled neutral kaons

KO Ko(At)
ﬁ

t, t, A=t

PAST

23
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Entangled neutral kaons '@/\K

)

t1 t1 At=t2't1 "

PAST FUTURE
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Entangled neutral kaons

(D—o—+—&

t, t, A=t

PAST FUTURE

The past (kaon decay at t,) tags
the future partner kaon state at t,
before its decay;

THE RELEVANT TIME DEPENDENCE
HERE IS IN At=t,-t,

i.e. from the preparation of the tagged
state until its decay
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Entangled neutral kaons g
KO 4
> 370
Tt A\
PAST FUTURE

The past (kaon decay at t,) tags
the future partner kaon state at t,
before its decay;

THE RELEVANT TIME DEPENDENCE
HERE IS IN At=t,-t,

i.e. from the preparation of the tagged
state until its decay
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Entangled neutral kaons

Ko "
> 370

¢ ¢ A

t, t, A=t

PAST FUTURE

27
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Double decay intensity calculation |

A
X

t t
PAST FUTURE
QM calculation of double decav intensitv: (1) The time evolution of the state |i) from time = 0 to
y y' time ¢t = t;, with definite total width I';
two alternatives (2) The projection of the state |i(r=1¢;)) onto the

. . orthogonal pair | K%, 7 )|Ky,), filtered by the decay
(I) Tlme HIStory approaCh (TH)’ from paSt {o fUture f1, times the decay amplitude of the state |Kifl>

into the f| channel,;

(3) The time evolution of the surviving (single) kaon
state |K ;) from time # = #, to time ¢ = t,;

(4) The projection at time ¢ = t, of the evolved state
|K..;,(At)) onto the state |K7, ) filtered by the
decay f,, times the decay amplitude of the state
|K%,,) into the f, channel.

I(fi,ts foto)rn = [(fol TIKZ ;) (K2, Ko gy (A8) (TR ) (K Ko fi(E = 1))
(4) (3) (2) (1)
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Double decay intensity calculation e

A
X

t t
PAST FUTURE
QM calculation of double decav intensitv: (1) The time evolution of the state |i) from time = 0 to
y y- time ¢ = ¢, with definite total width T
two alternatives (2) The projection of the state |i(r=1¢;)) onto the

orthogonal pair |KZ 7 )|Ky,), filtered by the decay

(I) Time History approach (TH), from past to future

f1, times the decay amplitude of the state |Kifl>

into the f| channel,;

(3) The time evolution of the surviving (single) kaon
state |K ;) from time # = #, to time ¢ = t,;

(4) The projection at time ¢ = t, of the evolved state
|K..;,(At)) onto the state |K7, ) filtered by the
decay f,, times the decay amplitude of the state
|K%,,) into the f, channel.

I 87, t3;3n°, t)ry = [(B3°|TIK-WK_|KO (AN €~ V|TIKO KK |i(t1))]?
(4) (3) (2) (1)
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Double decay intensity calculation 0

A
X

t t
PAST FUTURE
QM calculation of double decav intensitv: (1) The time evolution of the state |i) from time = 0 to
y y- time ¢ = ¢, with definite total width T
two alternatives (2) The projection of the state |i(r=1¢;)) onto the

orthogonal pair |KZ 7 )|Ky,), filtered by the decay

(I) Time History approach (TH), from past to future

f1, times the decay amplitude of the state |Kifl>

into the f| channel,;
(3) The time evolution of the surviving (single) kaon
state |K ;) from time # = #, to time ¢ = t,;
KO eK (4) The projection at time ¢ = t, of the.evolved state
- |K..7, (At)) onto the state \Kiﬁ) filtered by the
decay f,, times the decay amplitude of the state
|K%,,) into the f, channel.

1@t ™V, t,;31°, tz)ry = |(3°|T|K- n V| TIKOKK K li(t))?
(4) (2) (1)
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R4
v Y . 30
< e » > TA
' b At
K’ =K reference process
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T,CP, CPT tests in transitions g
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T,CP, CPT tests in transitions i

K’ =K reference process

K — K CPT-conjugated process
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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'_{U L o (é*+’7r()ﬂ_()7r()) K_ — f{() ( () () ( )
K, - K (77", ¢%) | K- K, ((:" T )
K% K (. 70m) K, —K° ( 7070 £7)
K_ — KY (7w, £F) K% - K_ (0, 7m)
One can define the following ratios of probabilities:

Ri(At) = P[K%0) — Ki(At)] /P [K4+(0) — K(At)]
Ry(At) = P[K’0) — K_(At)] /P [K_(0) — K°(At)]
R3(At) = P[K’(0) — Ki(At)] /P [K4(0) — K°(At)]
Ry(At) = P [K°(0) —» K_(At)] /P [K_(0) — K°(At)] .

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

A. Di Domenico
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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°
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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
36
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,{':%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

100 zoom PLB 845 (2023) 138164
T CPT CP T - 1.008
o . ; Ro.1 =0.991 + 0.0175¢qr + 0.0145ys + 0.012p ,
102 o H 1007 Ryp=1.015 % 0.0184tq  0.0155y5 £ 0.012p ,
oo _ |
-4 L = = Ra,cpr = 1.004 £ 0.0175¢qr + 0.014gy5 +0.012) ,

1004 | | --f----f---d -

""" i -y | % Rycpr = 1.002 £ 0.0171¢ & 0.0154 = 0.012p

0981 | Lol t :  Racp=0.992%0.0285a £0.019%ys:
W fcfﬂﬁr_biit.s o o R4.cp = 1.00665 & 0.00093q; & 0.00089ys; .
dotted — total i [ 1 004 DRt cp = R2,1/R41=0.979 £ 0.028¢4 £ 0.0195ys¢ ,
DRcpr = R2.cpr/Ra.cpr = 1.005 & 0.029¢q¢ == 0.0195; -

0,9‘1 T T T T T T T T T
Ryr Ryq Ry cpr Rycpr Becer Roeop Rar Ry cp Ry cp
Ry cpr Ry 7
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First T and CPT test in kaon transitions
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From future to past

Further studies of the properties of entanglement for
neutral K mesons

38
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Double decay intensity calculation |

A
X

t t
PAST FUTURE
QM calculation of double decav intensitv: (1) The time evolution of the state |i) from time = 0 to
y y' time ¢t = t;, with definite total width I';
two alternatives (2) The projection of the state |i(r=1¢;)) onto the

. . orthogonal pair | K%, 7 )|Ky,), filtered by the decay
(I) Tlme HIStory approaCh (TH)’ from paSt {o fUture f1, times the decay amplitude of the state |Kifl>

into the f| channel,;

(3) The time evolution of the surviving (single) kaon
state |K ;) from time # = #, to time ¢ = t,;

(4) The projection at time ¢ = t, of the evolved state
|K..;,(At)) onto the state |K7, ) filtered by the
decay f,, times the decay amplitude of the state
|K%,,) into the f, channel.

I(fi,ts foto)rn = [(fol TIKZ ;) (K2, Ko gy (A8) (TR ) (K Ko fi(E = 1))
(4) (3) (2) (1)
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Double decay intensity calculation

PAST FUTURE

QM calculation of double decay intensity:
two alternatives

(II) T.D. Lee and C.N. Yang (LY) two decay times state formalism (1961)
[see e.g. T.Day PR121, 1204 (1961), D. Inglis RMP 33, 1 (1961) ]

i(t) = %{IKs>6_”St\KL>€_M—IKL>€_“”IKs>€_”St}
" '4

|it1,t2> — ﬁ{|KS>e—i)\st1 ‘KL>e—iALt2 . |KL>€—i>\Lt1 ‘Ks>€_i)\st2}

I(fi,t0; fosto)iy = [(f1fol T iy u0)|°
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Double decay intensity calculation ¢

t, t, A=t

PAST FUTURE

QM calculation of double decay intensity:
two alternatives

(II) T.D. Lee and C.N. Yang (LY) two decay times state formalism (1961)
[see e.g. T.Day PR121, 1204 (1961), D. Inglis RMP 33, 1 (1961) ]

i(t) = %{IKsﬁ_“st\KLﬁ_’m—IKL>€_”LtIKs>€_“St}

" '4

i, 1) T {|Kg)e st Ky et — K Yem et Kg)e—s2)  TH and LY approaches
V2 are fully equivalent
: 2
]<f1’ t1; f2, tQ)LY — |<f1f2’T‘Zt1,t2>| I(f1,t1; fo, to)r = I(f1,t1; fo, to)y = I(f1,t1; fo, t2)
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Can Future post-tag the Past? "

KO ¢
> 30
a

t, i . Attty

A

FUTURE

If past tags the future, the t; , t, symmetry
of the correlated state in the LY approach
demands the exploration of the question:

can future post-tag the past?

42
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KO ¢
> 30
a

t, i . Attty

A

FUTURE

If past tags the future, the t; , t, symmetry
of the correlated state in the LY approach
demands the exploration of the question:

can future post-tag the past?
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Can Future post-tag the Past? s

KO ¢
> 30
< a

t, i . Attty

PAST FUTURE
The future (kaon decay at t,) post-tags It past tags the future, the t; , 1 symmetry
the bast partner kaon state at t. before the of the correlated state in the LY approach
oo parll 1 demands the exploration of the question:
decay, when it was entangled !
can future post-tag the past?

44
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{f K;
Can Future post-tag the Past? &
KO ~
> 30
< t,] ) t1 e At=t2-t1 > A
PAST FUTURE

If past tags the future, the t; , t, symmetry
of the correlated state in the LY approach
demands the exploration of the question:
can future post-tag the past?

The future (kaon decay at t,) post-tags
the past partner kaon state at t;,before the
decay, when it was entangled !

’ (1)(t:t1) :<f2‘T‘7;t1 t2>

{{fo|T|Kpye rl2e™ st | Kg) — (fo|T|Kg)e "*st2e At Ky )}

(ol T e st @m A.K

FUTURE

PAST

&\ZE\Z
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{f K;
Can Future post-tag the Past? &
1 K° "
\ -» 370
< t,] ) t1 e At=t2-t1 > A
PAST FUTURE

If past tags the future, the t; , t, symmetry
of the correlated state in the LY approach
demands the exploration of the question:
can future post-tag the past?

The future (kaon decay at t,) post-tags
the past partner kaon state at t;,before the
decay, when it was entangled !

’ (1)(t:t1) :<f2‘T‘7;t1 t2>

{{fo|T|Kpye rl2e™ st | Kg) — (fo|T|Kg)e "*st2e At Ky )}

(ol T e st @m A.K

FUTURE

PAST

&\ZE\Z
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P f . (N
ost-tagging: summary e

From past to future:

The state of the last decaying particle (particle-2) is tagged (prepared) at t = t; as:

K¥(t=t)) = NJ[Kp) —m|Ks)] a state which depends on n, of particle-1.

From future to past:

The state of the first decaying particle (particle-1) is post-tagged at t = 0 as:
KOt =0)) = N{me ™r2|Kg) — e ™s%2|K )} a state which depends on 1, and t, of particle-2.

The explicit dependence on the future time t,, and the other unique features of neutral

kaons with respect to other physical systems, like A" #0 and <K |Ks>#0, naturally lead to this
peculiar quantum effect:

a definite time correlation (not symmetric comparing “from past to future” to “from future to
past’) between the outcome at a given future time of the observed decay and the state of the
unobserved partner in the past, at entanglement time.

J. Bernabeu and A.D.D., Phys. Rev. D 105, 116004 (2022)
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Post-tagging: summary 03

From past to future:

The state of the last decaying particle (particle-2) is tagged (prepared) at t = t; as:

K¥(t=t)) = NJ[Kp) —m|Ks)] a state which depends on n, of particle-1.

From future to past:

The state of the first decaying particle (particle-1) is post-tagged at t = 0 as:
KOt =0)) = N{me ™r2|Kg) — e ™s%2|K )} a state which depends on 1, and t, of particle-2.

The explicit dependence on the future time t,, and the other unique features of neutral

kaons with respect to other physical systems, like A" #0 and <K |Ks>#0, naturally lead to this
peculiar quantum effect:

a definite time correlation (not symmetric comparing “from past to future” to “from future to
past’) between the outcome at a given future time of the observed decay and the state of the
unobserved partner in the past, at entanglement time.

Ks tag: due to CP violation (K, |Ks) # 0 , the time correlation “from future to past” with condition
e~4I'4t/2 /p, « 1 is the only known method to post-tag a Ks beam with arbitrary high purity.

J. Bernabeu and A.D.D., Phys. Rev. D 105, 116004 (2022)
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Post-tagging: summary g

From past to future:

The state of the last decaying particle (particle-2) is tagged (prepared) at t = t; as:

K¥(t=t)) = NJ[Kp) —m|Ks)] a state which depends on n, of particle-1.

From future to past: |===p Back from the future
The state of the first decaying partic

KOt =0) = M{ne ™"2|Ks) —e

aS.

, and t, of particle-2.

The explicit dependence on the fu
kaons with respect to other physical
peculiar quantum effect:

a definite time correlation (not symn (4 o udt ) ) “from future to
past’) between the outcome at a giv _nd the state of the
unobserved partner in the past, at entanglement time.

Ks tag: due to CP violation (K, |Ks) # 0 , the time correlation “from future to past” with condition
e~4I'4t/2 /p, « 1 is the only known method to post-tag a Ks beam with arbitrary high purity.

ures of neutral
aturally lead to this

J. Bernabeu and A.D.D., Phys. Rev. D 105, 116004 (2022)
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Parametrization of the “Back from the future” effect |

post-tagged state:  |[KP(t; = 0))=N{|Ks) — p(t,)|K.)}

. B
inthe case f=f,=f, atfixedt,; p(t,) =e ‘stz falk " Mabey g

[FIKDED) = IVI2 {FIKs (£)) — p(E){FIKL (£

— IVIE {e TSt 4 p(e,)|? eTets —

_F5+FL
—2e” "2 [Rp(t,) cosAm t; + Tp(t,) sin Am t1]}

0.25

bw = 0.5 taus

0.2 A — Real(Rho)

; — Imag(Rho)
Experimentally t, is averaged on *E
a bin width => e.g. bin width %2 14 o1
0.053
A
-0.053

o1t I

t (Ts)
50
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“Back from the future”: observable effects

This quantum effect is directly observable at KLOE/KLOE-2
e.g. in the channel ¢ >K(K;—>n*n~ ntn- to maximize the effect

10

10

10

10

]0 PR TN T T N TR SN TN TN [N TN N TN SN N TN TN TN S (N S TN ST T NN T S

1S Distributions normalized to unity at t,=0
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“Back from the future”: observable effects " [

This quantum effect is directly observable at KLOE/KLOE-2
e.g. in the channel ¢ >K(K;—>n*n~ ntn- to maximize the effect

dN/dt,
1
DECOHERENCE REGIME
07 __— I(ty) with t,>>t, and |n,_|, AT
such that the Kg post-tag condition
is fulfilled =>
107 definite width: I's i.e. a Ks state
-3
10
4
10
-5
]0 PR SR T T NN TN TR T S NN TR T ST SR [ SO ST SR T NN SO SO ST A N ST S S
0 0.5 1 1.5 2 25 t/ 3
1/Ts Distributions normalized to unity at t;=0
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“Back from the future”: observable effects 4

This quantum effect is directly observable at KLOE/KLOE-2
e.g. in the channel ¢ >K(K;—>n*n~ ntn- to maximize the effect

dN/dt,
1
DECOHERENCE REGIME
07 __— I(ty) with t,>>t, and |n,_|, AT
such that the Kg post-tag condition
is fulfilled =>
107 definite width: I's i.e. a Ks state
-3
10
4
10
-5
]0 PR SR T T NN TN TR T S NN TR T ST SR [ SO ST SR T NN SO SO ST A N ST S S
0 0.5 1 1.5 2 25 t/ 3
1/Ts Distributions normalized to unity at t;=0
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“Back from the future”: observable effects g

This quantum effect is directly observable at KLOE/KLOE-2
e.g. in the channel ¢ >K(K;—>n*n~ ntn- to maximize the effect

dN/dt,
1
DECOHERENCE REGIME
10" __— I(t,) with t,>>t, and |n,_|,AT
such that the Kg post-tag condition
is fulfilled =>
107 definite width: ['s i.e. a K state
-3
10
INTERFERENCE REGIME
) S I(t,) with t,=3ts (> t;)
10 Ks post-tag condition
is NOT fulfilled => no definite width
-5
]0 PR SR T T NN TN TR T S NN TR T ST SR [ SO ST SR T NN SO SO ST A N ST S S
0 0.5 1 1.5 2 2.5 t/ 3
11Ts Distributions normalized to unity at t,=0
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“Back from the future”: observable effects g

This quantum effect is directly observable at KLOE/KLOE-2

AN/dt e.g. in the channel ¢ >K(K; >n*n~ ntn- to maximize the effect
1

1
DECOHERENCE REGIME

10 __— I(t)) with t,>>t, and |n,._|, AT
such that the Kg post-tag condition
i is fulfilled =>
07 L definite width: T's i.e. a Ks state
: Rp(t,) =~ 0.03
Ip(t,) = 0.22
-3
10 F

INTERFERENCE REGIME

4 \ I(t1) with t2=3’CS ( > t1 )

10 F Ks post-tag condition
is NOT fulfilled => no definite width
]0-5....|....|....|....|....|....
0 0.5 1 1.5 2 2.5 t /1 3
1S Distributions normalized to unity at t,=0
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“Back from the future” effect at KLOE-2

 Analysed data: 1.7 fb™! - selection of K¢K; - ntm~mtn™ events
as for search for decoherence/CPTV effects
[KLOE-2 - JHEP 04 (2022) 059];

* Fit of t; distribution with QM theory taking into account resolution
and efficiency through a 4-dimensional smearing matrix

(tl,true ’ tl,reco» t2 true » tz,reco);

* Negligible background from e*e™ — 4m process and regeneration
on beam pipe;

* histogram normalization as single fit parameter.

&

rii
[ | |
1

W%

Decoherence regime: t, > 307 Interference regime: 2.5t < t, < 375
2 F | | L 2 T Ew
S 9000 o @ Deta s £ | Lo o
g 5000 : A 2:3.4/5 g 100 T ........................ ......................... ........................ ....... X2:2.0/5
ey 020 == e o SN N N
8506 oo s f : f
ool e KLOE-2 PRELIMINARY I N N S
4000 = A— ------------------------ . 5
e ---------------------- 40 b ........................ ........................
2000 e 2 T A
1000 ¢|_._
00 0.5 1 1.5 2 25 t/tss tl/TS 00 0.5 1 1.5 2 25 tﬂ: tl/TS
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“Back from the future” effect at KLOE-2 e

« normalizing the distributions to unity at t{=0, we get a first evidence of the effect

1:_._=‘=
10'1:—
ﬁ | |
—_— t1 Fit Histogram for 2.5 IS<t2<3IS x
E o t1 Data Histogram for 2.5 < t2 <3 T
- t, Fit Histogram for t2 >30 14
| Y t, Data Histogram for t, > 30 Tg
_5_ | | | | | 10—31111||11|||11||111|111|1|1|||
10 0 0.5 1 1.5 2 2.5 3
0 0.5 1 15 2 2.5 3 /s

' tl/tS

« The analysis to extract the p parameter as a function of t, is being finalized
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The entanglement of neutral kaon pairs at a ¢-factory has unique features.

Search for decoherence and CPT violation effects in ¢ >K{K; —»>n*n~ ntn-at KLOE/KLOE-2 =>
stringent limits on model parameters (quantum gravity inspired), in some cases with a precision
reaching the interesting Planck’s scale region.

FROM PAST TO FUTURE:

Exploiting the maximal entanglement of the initial state for the necessary exchange of in and out
states, it is possible to directly test T and CPT in transition processes.

The KLOE-2 collaboration performed the first direct test of T and CPT in neutral kaon transitions with
a precision of few percent on the corresponding observables.

No CPT violation observed, T violation at limit, CP violation is observed with a significance of 5.20.

FROM FUTURE TO PAST:

Novel time quantum correlation effect in the entangled kaon system [PRD 105, 116004 (2022)].

This surprising “Back from the future” effect is fully observable at KLOE/KLOE-2 and

naturally leads to the tagging of the Kg state, and to the definition of new observables.

A preliminary analysis of the ¢->KsK| -> n*n-n*n~ events with KLOE data shows a first evidence of
this effect. Finalization of the analysis to extract the p parameter as a function of t,.

The Back from the future effect cannot be a causal influence, independently of time-like or space-like
intervals. This result seems to confirm the counterintuitive feature of time in quantum mechanics, and
goes beyond other phenomena, like delayed choice experiments with entangled photon systems, that
are stationary at all times, and have the result independent on whether the choice is made in the past
or in the future.
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SPARE SLIDES
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K? and K° can decay to common final 21 P = oK) + bl

states due to weak interactions: KO T F | >a ‘ > ‘ >
t illati :

strangeness oscillations S . 7 lgq’(f) _ H‘P(t)

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—£F=(mll mlz)_i(nl Ez)
2 m, my/ 2\01; I

Diagonalizing the effective Hamiltonian:
J J eigenstates: physical states

eigenvalues 1 _
T Ko) (10, K= (1=, )R]
Agyp =M, — EFS,L \/2(1 + ‘SS,L‘
. ] K4 > are
‘KS’L(t)> — o st K, (O)> _ 1 ‘K1,2> @K2,1>] CP=+1 states
ts~90ps 1t ~51ns \/(“ ‘8“‘) \
K, —mm violates CP (K, \KL> =¢; +¢, =0| small CP impurity ~2 x 103
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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

A. Di Domenico
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» >KK; —>ntn ntn: CPT violation in entangled 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(m*m-, 'm;AD) (a.u.)

iy )R- R R (o R L 4
TR AN

E [ _ -3
0.4 E... JI,::.r-:" ‘(1)‘ = 3 X 10

2 .
at most one 2 E° /M _ _ /i _
_ ‘a)‘ -0 / PLANCK z105:>‘0)‘~103 o2 ¢ =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] : _
| (2000 IO ~ 107 1079
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; —>ntn ntn: CPT violation in entangled 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(m*m-, 'm;AD) (a.u.)

|l> C (K0>[?0> _‘E0>‘K0> 0>‘E0>+‘E0>‘KO>) 1? : # TN
JISTARIATS) WA TSTSRINTS R §

E [ _ -3
0.4 E... JI,::.r-:" ‘(1)‘ = 3 X 10

2 .
at most one 2 E° /M _ _ /i _
_ ‘a)‘ -0 / PLANCK z105:>‘0)‘~103 o2 ¢ =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] : _
| (2000 IO ~ 107 1079
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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Imo
I

The fit with [(77 7, 7770~ ;At, @) yields (1.7 fb-1):

Roo = (—2.3712 00 + 0.6,,5,)x 10 Ny 4 -
\S(,U — ( 4. 1+2 8 tat _I_ 0. 9Syst)><10_4 -02f— _ A A

| = (47 £ 2.9, + 1.0,,,)X1074 | 1 y
bo = —2.1+ 02, + 0.1, rad P —

Il 65° CL

= L L L L L 1 1 1 1 | Il ‘ BeSt Flt x1 O4
-0.6 -0.4 -0.2 0 0.2 0.4

BR(¢ — KKs, K, K;) Reo

from |w|? =

BR(¢ - K¢Kg, K K;) < 2.4x1077
at 90% C.L. ] - SN

KLOE-2 JHEP 04 (2022) 059 - | .............

In the B SyStem: > .................. - 95% CL
—0.0084< Rew<0.0100 at 95% C.L. T (e

@® Best Fit 10°

Alvarez, Bernabeu, Nebot JHEP 11 (2006) 087 B ey 1

(see also Bernabeu et al, EPJC (2017) 77:865 lol
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Decoherence and CPT violation s Y
Possible decoherence due quantum gravity effects (BH evaporation)
(apparent loss of unitarity):
Black hole information loss paradox =>
Possible decoherence near a black hole. “like candy rolling on the
S. Hawking (1979) tongue” J. Wheeler

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].

Abecer

Modified Liouville — von Neumann equation for the density matrix of the kaon system with 3
new CPTV parameters a.,f3,y [3]:

. . . + <« extra term inducing
p(t) - Tal +10H T decoherence:
QM pure state => mixed state

[1] Hawking, Comm.Math.Phys.87 (1982) 395; [2] Wald, PR D21 (1980) 2742; [3] Ellis et. al, NP B241 (1984) 381; Ellis,
Mavromatos et al. PRD53 (1996)3846; Handbook on kaon interferometry [hep-ph/0607322],
M. Arzano PRD90 (2014) 024016 => Theories with Planck scale deformed symmetries can induce decoherence
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Decoherence and CPT violation s Y
Possible decoherence due quantum gravity effects (BH evaporation)
(apparent loss of unitarity):
Black hole information loss paradox =>
Possible decoherence near a black hole. “like candy rolling on the
S. Hawking (1979) tongue” J. Wheeler

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].

Abecer

Modified Liouville — von Neumann equation for the density matrix of the kaon system with 3

new CPTV parameters a3,y [3]: at most (e.g., in non-critical string models):

M,

p(t)=—iHp+ipH" + a,,B,y/:O{ JszlOzo GeV

OM

[1] Hawking, Comm.Math.Phys.87 (1982) 395; [2] Wald, PR D21 (1980) 2742; [3] Ellis et. al, NP B241 (1984) 381; Ellis,
Mavromatos et al. PRD53 (1996)3846; Handbook on kaon interferometry [hep-ph/0607322],
M. Arzano PRD90 (2014) 024016 => Theories with Planck scale deformed symmetries can induce decoherence

M PLANCK
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> KK, >n*n™ ntn~: decoherence and CPT violation s

Study of time evolution of single kaons
decaying in 7tn~ and semileptonic final state

CPLEAR PLB 364, 239 (1999)

a=(-05+28)x10"" GeV 2 -
B=(25+23)x10™" GeV singie] I wl
y =(1.1£2.5)x107" GeV kaons e

- e Data

In the complete positivity hypothesis a00] — e

o=y , B =0 i Signal fit

=> only one independent parameter: vy 200
The fit with I(7° 77, 7707 ;At, ) gives (L=1.7 fb): I A TR ST e

—22 entangled

y = (1.3 % 9450; T 4255 )X107%2 GeV kaons
KLOE-2 JHEP 04 (2022) 059 high sensitivity due to a double amplification

mechanism => terms: y/(AI" |n,_P)
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¢ >KK;—>7ntn™ n*n~: decoherence & CPTYV limits |

{5 = (—0.5 + 8.0
= (13494

stat

+ 0.7

stat syst

stat

Jw = ( 4. 1+2 6stat + 0. 9syst)X1O_
lw| = (4.7 £ 2. Vstar Sys
b = —2.1+ 0.2, +0.1,,, rad

stat

+ 3.74,5) %1077
)x10~2

+ 4. zsyst)xw ~22 GeV
ERa) = (—2.3%12, 1 0. 6sy5t)x10_

+1.0,,.,)x107%

‘ A= % = (0.1 £ 1244  0.5,,,,)x 10716 GeV

at 90% C.L.

BR(¢p > KoK, K K;) < 2.4x1077

KLOE-2 JHEP 04 (2022) 059

Systematic uncertainties

[improvement x2 wrt
KLOE PLB 642(2006) 315]
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0Cst, | 0Cy5 0y ORw | 0Sw | d|lw| | dou

102 | -107 | -10%' GeV | -10* | -10* | -10* | (rad)

Cut stability 0.56 | 2.9 0.33 0.53 | 0.65 | 0.78 | 0.07
41 background | 0.37 | 1.9 0.22 0.32 | 0.19 | 0.32 | 0.04
Regeneration 0.17 | 0.9 0.10 0.06 | 0.63 | 0.58 | 0.05
At resolution 0.18 | 0.9 0.10 0.15 | 0.09 | 0.15 | 0.02
Input phys. const. | 0.04 | 0.2 0.02 0.03 | 0.09 | 0.07 | 0.01
Total 0.71 | 3.7 0.42 0.64 | 0.93 | 1.04 | 0.10
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¢ >KK;—>ntn~ ntn~ : test of quantum coherence " [

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

¢ =0 (QM) ¢ =1 (total decoherence)
) 1
o = lkk)-IKK)] = KK or (K K)
n..|= ' [T1Ky)| 00 1 ‘<”+”_,7T+7T_ ‘T‘ i>‘2 [ o Kn*n‘ ‘T‘KS><J'L'+.TL'_ ‘T‘KL ‘2
(' [TiKs) suppressed by CP violation suppressed by CP violation
KK ) %[‘K0>‘Ko> ‘Eo>‘Ko>] _ ‘K0>‘E0> or ‘I?°>‘KO>
basis
iy e i) Lo (' [{K ) TR
<n+n- \T\I?°> suppressed by CP violation not suppressed by CP violation

=> intuitive explanation of the high sensitivity to G
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i 1 111 (ERY Q)
Direct CPT test in transitions d:

CPT theorem holds for any QFT formulated on flat space-time which assumes: (1)
Lorentz invariance (2) Locality (3) Unitarity

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

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

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. Genuine
effect must be independent of Al, 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 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° — K°
K° - K| K°— K" K° — K°  —
K- K, | K; - K K - K, K, — K°
K' -K_| KL -K | K'—>K_ K_ —K°
K- K| K°— K" K% — KY | ZA N 7o
KO — KU | ey 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 — Ky | Kty | dpelin | e —
Kiy = K_o| Ko = Ky | e——lte K_ — K4
K.—-K'| K'—-K_ | KL =K K% - K_
K.—-K| K'-K_ | KL —-K" K - K_
Ko —>Ki| K 5 Ko | M— K, — K_
Ko - K| et | — [t

Testing Quantum Mechanics at colliders — 3 December 2024 — Roma Tre University
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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—

Testing Quantum Mechanics at colliders — 3 December 2024 — Roma Tre University
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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

Testing Quantum Mechanics at colliders — 3 December 2024 — Roma Tre University

-
(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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Direct test of CPT symmetry in neutral kaon transitions @ .-

Two observable ratios of double decay intensities at ¢-factory
for At<O for At>0

= Rycpr(|At]) X Decpr = Rocpr(At) X Dopr

= R3,CPT(|At|) X Dopr = R4,CPT(At) X Dcpr

2 E
18 E

]6 F I_\ll"'}
14 F R"‘ CPT EAR /D CPT-

14| < 2,6l CPT The region At>0 is

1 f \ statistically most
08 ¢

BR (Kp, — 37°) ', R e e S S ro — populated at KLOE

Dcpr = 20 15 10 -5 0 5 10 IS

BR (Ks — n7r) L'g A/

2
18 F

16 X\ o -

14 o\ R cpT 2 L Depr

12k \\
1

o : 08

for visualization purposes, plots with 06 By

Re(5)=3.3 10* Im(5)=1.6 105 2 05 0 s 05 10 13 2

with Dcpt constant

U
X
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Direct test of CPT symmetry in neutral kaon transitions @

Two observable ratios of double decay intensities at ¢-factory
for At<O for At>0

= Rycpr(|At]) X Decpr = Rocpr(At) X Dopr

= R3,CPT(|At|) X Dopr = R4,CPT(At) X Dcpr

2 E
18 E

53 R" CPH EXP /DPDT Th . At>0 .
with D¢pt constant 12 f N i e region IS

/N \ statistically most
08 ¢

BR (Kp, — 37°) ', R s Cry A S " — populated at KLOE

Dcpr = 20 -15 10 5 4 5 10 I5

BR (Ks — n7r) L'g A/

2
18 F

16 X\ o -

14 o\ R cpTi L Depr

12k \\
1

o : 08

for visualization purposes, plots with 06 Eoririrrierrrberrirrrrerees

Re(8)=3.3 104 Im(8)=1.6 10 0 5 a0 5 T

Ul
X
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Direct test of T symmetry in neutral kaon transitions @

Two observable ratios of double decay intensities at ¢-factory

for At<O for At>0
ox I, 37Y%; At
R2,7P'(At> - I(mm, 0+; At) = Rl,T(|At|) X Dy — RQ,T(At) X Dr
I(¢+, 370 At) = Ryr(|At]) x D _
exp _ 3 ) = 3,T X Ut = R4,T At) x DT
Ry r(At) = I(7wm, =5 At) (A1)
5
4.5
33
, 3 The region At>0 is
with Dt = Dcpt constant 23 -
T CPT .2 statistically most
BR (Kp, — 37°) T, 0.(% populated at KLOE
PePT = BR(Ks & 7n) T's e |
25 F- ........
N /\\ Ry t®® /Dy
15 e / % S — ———
for visualization purposes, plots with - :\\// N T T
CP violation in the mixing 0 Bl
from PDG and CPT invariance 20 00 ey 20
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Direct test of T symmetry in neutral kaon transitions )

Two observable ratios of double decay intensities at ¢-factory

for At<O for At>0
ox I, 37Y%; At
R2,$(At> - I(mm, 0+; At) = Rl,T(|At|) X Dy — RQ,T(At) X Dr
I(¢+, 370 At) = Ryr(|At]) x D _
exp _ ) ) = 3,T X Dt = R4,T(At) X DT
Ry7(At) = I(mr, 6=; At)
5
4.5
33
, 3 The region At>0 is
with Dt = Dcpt constant 2 -
T CPT .2 statistically most
BR (Kp, — 37°) T, 0.(% populated at KLOE
Derr = 3R (Ks — 7)) I'g e _
25 F ........
2 bR 5 SG»
1.5 i / : e
for visualization purposes, plots with 0; : \// : PN WO S
CP violation in the mixing 0 Bl b
from PDG and CPT invariance 20500 1020
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Direct test of T symmetry in neutral kaon transitions

Two observable ratios of double decay intensities at ¢-factory

for At<O for At>0
I(0=,37%; At)
exp — ) 3
R, 7(At) = T(rr. 0+ AY) = Rir(|At]) X D = Ry7(At) x Dy
[(07,3m% At - = Ryqp(|At]) x Dp = At) x D
eXP(At) = U = 3,T(\ ) X D = R4,T( t) X D
Ry (A1) I(mm, 0= At)
: _ e | T The region At>0 is
with Dr = Deer constant T T T T TTTTS statistigally most
b BR(KL =31, wmf ] | populated at KLOE
“PT ™ BR(Kg — 77) L's . A/
for visualization purposes, plots with | -«
CP violation in the mixing
from PDG and CPT invariance M/
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Impact of the approximations on the tests g

In general K,,K_ and K° K° can be non-orthogonal bases

Assumes AS=AQ rule and negligible direct CP/CPT violation.
In the limit At > t5 negligible contaminations from direct CP violation.

CPT test

Assumes AS=AQ rule and negligible direct CP/CPT violation.

In the limit At > t5 negligible contaminations from direct CP violation.

The double ratio constitutes one of the most robust observables for the
proposed CPT test. In the limit At > 14 it exhibits a pure and genuine CPT

violating effect, without assuming negligible contaminations from direct
CP violation and/or AS=AQ rule violation.

RST(?PT(At > 7‘5)

DRCPT= — ]. — 83%5 — 88%33_

RZ((IJ)PT(At > 7'5)

CLEANEST MODEL INDEPENDENT CPT OBSERVABLE
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