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Fundamental tests Eossible with entangled neutral kaons

a) Test of Quantum coherence Bertimann, Grimus, Hiesmayr PR D60 (1999) 114032
KLOE coll. PLB 642(2006) 315, FP40 (2010) 852

CPLEAR PLB 422 (1999) 339

b) Test of CPT s¥mmet + Quantum coherence
Bernabeu, Mavromatos et al. PRL 92 (2004) 131601, NPB744 (2006) 180 [J.Ellis et al. NPB241, 381; PRD 53, 3846 ]

KLOE coll. PLB 642(2006) 315, FP40 (2010) 852 [ CPLEAR PLB 364 (1995) 239 ]

c) Test of Lorentz and CPT symmetry

Kostelecky PRD61 (1999) 016002, PRD64 (2001) 076001
KLOE coll. PLB 730 (2014) 89

d) Direct Test of T (time-reversal), CPT symmetries
Bernabeu, A.D.D. et al. NPB 868 (2013) 102

e) Bell’s inequality test Hiesmayr, A.D.D. et al. EPJC (2012) 72:1856

f) Kaonic quantum eraser (Bohr’s complementarity)
Bramon, Garbarino, Hiesmayr PRL (2004) 020405

g) Test of collapse models

Donadi, Bassi, Curceanu, A.D.D., Hiesmayr et al.
Found Phys 43 (2013) 813, Sci. Rep. 3 (2013) 1952
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Fundamental tests possible with entangled neutral kaons
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Time Reversal: introduction

*The transformation of a system corresponding to the inversion of the time
coordinate, the formal substitution t — —t, 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 t — -t (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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Test of Time Reversal symmetry

*T-Violation exists in the Standard Model of electro-weak interactions

*CPT theorem => All local unitary field theories with Lorentz invariance have CPT
symmetry

* Automatic connection between CP-violation and T-violation

T and CPT described by ANTIUNITARY rather than unitary operators, introducing
many intriguing subtleties.

*Even though CPT invariance has been experimentally confirmed, particularly in the
neutral kaon system with stringent limits, the theoretical connection between CP and
T symmetries does not imply an experimental identity between them.

*Time reversal symmetry can be tested e.g. in the case of

(i) T-odd observable for a non degenerate stationary state: e.g. electric dipole
moment of neutron;

(ii) transition between stable particles: e.g. neutrino oscillations

(i) transition between unstable particles: e.g. K® oscillations
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Test of Time Reversal symmetry using Kabir’s asymmetry

*Only one evidence of T violation: Kabir asymmetry (*70), comparing a
process with its T-conjugated one, i.e. K — K° vs KO — KV

performed by the CPLEAR experiment (1998) o
KO <
_ _ —_——— - T
. P(K —K")-P(K'—K') =0 N,
" P —K")+PK'—K)
004 | (A;)=(6.6%1.3£1.0) 103 |
0.03 ,

0.02 — P + T
0.01 = ot ye
0 o ttd+tm+ﬁ+ﬁf++ """ '

-0.01 time reversal non-invariance
Phys.Lett. B444 (1998) 43

-0.02 E||||||||||||||||||||||||||||||||||||1
2 4 6 8 10 12 14 16 18 20

Neutral kaon decay time [Tq]

PLB444(1998)43
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Test of Time Reversal symmetry using Kabir’s asymmetry

*Only one evidence of T violation: Kabir asymmetry (*70), comparing a
process with its T-conjugated one, i.e. K — K° vs KO — KV

performed by the CPLEAR experiment (1998) o
KO <
_ _ -——— us
. P(K —K")-P(K"—K) =0 .
T

CPK' =K+ PK’ =K

Aexp _
@ T o0a &

_ | (A;)=(6.6%1.3£1.0) 103 |
0.03 © , T
assumption: no CPT violation 002 & +
in semileptonic decay: 00 E_fg $
R(y-x)=0 0 A i e f+ """" '
] 001 £ fme reversal o inuarance
i I - :IIIIIIIIIIIIIIII.II.Illllllllllllllllll
THVIOIH CI?_IT VI(I)_II 002 2 4 6 8 10 12 14 16 18 20
£=> (;f - )jl) S = > (;i - )L”) Neutral kaon decay time [T]
— — PLB444(1998)43

A. Di Domenico MESON 2014 - 29 May — 3 June 2014 , Krakow, Poland



Test of Time Reversal symmetry using Kabir’s asymmetry

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

« Controversial interpretation of the CPLEAR result as “direct” test:

L. Wolfenstein “It is known from the detailed analysis of the CP-violating effects that
this mixing indeed violates T as expected from CPT invariance. Thus the question
we ask is not whether T is violated, which is known, but a didactic question as to
whether we now have direct evidence.” “it is not as direct a test of TRV as one
might like”

1) Remark: K° — K" is a CPT-even transition, so CP =T in this case !
CP and T cannot be distinquished (not independent)
Ttestt K° 5 K% vs KO KV
CPtest: KO - K% vs KO KY

«2)A, x fe « AT =T, - T;; if AT~ 0 the TRV effect vanishes (in B meson system
AT'~0 : no TRV through B — B" transition); decay plays an essential role.

L. Wolfenstein IUMP(1999),PRL (1999), Bernabeu PLB (1999), NPB (2000), H.
Quinn (JPPS (2008); Bernabeu, Martinez Vidal, Villanueva JHEP (2012)

A. Di Domenico MESON 2014 - 29 May — 3 June 2014 , Krakow, Poland 10



KLOE detector
: -8 7 — =R

A. Di Domenico MESON 2014 - 29 May - 3 June 2014 , Krakow, Poland

11



Entanglement in neutral meson pairs

*EPR correlations at a ¢-factory (or B-factory) can be exploited to study other

transitions involving also orthogonal “CP states” K, and K_ (K,, K5)
) 1 decay as filtering
l

2

HlxENEC)-EENKER]  measurement
1

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

) *entanglement ->
K.(-p))] preparation of state

- 5|

(\®)
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Entanglement in neutral meson pairs
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Entanglement in neutral meson pairs

*EPR correlations at a ¢-factory (or B-factory) can be exploited to study other

transitions involving also orthogonal “CP states” K, and K_ (K,, K5)
«decay as filtering

. L o=\wo( = Tz 0f =

|>=ﬁ_‘K (B))K(=p)) - K" (B))|K (‘p)>] measurement

1 r ~entanglement ->
N preparation of state

(\®)

,,'

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

Note CP and CPT conjugated process K — KO T-conjugated process
K —-K K —K" _

¢
®
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Entanglement in neutral meson pairs

*EPR correlations at a ¢-factory (or B-factory) can be exploited to study other
transitions involving also orthogonal “CP states” K, and K_ (K,, K5)

T o «decay as filtering
|’>=$_‘K (B))K(=p)) - K" (B))|K (‘p)>] measurement
ln. ) 3 ~entanglement ->
=5l K, (B))K_(~P))~|K_(5)) preparation of state
7tV . 370

A
X

t t; W

K —K  reference process
I(rm, IT; At) = C(rm, 1) x P[K_(0) = K°(At)]
In general with f, decayng before f, i.e. At>0:
I(fg, fri At)= C(fg. fr) x P[Kx(0) > Ky(An)]

|(fITIRx) (fy I TIKy)|?

. C(fs. _
with (x- J7) 2(I's+1I71)

A. Di Domenico MESON 2014 - 29 May — 3 June 2014 , Krakow, Poland



Direct test of symmetries with neutral kaons

A. Di Domenico

Reference | T-conjugate | CP-conjugate | CPT-conjugate
K-> K| K°—K° K% — K" K% — K"
K- K| K°—K° K% — K" K% — K"
K-K,| Ky -K° | K'—>K;, K, —K°
K'-K_| K. -K° | K°—>K_ K_ — K"
K'—- K| K'—-K° K% — K’ K% - K°
K ->K°| K —-K° K’ - K° K’ — KY
K —>K,| K =K | K'—-K, K, - K°
K’ -K_| K. -K° | K —=K_ K_ — K°
K, -K°| K=K, | K -K’ K - K,
Ky -K°| K'—-K, | K —-K° K% — K,
Ky =Ky Ky =Ky | Ky = Ky Ky — Ky
Ky = K_| Ko —-Ky | Ky —KC Ko — K4t
K. —-K| K —=K_ | K. —-K° K’ — K_
K. —-K'| K =K. | K. -K° K° — K_
Ko —-Ki| Ky =Ko | Ko —- K4 Ky — K_
K. —-K_| KL - K_ K. —-K_ K. —-K_

MESON 2014 - 29 May — 3 June 2014 , Krakow, Poland
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Direct test of symmetries with neutral kaons

Conjugate= Reference | T-conjugate | CP-conjugate | CPT-conjugate

reference KO s KO | i KO _, KO KO _, KO
K°—-K'| K-K° | K°—K e o
K'-K,| K - K| K°—K.4 K, — K°
K -K_| K. -K | K'—=K_ K_ —K°
K'>K| K>K® | K°—=K° | FA NS T
K — KY | i 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, -K° K’ — K.
Ky —-K° K—-K, | K —-K" K% — K,
Ky = Ky | hoeltn | lp——ltc I —
K+_>K_ K_—>K+ H_ K_—>K+
K. —>K| K >K_ | KL =K K% — K_
K. —>K°| KO -K_ | K. -»K° K% — K_
Ko - K| K 2 Ko | K—é K, — K_
Ko - K| el | C——lt [l

A. Di Domenico
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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
K — KO | i) K% — K" K% — K°
KOS RO | RO KY | RO KO | el
K'—>Ky| Ky =K | K=Ky Ky — K
K'-K_ | K. -K’ | K'—K_ K- — K’
KO & KO | Zo B0 P 7 7 0
KO — KO | it | ey oy o
K°—-K,| Ky - K° i K, — K"
K - K_| Ko — K? | e K_ — K°
Ky — K| H——— Ky — K° L
Ki — KY| bty | dm——"" I—ty
Ki — Ky | Kol | i I ——
Ki - Ko| Ko =5 Ky | Me——lte K_ — K4
Ko — K| biedin | K_ — K I
K_ — KO| b | fm—)" il
Ko - K| —— | — [ ——
Ko - K| s | ——l [——

MESON 2014 - 29 May — 3 June 2014 , Krakow, Poland
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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
KY — KV | g K% — K K% — K°
KY — KV | iKOmmit K% — K o o
K'—>Ky| Ky =K | K=Ky Ky — K
K'-K_ | K. -K’ | K'—K_ K- — K’
KO N KO IGO I_gO IGO I_io I_i I;O
K — KO | o) | oo  » —
K°—-K,| Ky - K° i K, — K"
KO- K_| KL - K" | ine—— K_ —K°
Ky — K| H——— Ky — K° L
Ki — KY| bty | dm——"" I—ty
Ki = Ky | Koty | i | I —
Ki — Ko | KeadSe, | M——lie K- — K4
K. - K| eim | K_ — K I—
Ko — KO| et | —" ——
Ko — K| —— | Kl | —
K. — K_ | C—lta Ml [C—ln
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Direct test of symmetries with neutral kaons

A. Di Domenico

MESON 2014 - 29 May — 3 June 2014 , Krakow, Poland

Conjugate= Reference | T-conjugate | CP-conjugate | CPT-conjugate
reference KO s KO | i }O s KO RO _, KO
| _ _ _ _
KO — KY | Kl | bl o
0 0 0 0
EO ~ E+ E+ ~ EO EO - E* E* - EO 4 distinct tests
— K_ _ — — K_ _ —
already inthe  —5 7o 20 =0 —— = 5 of T symmetry
table with S - — e
. KO — KO | it | ey P .
conjugate as _ _ 4 distinct tests
KO S Ki| Ki -5 KO | b K, - K°
reference T i of CP symmetr
— RODK | K. KO | ke | K — K° y y
K. — KO HO K. — K° “ . .
K+ 70| g T " 4 distinct tests
K+ K of CPT symmetry
+ +| N——t— | o —— L
qu identical Ki — Ko | Kl | Kl K- — K4
conjugates K. - K| ke | K. — K e
Ko — Ki| —t— Mt [e———
K. — K_ | C—lta Ml [C—ln
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Direct test of Time Reversal symmetry with neutral kaons

T symmetry test

Reference T-conjugate
Transition Final state | Transition Final state
KO K (£+ 0.0 o) K — KO (7 e )
K, - K (a9 ¢%) | K'Y= K, (0~ ,mm)
K’ - K. (e, ) K, — KY (7 v o ol A )
K. — K" (mm, £F) K" - K_ (0, mm)

One can define the following ratios of probabilities:

Ri(At) = P[K’0) — K+(At): /P [Ki(0) — K(At)]
Ry(At) = P[K’0) = K_(At)] /P [K_(0) — K(At)]
Ry(At) = P[R(0) — K (At)] /P [K,(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 MESON 2014 - 29 May - 3 June 2014 , Krakow, Poland



Direct test of Time Reversal symmetry with neutral kaons

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

5 1.002

2
1.5

o | R (At=0)=1
3‘2 : 0.998

R,(At>>1t5)=1-4Re(¢)
R, (At>>t5)=1+4Re(¢)

1 E
0.5 E
i:

2.5 1.012
2:28 2 o
2 E
1.75 E 1.008
5 1.006
1.25
1 E 1.004
075 ; 1.002
0.5 E
= 1 -
0.25 &
O_ 0998 |||||||||||||||||||
0 5 10 15 20
At/ T
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Direct test of Time Reversal symmetry with neutral kaons

R0 = T = MO0 X o <
- 0. - 0 E
R0 = i gy =0 X Gy |4
K780 = T 7 3 = MO0 < G
R0 = ey = R0 < G

In practice two measurable ratios with

At <0 or >0
1 C(3n°,¢7)
Rexp —At) = = : s
2 (ZA1) R7P(At)  Rs(Ab) *Cwt, wm)
1 1 C(3n° )
RP(—Ar) = = . )
4 (=41 RTP(At)  Ri(An) % C(l—,mm)

A. Di Domenico
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Direct test of Time Reversal symmetry with neutral kaons

toy MC with L=10 fb"

5 . 104 — 108 —
3 I(I7,37°,At) (counts/1 7g) |(7vm, I, At) (counts/1 75)
45 E 107
4 E_ Rzexp (O.U.) e e | ...4-"
3 10° - 106 .
35 F - . .
3 E - 10 -
2.5 ; 102 > 104 ‘...
2 E * 103 -
1.5 F <
. E 10 1 102 .
3 "
0.5 : 10 4+t
0:""|' L 1 - l i IR R 1 4.11l|1|14|1||1|1||1 1 PR S TN T N TN T TN T N O A A O
-20 =15 -10 -5 0 10 15 20 -20 -10 0 10 20 -20 -10 0 10 20
At/ Ts At/ At/ Ts
25 ¢ 10* ®
225 F oxo 1(1*,37°,At) (counts/1 Ts) (e, I7,At) (counts/1 7s)
2 ;_ R4 (O.U.) JEISPTOVURPY 10 ‘m
1.75 £ 103 - 106 -
1'5 :.-T_ - 105 ‘-'
1.25 E N
2:’ - 102 * 104 N
E 3 -~
0.75 E + 10 -
05 E 10 4 102 .
0.25 F 1 0 b
0 : 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I 1 L I 1 1 1 1 I 1 1 1 L +
-20 -15 -10 -5 0 10 15 20 | 1 ||| 1 i | | 1 |
-20 -10 0 10 20 -20 -10 0 10 20
T
At/ S At/ T At/Ts
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Direct test of Time Reversal symmetry with neutral kaons

2.25
1.75

1.5
1.25

0.75

o
o

0.25

toy MC with L=10 fb"

108

L LLALN LALLY LLLLY LALRS

-15

R, (a.u.)

107
108
10°
104
103

|(7vm, I, At) (counts/1 75)

10°

10

-10 -5 0

10 15 2

At/ Ts

0

LALY LALAN LALLY RALLY RALL)

WAL AL U

T

|
N
oL

10 15 2

At/ Ts

0

At/ T

1Ellllllllllllllllll

-20

—10 10 20

At/Ts

(v, I7,At) (counts/1 T5)

At/ 7T
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Direct test of Time Reversal symmetry with neutral kaons

2.5
2.25

1.75
1.5
1.25

0.75

o
o

0.25

toy MC with L=10 fb"

R, (a.u.)

L LLALN LALLY LLLLY LALRS

104 108
) 107
106

\

llllllllllllllllllll PR U T N TN T Y T A W Y B M O

11 1 1 1 1 1 1
-15 -10 -5 0 10 15 20 -20 -10 0 10 20 -20 -10 0 10 20
At/Ts At/Ts At/TS
. 104
3 oo 1(1*,3n°,At) (co
E_ R4 (O . U .)
E— K \ -
':' 11 | l PN S . | I 1 l L1 I I T | I L1 11
-20 —15 -10 -5 0 10 15 20 1 11 | L1 1 | (|
-20 -10 0 10 20
At/TS At/ T At/Ts
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Direct test of Time Reversal symmetry with neutral kaons
toy MC with L=10 fb"’

1.01 104 108
1.008 [

y

lllIIllllIlIIlIllll

1.01
1.008 F
1.006 | 7
1.004 &
1.002 [

1.006 [~
1.002
o exp
1 Rz (G.U.)
0.996 %
0.994 F
Olgg:llllllllllllllllllllllllllTllllllllllll ll I l
1 LA 1l 1 - LAl 1l 1l | 1
0 2 4 6 8 o 12 14 16 18 20 -20 -10 © 10 20 -20 -10 0 10 20
10— -
1(I*,37°,At) (co (v, I7,4t) (co
‘w‘w )
10° .

1.004
0.998 | K
0.992 \
At/Ts At/ 7s M/,
102

ll"l T LILLLLL!

¢
!

T Ill""l LI

0.998 |
0.996
0.994 10

0.992 F Jf
0-99 C 11 1 l 11 1 l 1 L 1 l 1 L 1 l 1 11 1 1 1 1 l 1 1 1 l 1 1 L l 1 1 1 l 1 1 1
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Direct test of Time Reversal symmetry with neutral kaons

1.01
1.008
1.006
1.004
1.002

0.998
0.996
0.994
0.992

0.99

1.01
1.008
1.006
1.004
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0.998
0.996
0.994
0.992

0.99

toy MC with L=10 fb"

104
1(17,3n°,At) (

K &
: 0.7% violatio
° T2 e 20 1@ttt TR R R
A’(/ Ts At/Ts At/ Ts
o 104: —
C /\ E 11 3n°,At)‘@ (7o, | ,%
- . . - e
¥ \U% wolatynﬁ 10°E | -
4 o) . o N
: T conserved .
| ob
:1 P L PRI ST S S SN N S ST S N N N -I |+
0 8 10 12 14 16 18 20 oo -_'16 - '(')- - -1l0- —— (l) L .1|0 o
At/ 7s At/ Bt/7e
R,(At>>1¢)=1-4Re(e) ~ 0.993
R, (At>>1tg)=1+4Re(e) ~ 1.007
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Direct test of Time Reversal symmetry with neutral kaons

Integrating in a At region between 0 and 300 tg =>
stat. significance of 4.4, 6.2, 8.8 o with L=5, 10, 20 fb-! (full efficiency)
NPB 868 (2013) 102

pros:
in the “plateau” region the impact of direct CP violation effects on the assumption

of orthogonality of K+ and K- states has been evaluated => negligible

cons:
-in the “plateau” region one needs to measure the absolute value of R.
Assuming no CPT violation in semileptonic decays: REP (AL
C~,37% C(*,37"%) BR(KL—37)TI . Ro(Al) =— D
Cnm, ¢ty — C(m,£7)  BRKs—nam) Is R?p(Af)
Ra(At) = T

- It is needed to measure the constant D with ~ 0.1% precision,
i.e. BRs and Kg, K| lifetimes
-in the “plateau” region effect proportional to Re(g)

T test could be feasible at KLOE-2 @ DA®NE with L=0(10 fb-1)
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Direct test of Time Reversal symmetry in neutral B mesons

Direct T violation observed at BABAR
in the B’s with significance of 14 o
Babar coll. PRL 109 (2012) 211801

= [a) B >B_ vs B —-B
< 05F
il
0.5
0
& o B >B, vs B =B
0.5 b+
L :}r‘fﬁﬁ%‘%g‘{;:}:\f ----------
T T 17
0.5
At (ps)

A. Di Domenico

I.(AT) ~ e‘m’{ C,cos(AmAT) + S, sin( AmAT)
+C'.cosh(A'AT) + S',sinh(AT'A7) }

= [b) B, »B%vs B"—B,

...............
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Direct test of Time Reversal symmetry in neutral B mesons

= —1.37£0.14 £ 0.06

Direct T violation observed at BABAR 1.17+0.18 £ 0.11
in the B’s with significance of 14 o 0.10 +0.16 + 0.08
Babar coll. PRL 109 (2012) 211801 0.04 + 0.16 & 0.08
-

< 05

Ol

At (ps)
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Direct test of Time Reversal symmetry with neutral kaons

CPT symmetry test
Reference ‘ CPT-conjugate
Transition Decay products | Transition Decay products
K' = K. (£, mw) K, = K" (3xY,£7)
K' - K_ (£-,3nY) K_ — K" (wm,£7)
K' - K. (£, =x) K. — K" (3x",£7)
K' - K (£7,3x") K. — K" aw, L)

One can define the following ratios of probabilities:

Ricpr(At) = P[K°(0) — K4 (A0)] /P [K4(0) — KO(At)]
Rocpr(At) = P [K°(0) — K_(At)] /P [K_(0) — K°(At)
Ryepr(At) = P[K°(0) — K. (A0)] /P [K4(0) — KO(At)]
Ricpr(At) = P [K%(0) — K_(At)] /P [K_(0) — K°(At)

Any deviation from R, -pr=1 constitutes a violation of T-symmetry
J. Bernabeu, A.D.D., P. Villanueva: NPB 868 (2013) 102 A.D.D. PoS KAON13 (2013) 009
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Direct test of CPT symmetry with neutral kaons

for visualization purposes, plots with
Re(6)=3.3 10* Im(8)=1.6 10

toy MC with L=10 fb"

: 104? 1(17,3n°,At) (counts/1 Ts)
- Rocpr Sf e
E 10 E_ .
_ 102 +
10 — 1
s l o221, ] 'l PP 3 ,..IIL..II....II..I
20 -15 -10 -5 10 15 20 T R
: R 1ot 1(1*,3n°,At) (counts/1 Ts)
- Ry cpT o .
3 10° :‘
EP/\, F )
— - +
- 0 F t
-. N I ] ' T N §| |+J[
20 -15 -10 -5 10 15 20 e ™ 0 %0
At/ T

A. Di Domenico
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Direct test of CPT symmetry with neutral kaons

for visualization purposes, plots with
Re(6)=3.3 10* Im(8)=1.6 10

toy MC with L=10 fb"

= Ry cpr

1(17,3n°,At) ( |(7vre, I*, At

A. Di Domenico
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Direct test of CPT symmetry with neutral kaons

for visualization purposes, plots with
Re(6)=3.3 10* Im(8)=1.6 10

- Ry cpr

b

\

—

104

(1, 3n° A1) (

N
ESS——
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10 12 14 16 18 20 '-20 o o 10 20

=

__R4,CPT

4
103;— : }

toy MC with L=10 fb"

|(7em, 17, At

—

,T\

102 *
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Direct test of CPT symmetry with neutral kaons
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for visualization purposes, plots with
Re(6)=3.3 10* Im(8)=1.6 10

toy MC with L=10 fb-"

104 e—— 108 —
g RZ,CPT E I(17,37°,At) ( |(7em, 17, At
- 1o3§
e o -Baca /D C F_’_T_quzs_@w_e_d__/'
: 7~0.1% violation “«
\ \h__:) / ¢/10§_ +
[ PO BT TT ST U NSRS U BN UNT RN R N PR | i El " | lllllllllll
0 2 4 6 8 10 12 14 16 18 20 'z o o0
At/ T
- 104
N E 1(1%,3m°,At) (co
y @/o violation il {.M;»
e e —— G ﬁi .
. CPT conserved 102 -
R4 cpt *
B 0 F J[Jf
0 2 4 6 8 10 12 14 16 18 20 1'|.....|i. A
-20 -10 0 10 20
At/ T

R, cpr(At>>15)=1-4Re(0)
R4 cpr(At>>15)=1+4Re(d)
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Direct test of CPT symmetry with neutral kaons

for visualization purposes, plots with toy MC with L=10 fb-"
Re(6)=3.3 10* Im(8)=1.6 10
Iog% [ R2 CPT 104; (17, 3n°,At) ( 10° (v, I*, At
1001 | 103
0005 I :

1 koo oo —Raca™/Den § CPT conserved |t
9995 . : /
099 | 7~0.1% violation~\“l —t—
9985 \4 _/

0 2 4 6 8 10 12 14 16 18 20 '-20 o o 10 20 20 S0 o 10 20

At/ T At/ T,
1002 | 4 / v
1001 F ~0 1% violati - G
ioos | 0.1% violation i ! ' )
. ] VAR ey A B P ———— G 4?' *
9995 I CPT conserved | 1% "
0999 R4 cpr : ¢
9985 0k PL
eoa o oo by e e b s o by boe o by boe e by by C
0 2 4 6 8 10 12 14 16 18 20 1 Y AT S
- =20 -10 0 10 20 0 10 20
Additional pros: At/Ts At/

R, cpr(At>>t5)=1-4Re(8) - contrary to T violation, the effect o« RS does not vanish with AT-> 0
R, cpr(At>>t5)=1+4Re(d) - No assumption on CPT violation in semileptonic decays is needed
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Conclusions

* The neutral kaon system is an excellent laboratory for the study of discrete
symmetries.

*By exploiting the EPR entanglement of neutral meson pairs produced at a @-factory
(or B-factories), it is possible to overcome some conceptual difficulties affecting
previous tests of time reversal symmetry. It is possible to perform a direct test of the
time reversal symmetry, independently from CP violation and CPT invariance
constraints.

*In this conceptual framework also new kind of CPT tests in transitions could be
performed.

*The KLOE-2 experiment at the DAFNE could make a statistically significant T, CPT
symmetry test with an integrated luminosity of O(10 fb—1).
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The kaon states
K +(_)> = state filtered by the decay in n7(37") (pure CP = +1(-1) state)

K _(+)> = state ortogonal to ‘K +(_)> which cannot decay in wmw(37")

¢

gege 1 Y

A
X

t1 t1 i At=t2't1 ”

A. Di Domenico MESON 2014 - 29 May — 3 June 2014 , Krakow, Poland
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The kaon states
K +(_)> = state filtered by the decay in n7(37") (pure CP = +1(-1) state)

~

K _(+)> = state ortogonal to ‘K +(_)> which cannot decay in wmw(37")

¢ K.

gege 1 Y

< t1 > t1 e At=t2_t1 >
state orthogonal to K, cannot decay in it state orthogonal to K_ cannot decay in 3x°
[K_) =N_[IKL) — 0z |Ks)] Ky) =N, [IKs) — (n3)IKL)]
Ky ) =N, [IKs) + a|Kp)] K-) =N_[|KL) + BIKs)]
where where

o= Tax — (KLKs) (n70)* — (Ks|Kv)
1 —n% . (Ks|KL) = -
I — (n5,0)* (KL|Ks)

b

K IR
need to assume |~ => Nex + (n3;0) ~ (Ks|KpL) >~ €p, + €5.
IK_)=|K_) g e
not valid if direct CP _violation is present
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Direct test of Time Reversal symmetry with neutral kaons

Direct CP violation effects have to be evaluated, they could spoil the significance of
the T test.

For 2t decay, ¢’ can be neglected. For 3x° bound on ¢’ ,,, from KLOE still too crude!
( Mogol< 0.0088 @ 90% CL ). Assuming as max. variation |n, |=|n,.|+10%

g oo effects can be neglected d(M3.0)=P(M,,)£10°

" i 1.01
E R (a.u.) o8

- 1.006 [
1.004
1.002 [

0.998 P
0.996 [ %
0.994 %
0.992 F

-20 -15 -10 -5 0 5 10 15 20 0.99

At/ Ts

1.01 [
1.008 |
1.006 - #
1.004 4

1.002 R

0.998 F
0.996 F
0.994 F
0.992 F

0.99 -l L 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 L I 1 1 1 I 1 1 1
0 2 4 6 8 10 12 14 16 18 20

At/ Ts

-10 -5 0 5 10 15 20 =—

At/Ts 91

-20 -15
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Direct test of CPT symmetry with neutral kaons

Direct CP violation effects have to be evaluated, they could spoil the significance of
the T test.

For 2t decay, ¢’ can be neglected. For 3x° bound on ¢’ ,,, from KLOE still too crude!
( Mogol< 0.0088 @ 90% CL ). Assuming as max. variation |n, |=|n,.|+10%

g oo effects can be neglected H(M3,0)=0(M,,)=10°
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di t CPT test Ricpr(At) = P[K%0) — Ky(At)] /P [K4(0) — K°(At)]
irec €S Rycpr(At) = P[K°(0) — K- (At)] /P [K-(0) — K°(At)]
Rycpr(At) = P [K%(0) — Ky (At)] /P [K4(0) — KO(At)]
lots with Re(8)=0 Im(6)=0 ’ .
P (0)=0"Im(o) Ricpr(At) = P[R°(0) — K_(At)] /P [K_(0) — K°(A¢)]
1.01
5 E oxp 1.008 —
. R2 (O.u.) 1.006 [~ R, (O.u )
4 | 1.004 —
: I(¢=,37% At) e
3 Rexp At) = ’ ! e
: 20p7 (A1) I(mm, 0~ ; At) 0.998 [
2 F 0.996 [
T eSS TR 0.994 |
0.992
o Lo o Loy v L b b L b L 099 Lol w by e byw e b b b by b i 1y iy
-20 -15 -10 -5 0 5 10 15 20 0 2 4 6 8 10 12 14 16 18 20
25 1.01 [
225 F ex 1.008 [
2 E R.*® (a.u.) 1.006 | R (a.u.)
175 1.004 [ ‘ '
1.5 F 1.002 |
1.25 freemee” 1 R
1 ; ..:::::::::-".',.. _:'f‘:v 0.998 [~
075 F T exp - I(€+,37T0; At) 0.996 [
0.5 F R4,C’P’T(At) = I(m, £1; At) 0.994 [
025 é— | | 1 1 1 ,1 , 1 0-992 ;_
°20 -5 -0 -5 o0 5 10 15 20 0'990”'éll'i'llé'llé'”“ol l '1121 l 1114' ' 1116“11181 20
At/ Ts o M/ Ts
R, cpr(At>>15)=1-4Re(8)  Direct CP violation M350 = M2 £10%

R, cpr(At>>15)=1+4Re(d) effects negligible for At>>tg  $(N3:0)=¢(12,)+10"
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Neutral kaon interferometry

= KB, () - K, () (7))

Double differential tlmre distribution:

2 14T 2 Tt -T
I(flatl;fZatz)=Cl2<‘nl‘ € Lh St2+‘n2‘ € et

=15+, (7, +1,)/2

=2n,(n-le COS Am(t2 — tl)+ P, —

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

final state and:
IS

e =1 e =< J > characteristic interference term
C), = < N ‘T‘K >< 1, ‘T‘ K >‘ at a ¢-factory => interferometry

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

I(AY) (a.u)

NO +Nx

IO + S,

0 —=>KK, =a"lv a (v
I(At) (a.u)

At/tg N

0= KK, —-n‘n n'n’

1) 15

A. Di Domenico
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At/tg

¢ = KK, =ar nlv

A, =2Re -RO

- Ry -Rx_
¢.7TJT
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¢ =KK; =t wtn”

, 1
|l>=ﬁ[

KK -[K)K°)

At=|t,-1,|

A. Di Domenico

Same final state for both kaons: f; =f, =a*n”

—»
[N
I

—

I(AY) (a.u)

0.4

0.2
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¢ =KK; =t wtn”

EPR correlation:

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

quantum interference

A. Di Domenico

Y
A
I(Af) (a.u)

Same final state for both kaons: f; =f, =a*n”

—»
[N
I

0.4
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¢ =KK; =t wtn”

‘i> = —[‘KO>‘KO> — ‘KO>‘KO>] Same final state for both kaons: f; =f, =mn”

—»
[N
I

v
E .
5
I(Ay (a.u)

EPR correlation:

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

final state due to the |
destructive
quantum interference 0.2
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T, CP and CPT violation parameters for neutral kaons

W) a K+ bR i) = HW) H=M_;r=(mn mn)_i(ril 1:2)

n, m,, 2\, I,

| [(1+8S’L)‘K0> * (1 _gS,L)‘I?OXI Ay = s —él“s , Ap=my _%FL

‘Ks,L> - >
i) Ko (0) =Ky, (0)
T, CP and CPT violation parameters:

: H, -H, _igmlz ~ :C\SIiz/z
T viol. |€ = = )
2(As = A,)  Am+iAl/2
CPviol. &5, =€ %0
cPTviolfs = Fu=Hn 1 (s = 1) - (.l/2>(r22 alif
2(As —2,) 2 Am +iAT'/2

le[=2.232x107

CPT violation: || <~107* @ — M, /mK <®
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