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PREFACE

At the beginning of 2006 the KLOE experiment concluded its data-taking
phase at the DA®NE e'e” collider, the ¢-factory of the Frascati National
Laboratories of INFN (LNF), collecting about 2.5 fb™! of total integrated luminosity.
At the same time there was an intense activity to outline the future LNF research
programs’, and more generally the INFN roadmap for the following years. A couple
of working groups, set-up in the framework of the INFN roadmap studies,
investigated in detail the prospects for e'e” physics at LNF in the hypothesis of a
new DA®NE machine upgraded in luminosity and energy’. In the meanwhile a
proposal for the continuation of the KLOE physics program was submitted by the
KLOE-2 collaboration® to the LNF directorate, where the hypothesis of a ¢-factory
able to deliver an integrated luminosity of about 50 fb™ in few years of data taking
was considered.

A unique feature of a ¢-factory is the production of neutral kaon pairs in a
pure quantum state with the consequent possibility to study quantum interference
effects, and to have pure monochromatic tagged Ks and K; beams. Besides the
possibility to measure to high accuracy most, if not all, of the properties of the kaon
system, the correlation between the two kaons could open up new horizons in the
study of discrete symmetries and of the basic principles of quantum mechanics. For
mstance possible CPT violations could manifest in conjunction with tiny
modifications of the initial correlation, decoherence effects, or Lorentz symmetry
violations, which, in turn, might be justified in a quantum theory of gravity. At
KLOE the sensitivity to some observable effects reached the level of the interesting
Planck’s scale region, i.e. O(anz/Mplmk)~2 x 10?° GeV, which is a very remarkable
level of accuracy (presently unreachable in other similar systems, e.g. the B meson

! http://www.Inf.infn.it/Infadmin/direzione/roadmap/roadmap.html

> F. Ambrosino et al., Eur. Phys. J C 50 (2006) 729, see also
http://www.romal.infn.it/people/bini/roadmap.html,
http://www.infn.it/csn 1/Roadmap/Gruppok/index.html

? http://www Inf.infn.it/Infadmin/direzione/roadmap/Lol KLOE pdf
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system), and significant improvements are expected with an integrated luminosity of
50 b,

Moreover recent theoretical studies demonstrated that entangled neutral kaons at a ¢-
factory are suitable to test the foundations of quantum mechanics, such as Bohr’s
complementarity principle, the quantum erasure and marking concepts, and the
coherence of states over macroscopic distances, while for the more “classical” test
with Bell’s inequalities, new ideas have been put forward.

During the working group activity, it immediately appeared evident the
necessity of a comprehensive and updated review on neutral kaon interferometry,
and of an extended assessment of its physics potentials. In fact, the few excellent
papers in the DADNE Physics Handbook®, after more than ten years since its
publication, needed at least an update to take into account the vast subsequent
literature on this subject.

Therefore as a first step toward this aim, a mini-workshop entitled “Neutral
kaon interferometry at a ¢-factory: from quantum mechanics to quantum gravity”
was held on March 24th 2006 in Frascati’. Review talks were given by G. Amelino-
Camelia, J. Bernabeu, R. Bertlmann, A. Bramon, R. Floreanini, A. Go, B. Hiesmayr,
G. Isidori, R. Lehnert, N. Mavromatos, and myself. I thank all the speakers for
having accepted the invitation, for their interesting presentations, and for their
contribution to the success of the workshop.

As a second more ambitious project, the idea was put forward to write a
comprehensive report gathering all relevant and updated information on the subject,
which was scattered in the literature. The report would have been in the form of a
handbook (as a sort of addendum to the DA®NE Physics Handbook), with extensive
and comprehensible contributions, useful to experimental physicists and to people
willing to have a comprehensive overview on neutral kaon interferometry at a ¢-
factory. In this spirit, written contributions were given by all speakers of the above
mentioned workshop, joined by M. Arzano, F. Benatti, J. Ellis, G. Garbarino,
A. Marciano, D. Nanopoulos, J. Papavassiliou, and S. Sarkar. I warmly acknowledge

* The second DA®PNE Physics Handbook, edited by L. Maiani, G. Pancheri,
N. Paver, INFN-LNF, Frascati, 1995

® The slides are available at
http://www.romal.infn.it/people/didomenico/roadmap/kaoninterferometry . html.
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them, without whom contribution the present Handbook would have not become a
reality.

A special thank is due to the Director of the Frascati Laboratories M.
Calvetti, for his interest and constant support for the workshop and the handbook
project, to the President of the INFN CSN-1 F. Ferroni, who supported this activity
inside the INFN roadmap working group, and to the Director of the INFN Sezione di
Roma S. Falciano, for the partial financial support of the workshop.

I express my gratitude to the Spokesperson of the KLOE experiment P.
Franzini for useful discussions on the subject and for being for me a constant point
of reference, to R. Baldini for stimulating discussions and suggestions, to J. Lee-
Franzini, G. Capon, M. Curatolo and all people attending with interest, and
contributing to the lively atmosphere and the success of the workshop.

I am grateful to M. Fidecaro for her suggestions and many useful discussions
on the subject.

I wish to thank L. Sabatini for her invaluable help in the logistic preparation
of the workshop, and all the SIS staff for their constant support. Finally, a special
thank to L. Invidia for her crucial help and patience in the completion of this

volume.

Antonio Di Domenico
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NEUTRAL KAON INTERFEROMETRY AT A $-FACTORY

Antonio Di Domenico
Dipartimento di fisica, Universita di Roma “La Sapienza”
& INEFN Sezione di Roma, Rome, Italy

E-mail: antonio.didomenico@romal.infn.it

Abstract

Interferometric methods applied to neutral kaon pairs at a ¢-factory offer
unique possibilities to perform fundamental tests of discrete symmetries, as
well as of the basic principles of quantum mechanics. In this paper a general
review on neutral kaon interferometry at a ¢-factory is given. The most recent
results obtained by the KLOE experiment at the DA®NE ete™ collider, the
Frascati ¢-factory, are reviewed. A recent proposal for continuing the KLOE
physics program (KLOE-2) at an upgraded DAPNE machine is discussed in
this context.

1 Introduction

The neutral kaon doublet is one of the most intriguing systems in nature.
During its time evolution a neutral kaon oscillates between its particle and
antiparticle states with a beat frequency Am ~ 5.3 x 10° s=! , where Am is
the small mass difference between the exponentially decaying states Ky and
K. The fortunate coincidence that Am is about half the decay width of Kg
makes possible to observe a variety of intricate interference phenomena in the
production and decay of neutral kaons. In turn, such observations enable us to
test the linear superposition principle of quantum mechanics, the interplay of
different conservation laws and the validity of various symmetry principles.

A unique feature of a ¢-factory is the production of neutral kaon pairs
in a pure quantum state with the consequent possibility to study quantum in-
terference effects, and to have pure monochromatic tagged K¢ and K, beams.
Besides the possibility to measure to high accuracy most, if not all, of the
properties of the kaon system, the correlation between the two kaons could
open up new horizons in the study of discrete symmetries and of the basic
principles of quantum mechanics. For instance a possible violation of the CPT
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symmetry! (where C is charge conjugation, P is parity, and T is time reversal)
could manifest in conjunction with tiny modifications of the initial correlation,
decoherence effects, or Lorentz symmetry violations, which, in turn, might be
justified in a quantum theory of gravity. At a ¢-factory the sensitivity to some
observable effects can reach the level of the interesting Planck’s scale region,
ie. O(m% /Mpianck) ~ 2x1072° GeV, which is a very remarkable level of accu-
racy, presently unreachable in other similar systems (e.g. the B meson system).
Moreover recent theoretical studies demonstrated that entangled neutral kaons
at a ¢-factory are suitable to test the foundations of quantum mechanics, such
as Bohr’s complementarity principle, the quantum erasure and marking con-
cepts, and the coherence of states over macroscopic distances, while for the
more classical test using Bell’s inequalities, new ideas have been put forward.
Therefore neutral kaon interferometry constitutes a powerful tool and a very
attractive opportunity to be fully exploited at a ¢-factory.

This paper is organized as follows: a brief introduction on the neutral
kaon system is given in Sects. 2 and 3; the basic concepts of neutral kaon
interferometry and the description of the most important “standard” tests on
discrete symmetries that can be performed at a ¢-factory are reviewed in Sect.
4; a brief introduction is given on possible tests of quantum mechanics (Sect.
5), decoherence and CPT violation effects that could be induced in a quantum
gravity framework (Sect. 6), and C' PT and Lorentz symmetry violation effects
(Sect. 7). Detailed reviews on these subjects can be found in the other contri-
butions of this handbook. The most recent results of the KLOE experiment at
DA®NE, the Frascati ¢-factory, are reviewed in Sect. 8; finally, the improved
sensitivities and prospects for the proposed KLOE-2 experiment are discussed
in Sect. 9.

IThe CPT theorem 1 2 3: 4) ensures that exact CPT invariance holds
for any quantum field theory assuming (1) Lorentz invariance, (2) Locality, and
(3) Unitarity. Testing the validity of C PT invariance therefore probes the most
fundamental assumptions of our present understanding of particles and their
interactions.
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2 The neutral kaon system

The time evolution of a neutral kaon that is initially a generic superposition of
K° and KO,

|K(0)) = a(0)|K°) + b(0)|K°) , (1)
can be described by the state vector

|K (1)) = a(®)|K®) + b(t)| K°) +ch(t)|fj> : (2)

where ¢ is the time in the kaon rest frame, f;’s with {j = 1,2, ...} represent
all possible decay final states, and a(t), b(t), and ¢;(t) are time dependent
functions. In the Wigner-Weisskopf approximation 5 , which is valid for times
larger than the typical strong interaction formation time, the functions a(t)
and b(t), describing the time evolution of the state in the {K°, K0} sub-space,
obey the Schrodinger-like equation

4() ()

where the effective Hamiltonian H is a 2 x 2 complex, not Hermitian, and
time independent matrix. It can be decomposed in terms of its hermitian and
anti-hermitian parts

Hyp Hip \
Hy1 Ha
i My My i f Ty oo
M-lr- _ ! 4
3 (Mf2 M22> 2(?{2 r22>7 (4)

where M and T are two hermitian matrices with positive eigenvalues, usually

H

called mass and decay matrices, and indices 1 and 2 stand for K° and K?°,
respectively.

The true Hamiltonian H = Ho + Huyk, Where Hg governs the strong
and electromagnetic interactions and conserve strangeness (Ho|K%) = Mo|K°),
H|K®) = Mo|K%), S|K% = |K®), S|K% = —|K9), while H, is a small
perturbation governing weak interactions and not conserving strangeness, is
related to the effective Hamiltonian H as follows:

<i|Hwk|f><f|Hwk|j>>
Mo — E;

My = Mobi; + (i[Hukls) + P ( (5)
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Py = 20 (i|Hurl )/ Hurl$)3(Mo — Ey) (6)
f

where ¢,7 = 1,2, P stands for the principal part, and the intermediate states
f correspond to virtual (M) or real (I') decay channels.

The matrix H is characterized by eight independent real parameters;
seven of them are observables, while one phase is arbitrary and unphysical.
In fact the flavor symmetry of the strong interaction leaves the freedom to
redefine the relative phase of |K°) and |K9) states:

K% — V|K")
K% — e "IK?), (7)

implying that the off-diagonal elements of H depend on the arbitrary phase ¢

Hpy — e Hp

Hyy — €™Hy . (8)

Thus expressions which depend on ¥ are not suited to represent experimental
results, unless ¢ is fixed to a definite value by convention. However the di-
agonal elements of H, the product of the off-diagonal elements, their absolute
values, the trace of H, its determinant and eigenvalues are all phase convention
independent quantities.

The conservation of discrete symmetries constrains the matrix elements
of H, and the following phase-invariant conditions hold?:

Hi = Hoy for CPT conservation, (9)
|Hia| = |H21|  for T conservation, (10)
Hy1 = Hoy and |Hi9| = |Hat| for CP conservation. (11)

The eigenvalues of H are

)\S == ms—irs/2
)\L == mL—iFL/27 (12)

2For a general review on discrete symmetries in the neutral kaon system see
Refs. 6 7. 8,9, 10, 11)



A. Di Domenico 5

where mg 1 and I'g , are the masses and widths of the physical states, respec-
tively. It is also useful to define the differences

Am = mp—mg >0
A' = TI's—T1 >0 (13)

and the so called superweak phase

2Am
Al
The physical states that diagonalize H are the short- and long-lived states;

tan gsw = (14)

they evolve in time as pure exponentials

[Ks(t)) = e '|Ks)
|Kp(t) = e ™KL, (15)

and are usually written as:

1

|Ks) = m{(1+€s)|Ko>+(1—€s)|Ro>}
KL - m{um)m%—u—q)m%}7 (16)

where €5 1, are two small complex parameters describing the CP impurity in
the physical states; one can equivalently define the parameters

EE(ﬁs+6L)/2 s (55(65—6L)/2. (17)

Ignoring negligible quadratic terms, they can be expressed in terms of the
elements of H as:

_ His —Hy  —iSMip — §ST' (18)
€ = =

s _ Hu—Hn 5 (Mag — M1y — £ (Tgp = T'11)) (19)
- 2(0s = Ap) Am + i (AT) /2 '

It is worth noting that the parameter € is phase convention dependent. The
arbitrariness in the choice of the phase ¥ can be conveniently used to have
either arg(I';2) = 0 (in this case € = |€|e’®sW), or the phase of some decay

amplitude such that arg(I'12) < 1 (as in the Wu-Yang phase convention 12)).
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In this case it can be shown % 11 13: 14) that the real part of € does not

depend on arg(I'12), and the following relation holds®:

|Hia|? — |Hay |? _
—_—— ~4RE. 20
|Hial? + |Ha21)? ‘ (20)

Then it is easy to show that
e § £ 0 implies C'PT violation;
e Re £ 0 implies T violation;
o Re £ 0 or § £ 0 implies C'P violation.

The effective Hamiltonian H can thus be expressed in terms of the following 7
observable quantities: 4 being in the complex eigenvalues Ag 1, 2 in the complex
parameter §, and 1 in the real part of €.

3 Correlated kaons

The correlations between the decay modes of a system consisting of a K K pair
produced in nucleon-antinucleon annihilation were first considered in 1958 by
Goldhaber, Lee and Yang 15) Neutral kaon pairs can also be produced in the
strong decay of some scalar, vector, or tensor unflavored neutral mesons, e.g.
fo, ¢, or f3, with definite J¥¢ =01+ 17—, 2+ quantum numbers. In such a

case only the two following zero strangeness states need to be considered:

| K (+p) K (=)
| K (+p) K (=) (21)

where the kaon momentum +p (or —p) is specified in the decaying meson
rest frame. Neutral kaons are spinless bosons and the physical K°K0 state is
required to be symmetric under the combined operation of charge conjugation
C and permutation of space coordinates P, i.e. CP = +1. For an arbitrary
and well defined orbital angular momentum L, the system is an eigenstate of
C with eigenvalue (—1)*. Hence, for the decay of scalar or tensor mesons into

3 Always neglecting |€]?> << 1 and |§]> < 1.
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K°K? onehas L =0, 2 (C =P = +1) and necessarily the following symmetric
combination of states (21):

%) %{IKO(W)HKO(—W HIE () KO (=) }

%{[|KS(+]7)>|KS(—]7)> — KL (+p) | KL(-p))]

—20[|Ks (+p)) | K L(=p)) + [ K (+9) [ Ks(=p))]} (22)

while, for the decay of vector mesons, one has L = 1 (C = P = —1) and the
antisymmetric combination:

iy = UK HPHIE (=p)) — KO (49K (—p))}
= GUKsHPIKL(=p) — KL (+0)) | Ks(=p))} (23)

where

_ VOt lesP)A e
Nﬁ (1—656L)

~1 (24)

is a normalization factor.
It is worth noting that:

¢ for identical spinless bosons, Bose statistics forbids states with odd angu-
lar momentum; hence in the case L = 1 terms like K¢Kg or KK, (or
K°K?", etc.) cannot appear; this is also true for simultaneous kaon states
at any time in the evolution of the system after production; the state
results totally antisymmetric, and eq.(23) is exact regardless of any CP
or CPT violation in the neutral kaon system (apart the case of a possible
CPT violation in which Bose statistics does not apply, as described in
Ref. 16, 17));

e in the case L = 0,2 terms of the order € and §° have been neglected
in eq.(22) but the effect of possible CPT violation has been included,
leading to the appearance of KsK and Ky Kg terms.

4 Kaon interferometry at a ¢-factory

Neutral kaon pairs in the antisymmetric state (23) are ideally and copiously
produced at a ¢-factory (J¥“ = 17~ for the ¢ meson) in the reaction eTe™ —
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¢ — K"K According to quantum mechanics, one can evaluate the decay
amplitude for state (23) into final states f; and f» produced in the +p and —p’
directions at kaon proper times t; and ¢s, respectively:

Alfoytis forts) = %ﬂfﬂﬂwtlm|T|KL<t2>>

—(fi|T|K(t))(f2|T|Ks(t2)) ;
%{<f1ITIKs> (ol T| pyePstie—rets
ATV (BIT|Ks)e Pty (25)

The double differential decay rate into final states fi and f, at proper times ¢
and ¢y can be readily computed from eq.(25):

I(f1,t1; fa,t2) = Cra{|m|?e TEtr7Tst2 | |py|2eTstr—Trt2

_(Ts+Tr)

—2mllmale™ = ) cos[Am(ts — ta) + ¢z — ]} (26)

where

= et LTI
e (F.IT[Ks) °

N 2
P i) (iriis)

and a proper account of phase-space integrals is implicitly assumed. After

Ciy =

integration in (¢4 + ¢2), at fixed difference of time At = ¢; — 9, the following
distribution is obtained, sometimes simpler to manipulate and compare to data:

C _ _
I(f17f2§AtZO):ﬁ{|771|ze FLAt+|772|26 TsAt

Tg

+Ir)
2l ||male” 7 A cos|[AmAL + ¢r — p1]} (28)

valid for At > 0, while for At < 0 the substitutions At — |A¢| and 1 < 2 have
to be applied.

Both eqgs.(26) and (28) show a time interference term (in the second line
of their expressions) giving rise to a characteristic correlation between the two
kaon decays. It can be exploited to study the neutral kaon system and discrete
symmetries. In fact the decay amplitude ratios 7; defined in eq.(27), as well
as the kinematical properties of neutral kaons, i.e. I's, I';, and Am, can be



A. Di Domenico 9

evaluated by measuring the distribution (28) with different choices of final
states f1 and fo. From these measurements several parameters describing the
neutral kaon system can be extracted.

In general two kind of asymmetries can be constructed from eq.(28); the

first one can be obtained by considering eq.(28) for positive and negative At’s:

I(f1, fo; At > 0) — I (f1, fo; At <0)

A(|AL]) = ; 29
1A = e A= 0) T Ty, fo AT < 0) (29)
for |At] > 15 (where 751, = 1/I's 1, is the Kg f, lifetime) it becomes:
e 2 ]2
A(IAY > 7g) = 1~ 2] (30)

T m? A+ el

while for |Af| < Brg it depends on the complex ratio 12 /7n;, and therefore from
the phase difference ¢2 — ¢.

The second asymmetry can be defined by considering three different final
states f1, fo, and fs:

I (f1, fa; ALY — I(fo, f3; At)

A At) = — 2 : 31
112 (A1) I(fr, fs; At) + 1 (f2, fs; At) 81)
For large positive At one obtains:
'Ky — —I'(K —
A‘fl)fz (At >> TS) ~ ( L fl) ( L fz) (32)

DKL — fi) + DKL — f2)
while for large negative At one has:

[(Ks — f1) —T(Ks — f2)

Ao (B S T8) ™~ R R T T(Rs = fa)

(33)
For |At]| < 57g the asymmetry (31) depends on the ratios n;/ns and ns/ns.

4.1 Decays into two charged and two neutral pions

The parameter €'/e signaling direct C'P violation 18, 6)

in K — 7 decays
can be measured with the choice f1 = 77~ and fo = 27°; in this case the

corresponding 7); parameters are defined as follows:

Nie = |ny_|eft- =e+ €

o = [1oole’ ™ = e —2¢ (34)
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where*:
\SAO §RBO
OV T R4, (35)
/ (i(6200) RA [ /SAy  SA n RBy RBo (36)
‘< \/5 Rdo | \RA; ~ RA A, RA )|

and the decay amplitudes of K° and K© into a wr final state of definite isospin
I =0,2 are written as

(rm; I|T|K® = (A; + Bp)e!
(rm I|T|K%) = (A} — Bf)e™ | (37)

with d; the 7w strong interaction phase shift for channel of total isospin I.
Here A; (By) describe the C PT-conserving (C PT-violating) part of 77 decay
amplitudes (see Refs. 6, 19, 18) fo1 a detailed discussion).

The distribution (28) in the case of fi = 7t7~ and fo = 27" is shown
in Fig.1 (where the effect of ¢//¢ # 0 is emphasized). One can construct an
asymmetry of the kind of eq.(29):

I(mxtn,7%% At > 0) — I (a+7n—, 77" At < 0)
I(wta=, 7079 At > 0) + I (wt7n—, 7070 At < 0)

Anflade (£) - ariads () (58)

A2
where terms proportional to (%) have been neglected in the last equality, and

Acye(|At]) =

67FL‘At‘ _ 67F5‘At‘

Ag(|At]) =
e~TrlAl] | e—Ts|at] _ ge—E555E Al cos(Am]|At])

( )
2~ 1A gin (Am|At])

Ts+lp)
e TrlAtl e=Ts|Atl _ 9e=—51A cos( Am| At|)

Ar(|At]) = (39)

The asymmetry is sensitive to (e’ /¢) for |At| < 57g, while for |At] > 75 tends
to 3R(e'/¢).

4Tt is worth remarking that e and € are measurable quantities independent
of any phase convention.



A. Di Domenico 11

I(At) (a.uw)

0.15

0.1

0.05

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
¢]
-25 =20 -15 -—10 -5 0 5 10 15 20 25

At/Ts

Figure 1: The I(7T+7T777TO7TO;A15) distribution in the case of €'/e = 0 (solid
line), and in the case of R(c'/e) = 0.005, S(e'/e) = 0.05 (dashed line).

4.2 Double semileptonic decays

The semileptonic decay amplitudes can be parametrized as follows 6).
(r I T|K% = a+b, (T p|T|K° = a* — b*
(T p|T|K% = c+d), (r ITy|T|K® = ¢ —d*  (40)

where a, b, ¢, d are complex quantities; CPT invariance implies b = d = 0,
AS = AQ rule implies ¢ = d = 0, T invariance implies Sa = Sb = Se =
Sd = 0, while C'P invariance implies Sa = Rb = S¢ = Rd = 0. Then three

measurable parameters can be defined:
y=—bla, zy =c"/a, z_ = —d"/a; (41)

24+ (z_) describes the violation of the AS = AQ rule in CPT conserving
(violating) decay amplitudes, while y parametrizes CPT violation for AS =
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AQ transitions. Then the semileptonic charge asymmetries for Kg and K7,
states can be expressed as

NKg— 7 lTv)—T(Kg — 7Tl D)

A =
s [(Kg — 7 ltv) + T(Kg — ntl-p)
= 2%Re+ 2R6 — 2Ry + 2Rzw_ | (42)
and
N(Kp— 7 lTv)-T(Kp — 7t p)
AL =

F(KL — 7Tfl+1/) + F(KL — 7T+1717)
—  2Re— 2R6 — 2Ry — 2R . (43)

With the choice fi = 7~ ITv and fo = 711~ v, the corresponding 7; parameters
are

m+ =~ 1—-20—-2zx, —2z_

m- o~ —1—20+42z% — 22" . (44)

The decay intensity (28) in this case is shown in Fig.2 (where a possible effect
of § # 0 is emphasized). The following asymmetry can be constructed:

I(r Ty, nl v, At > 0) — I (x UTv, 7" 0; At < 0)

I{r v, ntl—0; At > 0) + [ (m— Ty, nHl—0; At < 0)
4

= —z {Ar(At)or + Ar(|At])or}

cosh (AT'|At|/2) — cos(Am|At|)
cosh (AT'|At|/2) + cos(Am|At|)

Acpr(|At]) =

(45)

that is sensitive to CPT and/or AS = AQ rule violations. In fact for |At| > 75
it tends to —4dg, where dgp = R + Rz, while for |At| < 57y it is sensitive to
0 =30+ Sy

4.3 Semileptonic and two pion decays
The decay intensity (28) in the cases of f1 =7 Ty, fo = 77170, and f3 =77
is shown in Fig.3; an asymmetry of the kind of eq.(31) can be constructed

I(r Uy, mm, At) — I (71 v, 7m; At)
I(n Uty am; At) + I (v, mm; At)

A - (A1) = (46)
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I(At) (a.w)
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Figure 2: The I (x~ITv, wl~; At) distribution in the case of § =2, =2 =0
(solid line), and in the case RS =5-107*, 36 = 0.05 , . = x_ = 0 (dashed
line).

that at large positive times At > 75 coincides with the K, semileptonic asym-
metry Ay, given in eq.(43), while for short times it is sensitive to |9.| and ¢qr.

4.4 Decays into identical final states

In the case of f; = fo = 7~ the dependence on the 1, _ parameter factorizes
out, and the shape of distribution (28) is sensitive only to the kinematical
quantities I'g, I'y, and Am, as shown in Fig.4. The same holds for any choice
of identical final states, i.e. with f; = fs.

More detailed reviews on this subject can be found in Refs. 18, 6, 19, 20)
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I(At) (a.w)

o
I

—-20 -—15 —-10 -5 0 5 10 15 20 25

At/Ts
Figure 3: The I (w1 Tv, wm; At) (solid line), and I (wl~ v, nm; At) (dashed line)

distributions.

|
M) T
o

5 Entanglement and neutral kaons

As mentioned above the interference term in egs.(26) and (28) gives rise to a
characteristic correlation between the two kaon decays. For instance, a com-
plete destructive interference prevents the two kaons from decaying into the
same final state f at the same time ¢, i.e.:

I(f, 6 1,4) =0 (47)

for any f and ¢ (as it can be also noticed in Fig.(4) for |At] = 0). This is
a consequence of the antisymmetry of state (23). From an intuitive point of
view, once produced, the two kaons can be viewed as two freely propagating
independent particles. However even though the two decays can be regarded
as separated space-like events (the kaons are produced with opposite momen-
tum in the ¢ meson rest frame), it is like the kaon flying in the +p direction
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I(At) (a.uw.)
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At/Ts

Figure 4: The I (rTn~, nn™;|At|) distribution as a function of |At| (solid
line), and the same distribution in the case of a fractional variation of Am of

+10% (dashed line).

cannot “freely” decay into a certain final state f at a certain proper time ¢,
but its behaviour depends on what the other kaon flying in the opposite —p’

direction does. This kind of correlation (entanglement) for neutral kaon pairs

was emphasized already in 1960 by Lee and Yang 21)

22, 23, 24)

, and later on by several
authors It cannot be simply explained in terms of conservation
laws, and is of the type first pointed out by Einstein, Podolsky and Rosen
(EPR) in their famous paper 25),

This feature of the initial state (23) has long reaching consequences in
terms of potentialities of the neutral kaon system in testing fundamental as-
pects of quantum mechanics. This can be easily understood by recognizing
that the quantum number strangeness £1 for a neutral kaon can play the same

role of spin up or down along a chosen direction. Then, the correlations implied
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by the state (23) for a kaon pair lead to a quite straightforward formal anal-
ogy with the system of spin 1/2 particles in the singlet state. Therefore, kaon
pairs produced at a ¢-factory might be suitable for a significant test of Bell’s
inequality, as it is discussed in detail in the contributions of Bertlmann and

26) 21) (see also the contri-

Hiesmayr , and Bramon, Escribano and Garbarino
bution of Go 28))7 or for the study of Bohr’s complementarity principle with
an interesting implementation of the quantum erasure concepts, as described

in the contribution of Bramon, Garbarino and Hiesmayr 29)

6 Decoherence and CPT violation

6.1 Furry’s hypothesis and a simple decoherence model

Most of the key features of the entangled state (23) resides in its non-separability.
It has been suggested that the state soon after the ¢-meson decay, sponta-
neously factorizes to an equally weighted statistical mixture of states |Kg}| K1)
and |Kp)|Ks), (commonly known as Furry’s hypothesis 30)). In this case
the characteristic quantum interference term would disappear from expressions
(26) and (28); to be more specific, this means that the calculation of intensity
1(f1,t1; f2,12) is no more given by eq.(26), as in orthodoz quantum mechanics,
but is given by the incoherent sum:
N R IT IR s (T ()
5 1 s(t1))J2 r(l2

H{AITIEL@ONLIT|Es(t2)) P} - (48)

I(f1 s fos b)) purry =

One of the most direct way to search for such deviations from quantum

31)

mechanics is to introduce a decoherence parameter (sy,, and a factor (1 —()

multiplying the interference term in eq.(26):

I(f1,t1; f2,t2;¢) = Cra{|m|?e TEtrlsta 4 |py|2eTstr—Trt2
(Pg+Tp)

=201 = Qlmllmale™ = =) cos[Am(ty — t2) + ¢2 — ]} - (49)

The case ¢ = 0 corresponds to the usual orthodor quantum theory, while for
¢ = 1 the case of spontaneous factorization of state, as in eq.(48), is obtained,
i.e. total decoherence. Different ¢ values correspond to intermediate situations
between these two. However, the state could also spontaneously factorize into
another mixture of states, e.g. |K%)|K%) and |K°)|K"), giving rise to a different
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decay intensity expression. As pointed out in Ref. 32)7 in general the definition
of ¢ depends on the basis in which is written the initial state (23) because the
interference term changes with the basis (obviously in the orthodoz quantum
theory the final result does not depend on the basis choice). For a generic basis
|Ko), |K3), distribution (26) is modified as follows:
IN'[? 2
5 UAIT K (1)) (F2| T Ks(t2))]
FUAITIK () (F2|T [ Ka(t2)) ]
—=2(1 = Cap)R[CUT K p (1)) (F2 T K o (2)) (FLT | K a(t1 ) (ol T K p(t2)) "]}

(50)

I(f1,t1; f2,t2;Cap) =

defining the basis dependent decoherence parameter (3.

6.2 A general approach to decoherence

In general decoherence is the time evolution of a pure state into an incoher-
ent mixture of states. The density matrix formalism correctly treats pure and
mixed states in a unique consistent framework. According to quantum me-
chanics, the time evolution of the density matrix p of a system is given by the
Liouville - von Neumann equation:
P i (51)
Decoherence can be introduced at a more fundamental level than inserting
by hand the parameter ¢, by suitably modifying eq.(51). Very general mod-
ifications have been proposed in Ref. 33, 34, 35, 36, 37, 38) g, single kaon
and correlated pair of kaon systems. In the broad framework of open quantum
systems, neutral kaons can be modeled as being small subsystems in weak in-
teraction with large environments. The reduced dynamics for the subsystem
is obtained by tracing over the environment degrees of freedom, and the time
evolution is assumed to be described by a completely positive dynamical map.
A detailed review on this subject can be found in the contribution of Benatti

and Floreanini 39) .

6.3 Decoherence and C'PT violation due to quantum gravity effects

The decoherence mechanism can be made more specific in the case it is induced
by quantum gravity effects. In fact one of the main open problem in quantum
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gravity is related to what is commonly known as the black hole information-loss
paradoz. In 1976 Hawking showed 40) that the formation and evaporation of
black holes, as described in the semiclassical approximation, appear to trans-
form pure states near the event horizon of black holes into mixed states. This
corresponds to a loss of information about the initial state, in striking conflict
with quantum mechanics and its unitarity description.

At a microscopic level, in a quantum gravity picture, space-time might be
subjected to inherent non-trivial quantum metric and topology fluctuations at
the Planck scale (~ 10733 ¢m), called generically space-time foam, with associ-
ated microscopic event horizons. As further suggested by Hawking himself 41)7
this space-time structure, might induce a pure state to evolve into a mixed one,
i.e. decoherence of apparently isolated matter systems. This decoherence, in
turn, necessarily implies, by means of a theorem 42)7 CPT violation, in the
sense that the quantum mechanical operator generating C P71 transformations
cannot be consistently defined.

The information-loss paradox generated a lively debate during the last
decades with no generally accepted solution. Even the recent proposed solu-
tions in favor of no-loss and preservation of information do not completely solve
the problem, some aspects of which still remaining a puzzle (see for instance
Refs. 43, 44, 45)). It seems therefore extremely interesting to put experimental
limits at the level of the Planck’s scale region on possible decoherence effects.

The above mentioned decoherence mechanism lead Ellis and coworkers 46)
to formulate a model in which a single kaon is described by a density matrix p
that obeys a modified Liouville-von Neunmann equation:

dp . . 1 )
i —iHp+ ipH' + i6Hp (52)
where now H = M — iT'/2 is the usual neutral kaon effective Hamiltonian,
and the extra term dH would induce decoherence in the system. Taking
as orthonormal basis for p the states |K;) = % [[K% + K9] and |K2) =
% [[KY — |K°)], and expanding p in terms of Pauli spin matrices o; and the
identity og, i.e. p = p,0,, the extra term can be represented by a 4 x 4 matrix
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(5HW (1, ¥ =0,1,2,3) acting on a column vector with p, as components:

00 0 O
00 0 O

(5HW = -2 00 a 3 (53)
00 g ~

where o,  and -y are three new real parameters, which violate CPT symmetry
and quantum mechanics, and satisfy the inequalities o, ¥ > 0 and ary > 3% (see
Refs. 46, 47)). They have mass dimension and are guessed to be at most of
O(m%(/MPlanck) ~2x10720 G6V7 where M pianck — 1@ =1.22x10% GeV
is the Planck mass.

The formalism described above is for single kaons. Its extension to the corre-
lated kaon pair (23) has been described in Refs. 48, 17),

It is worth noting that the assumption of complete positivity 34, 35)
introduces additional constraints on these three parameters, i.e. « = v and
3 = 0, reducing them to only one independent parameter.

As discussed above, in a quantum gravity framework inducing decoher-
ence, the C'PT operator is éll-defined. This consideration lead Bernabeu,

Mavromatos and Papavassiliou 16, 17)

to investigate intriguing consequences
in correlated neutral kaon states. In fact the resulting loss of particle-antiparticle
identity could induce a breakdown of the correlation of state (23) imposed by
Bose statistics. As a result the initial entangled state (23) can be parametrized
in general as:

[[EO)E) = [KO)|E")] +w [|K°)|K°) + |K*)K%)] }

i) = \/— {
o {[|Ks)|Kp) — |Kp)|Ks)| +w |[|[Ks)|Ks) — [Kp)|Kp)]} (54)

where w is a complex parameter describing a completely novel CPT violation

phenomenon, not included in previous analyses. Its order of magnitude might
2 1/2
be at most |w| ~ {W} ~ 1073 with AI'=T's — I'.

From eq.(54) it is evident that the best decay channel to look for such CPT
violation effects is the one with f; = fo» = #T7: in fact in this case the leading
Kg K7, terms are C P suppressed while the new CPT violating KsKg term is
not.

A general review on the theoretical motivations for possible CPT viola-
tion induced by quantum gravity in the neutral kaon system can be found in
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the contribution of Bernabeu, Ellis, Mavromatos, Nanopoulos and Papavassil-
iou 49); a review on decoherence models in this framework can be found in the

50)

contribution of Sarkar , wWhile general considerations on quantum gravity

phenomenology with a special focus on correlated states can be found in the

contribution of Amelino-Camelia, Arzano and Marciano 51),

7 CPT violation and Lorentz symmetry breaking

CPT invariance holds for any realistic Lorentz-invariant quantum field theory.
However a very general theoretical possibility for CPT violation is based on
spontaneous breaking of Lorentz symmetry, as developed by Kostelecky 52, 53, 5
which appears to be compatible with the basic tenets of quantum field theory
and retains the property of gauge invariance and renormalizability (Standard
Model Extension - SME). A detailed review on this subject can be found in
the contribution of Lehnert 55). Here, after a brief introduction, some mea-
surement methods at a ¢-factory are discussed.

In SME for neutral kaons, CPT manifests to lowest order only in the
CPT violation parameter ¢ (e.g. By, y and z_ vanish at first order), and

exhibits a dependence on the 4-momentum of the kaon:
§ & i sin psw €SV v (Aag — Brc - AZ)/Am (55)

where v and 6;( are the kaon boost factor and velocity in the observer frame,
and Aa, are four CPT- and Lorentz-violating coefficients for the two valence
quarks in the kaon.

The implications of the momentum dependence in the CPT violation
parameter can be substantial, as it is evident in eq.(55). The analysis of exper-
imental data requires a particular care in considering meson boost, momentum
orientation, and possible diurnal effects arising from the rotation of the Earth
relative to the constant vector Ad, in order to avoid cancellations of the CPT
violation effects.

Following Ref. 53)

, the time dependence arising from the rotation of the
Earth can be explicitly displayed in eq.(55) by choosing a three-dimensional
basis ()AQY7 2) in a non-rotating frame, with the 7 axis along the Earth’s
rotation axis, and a basis (£, ¢, 2) for the rotating (laboratory) frame (see Fig.5).

The CPT violating parameter § may then be expressed as:
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by

Figure 5: Basis (2,9, 2) for the rotating frame, and basis (X7 Y, 2) for the fized
non-rotating frame. The laboratory frame precesses around the Farth’s rotation
aris 7 at the sidereal frequency §; x is the angle between the ares 7 and Z.

i si ipsw
spit) = %W({Aao + BrAay(cosdcosy — sin 6 cos ¢sin x)

—Br Aax sin sin ¢ sin Q1

+8k Aax (cosfsin y + sinf cos ¢ cos x) cos

+8k Aay (cos @sin x + sin 8 cos ¢ cos x) sin Q¢

+8k Aay sin fsin ¢ cos Ot} (56)

where  is the Earth’s sidereal frequency, cosxy = 2 - Z , and 6 and ¢ are the
conventional polar and azimuthal angles defined in the laboratory frame about
the z axis.

The sensitivity to the four Aqa, parameters can be very different for fixed
target and collider experiments, showing complementary features 53) At a
fixed target experiment usually the kaon momentum direction is fixed, while
|p] might vary within a certain interval. On the contrary, at a ¢-factory kaons
are emitted with the characteristic p-wave angular distribution dN/dQ sin” 0,
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while |p] is fixed®. Assuming a symmetric decay distribution® in the azimuthal
angle ¢, and an integration on this variable, the following expression is obtained
for 4:

1 27

R
27 0

1 8in (bSW €i¢SW

= —————7k{Aay + BrAaz cosbcosx
Am

+ 8k (Aay sin x cos @sin Ut + Aax siny cos @ cos Q) } | (57)

showing different angular and time dependences of the various terms propor-
tional to Aay,.

7.1 Measurement of Aag at a ¢-factory

The Aag parameter can be measured through the difference of the semileptonic
charge asymmetries for Kg and K, given in eqs.(42) and (43), by performing
the measurement of each asymmetry with a symmetric integration over the
polar angle @, thus averaging to zero any possible contribution from the terms
proportional to cos @ in eq.(57). Then one obtains that the difference (As—Ay)
is proportional to Aag, i.e.:

AR (isin gpswet?sW ) v

As—ALZ Am

ACLO . (58)

An alternative method to measure Aag consists in exploiting the corre-
lation between the two kaons in double semileptonic decays ¢ — KgsK; —
7T ¢ v, n £ty with opposite lepton charges. The two kaons are practically
emitted back-to-back, and terms proportional to cos® have opposite sign for
the two kaons; Aap can be evaluated through the asymmetry (45), which for
large At becomes:

AR (isin pswe'?sW ) v
Am

Acpr(|At] > 75) = — Aag . (59)

5 Apart small variations due to the small ¢ meson momentum in the labo-
ratory frame.

5This simplifying assumption will be maintained throughout the following;
however small non-symmetric ¢ angle effects could be easily included in the
formulas without significantly modifying the main conclusions below.
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The above two methods are largely independent and could be useful for
systematics cross-checks.

7.2 Measurement of Aay at a ¢-factory

The Aay parameter can be measured through the A; asymmetry measured
separately for K, ’s emitted in the forward (cos # > 0) and backward (cos 6 < 0)
direction; assuming data have been uniformly taken as a function of sidereal
time, thus averaging to zero any possible contribution from the terms propor-
tional to cosQt and sin Q¢ in eq.(57) (otherwise a proper t-dependent analysis
has to be performed), one has:

AAr = Ap(cost >0)— Ap(cosf < 0)
o 4R (isin ¢Swei¢sz) B cos x {cos 6) Aay (60)
m

where {cos @) is a proper average of cos@ over the forward (backward) hemi-
sphere.

Also for the measurement of Aaz an alternative and independent method
exists, based on neutral kaon interferometry with ¢ — KgKy — atn ,nln—
decays. In this case the intensity I (777~ (+), 77~ (—); At) can be measured,
where the two identical final states are distinguished by their forward or back-
ward emission (the symbols + and — represent cos @ > 0 and cosf < 0, respec-
tively), and the following asymmetry evaluated:

Imta (4),7ta (=), At > 0) = [ (7T 7 (+), 777 (=); At <0)
Trtrn=(4), 77 (=); At > 0) + I (nto—(+),7T7n—(—); At <0)
(61

A|At]) =

To first order in small quantities, the above asymmetry for At >> 75 tends to
zero, because € and ¢ are 90° out of phase (see Ref. 18)):

8
A(JAL > 1g) >~ —2R <—> ~0 (62)
€
while for |At| < 575 it is sensitive to S (0/¢€), and therefore to Aay:

A0 < |AL] < 5rs) o & 2] ~ [P0 GswBrym cosx(eosO) [\
€ Amle

Also in this case the two methods could be used for cross-checks.
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7.3 Measurement of Aayx, Aay at a ¢-factory

The Aayx, Aay and Aay parameters can be all simultaneously measured by
performing a proper sidereal time dependent analysis of asymmetries in egs.(60)
and (61).

8 The KLOE experiment at DAPNE

DA®NE, the Frascati ¢-factory 56)7 is an eTe™ collider working at a center of
mass energy of /s ~ 1020 MeV, corresponding to the peak of the ¢ resonance.
The ¢ production cross section is ~ 3ub; the main ¢ decays and branching
ratios are listed in tab. 1. The beams collide at the interaction point (IP)

Table 1: Main decay channels and branching fractions of the ¢ meson

Decay channel Branching fraction (% units)
KK 191
¢ — KOKO 34.0
¢ — pr,nta 15.4
¢ — ny 1.3

with a crossing angle 6, ~ 25 mrad, therefore ¢’s are produced with a small
momentum of ~ 12.5 MeV in the horizontal plane. The beams collide with a
frequency up to 370 MHz corresponding to a bunch crossing period of Tpynen =
2.7 ns and a maximum number of circulating bunches of 120. The KLOE
interaction region is equipped with three low-5 quadrupoles, which reduce the
beam-size in the vertical (y) direction. The typical sizes of the beam are o, =
0.2cm; oy = 20 pm; o, = 3cm. The maximum peak luminosity reached during
KLOE data taking is L~ 1.4 x 1032¢cm—2s~ !

The KLOE detector consists mainly of a large volume drift chamber sur-
rounded by an electromagnetic calorimeter. A superconducting coil around the
calorimeter provides a 0.52 T solenoidal magnetic field.

57) consists of a

The fine sampling lead-scintillating fiber calorimeter
barrel and two end-caps, and has solid angle coverage of 98%. Photon energies
and arrival times are measured with resolutions og/E = 5.7%/ \/m and
oy = 54ps/ \/m @ 50ps, respectively. Photon entry points are determined
with an accuracy o, ~ 1 cm/ \/m along the fibers and o] ~ 1 cm in the

transverse direction.
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The tracking detector is a 4 m diameter and 3.3 m long cylindrical drift

chamber 58)

with a total of ~ 52000 wires, of which ~ 12000 are sense wires.
In order to minimize multiple scattering and K, regeneration and to maximize
detection efficiency of low energy photons, the chamber works with a helium
based gas mixture and its walls are made of light materials (mostly carbon
fiber composites). The momentum resolution for tracks produced at large polar
angle is o, /p < 0.4%. Vertices are reconstructed with a resolution of ~ 3 mm.

Kaon regeneration in the beam pipe is a non negligible disturbance. The
beam pipe is spherical around the interaction point, with a radius of 10 cm.
The walls of the beam pipe, 500 pm thick, are made of a 62%-beryllium/38%-
aluminum alloy. A beryllium cylindrical tube of 4.4 ecm radius and 50um thick,
coaxial with the beam, provides electrical continuity.

KLOE completed the data taking in March 2006 with a total integrated
luminosity of ~ 2.5 fb717 corresponding to ~ 7.5 x 10° ¢-mesons produced.

8.1 Decoherence and CPT symmetry tests

The quantum interference between the two kaon decays in the CP violating
channel ¢ — KgK; — nn 77~ has been observed for the first time by
KLOE 5%, A data sample corresponding to ~ 380 pb71 has been analysed; the
selection of the signal requires two vertices, each with two opposite curvature
tracks inside the drift chamber, with an invariant mass and total momentum
compatible with the two neutral kaon decays. The experimental resolution on
the time difference |A¢] in the case of 777~ decays can be improved exploit-
ing the good momentum resolution of the KLOE detector 60) and the closed
kinematics of the event. After a kinematic fit, a resolution o5 ~ 0.975 is ob-
tained. The measured I{r "7~ w7~ ;|At|) distribution as a function of |At]
can be fitted with the expression given in eq.(28). After having included resolu-
tion and detection efficiency effects, having taken into account the background
due to coherent and incoherent Kg-regeneration on the beam pipe wall, the
small contamination of non-resonant eTe™ — a7 7T 7~ events, and keeping
fixed in the fit I's and I'y, to the PDG 61) values, Am can be evaluated. The
fit result is Am = (5.61 &£ 0.33) x 10%~!, which is compatible with the more
precise value given by the PDG: Am = (5.290 £ 0.015) x 10%~ 1.

A similar analysis can be done on the same data sample, by fixing Am to
the PDG value, using the modified expression given in eq.(50) after integration
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Figure 6: Fit of the I{(n"n—, 777 ;|At]) distribution. The black points are
the experimental data, while the histogram is the fit result in the case of (sr,
determination. The uncertainty arising from the detection efficiency evaluation
is shown as the hatched area. The peak at |Al| ~ 1775 is due to coherent and
incoherent Kg-regeneration on the spherical beam pipe.

in (¢4 + t2), and leaving the decoherence parameter ¢ as a free parameter in
the fit. The results in the two main basis, {Kg, K} and {K° K}, are

(sp = 0.018£0.0404¢5¢ £ 0.007gyt
Con = (10421001 F 0dgygt) x 1077,

compatible with the quantum mechanics prediction, i.e. (s; = {35 = 0, and
no decoherence effects. As an example, the fit of the |At| distribution used to
determine (s, is shown in Fig.6.

The result on (5 has a high accuracy, of O(10~%), due to the CP sup-
pression present in the specific fi = fo = nmr decay channel which makes the
function (50) very sensitive to (45 deviations from zero. This result improves
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by five orders of magnitude the previous limit obtained by Bertlmann and co-

workers 32) in a re-analysis of CPLEAR data 62) (a review of the CPLEAR

results can be found in the contribution of Go 28)). It can also be compared to

a similar result recently obtained in the B meson system 63)
of @(107?) can be reached.

Another analysis based on the same data constrains the parameters «,

, Where an accuracy

B and - related to possible decoherence effects induced by quantum gravity,
as discussed above. The theoretical expression of the I(mTn—, 777~ |At|)
distribution including these effects can be found in Refs. 48, 17)  The KLOE

preliminary results are 64).
a = (—mtgism + 9Syst) % 10717 GeV
B = (3.7t8;gstat + I.SSySt) x 10719 GeV
7= (05T 1 2455t ) X 1072 GeV (64)

In the simplifying hypothesis of complete positivity, i.e. &« =y and 3 = 0, the
KLOE result is 79

v = (13725 4£04) x 10721 GeV (65)

These results can be compared to the ones obtained by the CPLEAR collabo-

ration, studying single neutral kaon decays to 777~ and wev final states 65).
a = (—0.5£28)x 1017 GeV
B = (254+23)x10 1 GeV
v = (11£25)x 10721 GeV . (66)

All results are compatible with no CPT violation, while the sensitivity ap-
proaches the interesting level of O(1072° GeV).

The uncertainties on the KLOE measurements of the ¢, «, 3, 7, and w
parameters should improve by more than a factor two with the analysis of the
full KLOE data sample of 2.5 fb ™1

As discussed above CPT violation effects might also induce a breakdown
of the correlation of state (23), as given in eq.(54). A similar analysis performed
on the same KLOE data as before, including in the fit the modified initial state

(54), yields the first measurement of the complex parameter w 59)

R(w) = (1.1731£09) x 107*  S(w) = (34725 £0.6) x 107*;
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compatible with no C'PT violation, and with an accuracy that already reaches
the interesting Planck’s scale region.

8.2 CPT symmetry tests with Kg — mer decays

For t1 > t9,75 (or tg > t1,7s), the amplitude (25) factorizes, and everything
behaves like the initial state were an incoherent mixture of states |Kg)| K1)
and |K1)|Ks). Hence the detection of a kaon at large times tags a |Kg) state
in the opposite direction. This is a unique feature at a ¢-factory, not possible
at fixed target experiments, that can be exploited to select a pure Kg beam.

At KLOE a K is tagged by identifying the interaction of the K7, in the
calorimeter (K -crash). In fact about 50% of the produced K,’s in ¢ — KgKJ,
events reach the calorimeter before decaying; their associated interactions are
identified by a high energy, neutral and delayed deposit in the calorimeter,
i.e. not associated to any charged track in the event, and delayed of ~ 30 ns
(as Bk ~ 0.22) with respect to a photon coming from the interaction region.
Pure Ks samples have been selected exploiting this tagging technique. In
particular Ks — wer decays are selected requiring a Kr-crash and two tracks
forming a vertex close to the IP, and associated with two energy deposits in the
calorimeter. Pions and electrons are recognized using a time-of-flight technique.
The number of signal events is normalized to the number of Kg — 7«77~ in
the same data set. Then the first measurement of the K¢ semileptonic charge
asymmetry has been performed 66).

As = (1.5£9.6g51 + 2.95y¢) x 1077 .

The uncertainty on As can be reduced at the level of &~ 3 x 1072 with the
analysis of the full data sample of 2.5 fb~?.

From the sum and the difference of the Kg and Ky, semileptonic charge
asymmetries one can test CPT conservation. Using the values of Ay, RJ, and
Re from other experiments 61)7 the real part of the CPT violating and AS =
AQ violating (conserving) parameter z_ (y) in semileptonic decay amplitudes
(see egs.(42) and (43)), can be evaluated 66).

_As= AL g (—-0.8+25)x 1073

4
As+ A
Ry = Re — % = (04+25)x 1072 . (67)

Rr_
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8.3 CPT symmetry test from unitarity

The unitarity relation, originally derived by Bell and Steinberger 67)7
I's+1Ty . Re .
N t — — i =
(Fs -, and)sw) L e~ }
FS_FLZA* Ks — AWK, — )= oy (68)

f

can be used to bound 346, after having provided all the «; parameters, I's,
I'y, and ¢gw as inputs. A detailed review on this subject is given in the
contribution of Tsidori 63).

Using KLOE measurements, PDG 61) values, and a combined fit of KLOE
and CPLEAR data, the following result is obtained 69).

Re = (159.6£1.3) x 107° | $6=(044+21)x107°, (69)

the main limiting factor of this result being the uncertainty on the phase ¢, _
of the n,_ parameter entering in o+, .

The limits on &(d) and R(J) 70) can be used (see eq.(19)) to constrain
the mass and width difference between K° and K°. In the limit T'1; = I's», i.e.
neglecting C PT-violating effects in the decay amplitudes, the best bound on
the neutral kaon mass difference is obtained:

—5.3x 1071 GeV < Myj — May <6.3x 107 GeV at 95 % CL . (70)

8.4 Lorentz and C'PT symmetries tests

From the measured value 56) of Ag and a preliminary evaluation of Ay by
KLOE, the difference Ag — A; = (=2 £ 10) x 1072, and a first preliminary
evaluation of the Aagp parameter can be obtained ).

Aag = (0.4+1.8) x 10717 GeV . (71)

With the analysis of the full KLOE data sample (L = 2.5 fb~ 1) a statistical
sensitivity 6(Aag) ~ 7x 107 GeV could be reached. In the case of the method
based on double semileptonic decays (see eq.(45) ), the analysis of the full data
sample could yield a sensitivity §(Aag) ~ 1 x 10717 GeV.

An analysis has been performed on the same sample (L = 380 pbfl) of
¢ — KgK; — ntn—, 777~ events used for the measurement of decoherence
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parameters, exploiting the method based on eq.(61). It yields a first preliminary

evaluation of Aay 1)

Aay = (—144) x 10717 GeV . (72)

With the analysis of 2.5 fb~! a statistical sensitivity §(Aaz) ~ 2 x 10717 GeV
could be reached. In the case of the method based on eq.(60), the analysis of
the full data sample could yield a sensitivity §(Aaz) ~ 3 x 10717 GeV.

The same level of accuracy could also be reached on the Aax and Aay
parameters by means of a proper sidereal time dependent analysis. However in
this case the sensitivity would not be competitive with a preliminary measure-

72) based on the search of sidereal

ment performed by the KTeV collaboration
time variation of the phase ¢, _, that constrains Aax and Aay to less than
9.2 x 10722 GeV at 90% C.L. .

The Aa, parameters have also been recently constrained in the B-meson

system 73) with an accuracy of O(10712 GeV).

9 The KLOE-2 program

A proposal 74) has been recently submitted for a physics program to be car-
ried out with an upgraded KLOE detector, KLOE-2, at a new Frascati eTe™
collider, which is expected to deliver an integrated luminosity of the order of 50
fb~! at the ¢(1020) peak. The high luminosity is necessary to reach significant
sensitivities in the tests discussed above by means of neutral kaon interferom-
etry.

As discussed above, the decay mode ¢ — KgK; — ata atx is very
rich in physics. In general all decoherence effects show a deviation from the
quantum mechanical prediction (47). Hence the reconstruction of events in the
region at At ~ 0, i.e. with vertices near the IP, is crucial for precise determina-
tion of the parameters related to C'PT violation and to the decoherence. The
vertex resolution affects the I(7wT7n~, 777~ ; |At|) distribution precisely in that
region, as shown in Fig. 7, and its impact on the decoherence parameter mea-
surements has to be carefully evaluated. In fact, the resolution has two main
effects: (1) to reduce the statistical sensitivity of the fit to the parameters; (2)
to introduce a source of systematic uncertainties. In Figs. 8, 9 the statistical
uncertainty on several decoherence and C PT-violating parameters is shown as
a function of the integrated luminosity for the case oja; & 75 (present KLOE
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Figure 7: The I(nTn—, 7T n™; |At|) distribution as a function of |Al| (in g
units) with the present KLOE resolution o\ay ~ Ts (histogram with large bins),
with an improved resolution aay = 0.257s (histogram with small bins), and
in the ideal case (solid line).

resolution), and for ojay ~ 0.2575. As it can be seen in the last case an im-
provement of about a factor two could be achieved. Therefore the addition
of a vertex detector between the spherical beam pipe and the drift chamber,
improving the vertex resolution in that region in order to have o5, &~ 0.25 75,
is the major upgrade of the KLOE detector that has been considered in the
KLOE-2 proposal. The KLOE-2 physics program concerning interferometry
measurements is summarized in table 2, where the KLOE-2 statistical sensitiv-
ities to the main parameters that can be extracted from the experimental time
distributions I(f1, f2; At) with different choices of final states f;, are listed in
the hypothesis of an integrated luminosity L = 50 fb~!, and compared to the
best presently published measurements.
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Table 2: KLOE-2 statistical sensitivities on several parameters.

il fa parameter best published meas. KLOE-2 (50 fb~1)
Kg — mev Ag (1.5+11) x 1073 1 107
rtre 7y Ay (3322£58 £47) x 1076 £25x107°
wtr w00 RE (166 4 0.26) x 10~ £0.2x1073
wtr 01" o< (1.2423) x 1073 £3x1073
7 Ity (RE+ Rao) R6=(0.2940.27) x 1073 +0.2x 1073
Ro_ = (0.8 £2.5) x 107
ot a v (364 9zy) 6= (04£2.1)x 1075 £3x107%
Szy = (0.8£0.7) x 1072
ata~ ntr Am 5.288 +0.043 x 10%s~! £0.03 x 10%s~!
taT tn” Csi, (1.8+4.1) x 1072 +0.2x1072
oo mtr- Co (1.04+21)x 107° £0.1x107
wta mhn~ a (-0.5+2.8) x 10717 GeV £2 x 10717 GeV
atx mtr i (254£2.3) x 10710 CeV £0.1 %1071 GeV
rhr rtr 5y (11£25) x 1072 GeV £0.2x 1072 GeV
(compl. pos. hyp.)
£0.1 x 10721 GeV
7w atr~ R (11137 +09) x 1074 L.95% 1077
7t wtr~ Sw (34735 £0.6) x 107 +2%107°
Kg | — mev Aag (prelim.: (0.4 +1.8) x 10717 GeV)  £2x 107! GeV
] oty +2x 1071 GeV
Tt mly Aay (prelim.: (—=14£4) x 10717 GeV)  £5x 107" GeV
atr e +3x 107" GeV
™ wly Aax,Aay (prelim.; < 9.2x 1072 GeV) O(107%) GeV
Tta” Ttn” 0(1071%) GeV
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Figure 8: The statistical sensitivity to the (g1, (o5 and Rw parameters with the
present KLOE resolution oay ~ Ts (open circles), with an improved resolution
ajay = 0.257g (full circles).

10 Conclusions

A ¢-factory represents a unique opportunity to study the neutral kaon system,
and the related fundamental discrete symmetries. It is also an ideal place to
investigate the entanglement and correlation properties of the produced K°K?°
pairs, as well as CPT violation effects that might be induced by quantum
gravity effects.

The KLOE experiment concluded the data taking at the beginning of 2006
with a total integrated luminosity of ~ 2.5 fb~ L. Several parameters related to
possible CPT violations in conjunction with decoherence or Lorentz symmetry
violations, have been measured, some of them for the first time, and with a
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Figure 9: The statistical sensitivity to the parameters o, 3, v with the present
KLOE resolution o|ay ~ Ts (open circles), and with an improved resolution
a|ay = 0.257g (full circles); the horizontal lines represent the CPLEAR results.

precision reaching the interesting Planck’s scale region; with the analysis of the
full KLOE data sample further improvements are expected on all results.

The search for such C'PT violation effects and precision tests of quantum
mechanics by means of neutral kaon interferometry constitute one of the main
physics issues of the KLOE-2 proposal. With an integrated luminosity of about
50 fb717 significant improvements in a variety of observables involving different
final states are expected.
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Abstract

In this review we first discuss the theoretical motivations for possible CPT
violation and deviations from ordinary quantum-mechanical behavior of field-
theoretic systems in the context of an extended class of quantum-gravity mod-
els. Then we proceed to a description of precision tests of CPT symmetry using
mainly neutral kaons. We emphasize the possibly unique réle of neutral meson
factories in providing specific tests of models where the quantum-mechanical
CPT operator is not well-defined, leading to modifications of Einstein- Podolsky-
Rosen particle correlators. Finally, we present tests of CPT, T, and CP using
charged kaons, and in particular K, 24[1 decays, which are interesting due to the
high statistics attainable in experiments.
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1 CPT Symmetry and Quantum Gravity: Motivations for its Pos-
sible Violation

Any complete theory of quantum gravity (QG) is bound to address fundamen-
tal issues, directly related to the emergence of space-time and its structure at
energies beyond the Planck energy scale Mp ~ 10 GeV. From our experi-
ence with low-energy local quantum field theories on flat space-times, we are
tempted to expect that a theory of QG should respect most of the fundamental
symmetries that govern the standard model of electroweak and strong inter-
actions, specifically Lorentz symmetry and CPT invariance, that is invariance
under the combined action of Charge Conjugation (C), Parity (P) and Time
Reversal Symmetry (T).

CPT invariance is guaranteed in flat space-times by a theorem applicable
to any local quantum field theory of the type used to describe the standard
phenomenology of particle physics to date. The CPT theorem can be stated
as follows 1) Any quantum theory formulated on flat space-times is symmetric
under the combined action of CPT transformations, provided the theory respects
(i) Locality, (i) Unitarity (i.e. conservation of probability) and (iii) Lorentz
muariance.

The extension of this theorem to QG is far from obvious. In fact, it
is still a wide open and challenging issue, linked with our (very limited at
present) understanding of QG, as well as the very nature of space-time at

(microscopic) Planckian distances 10735

m. The important point to notice is
that the CPT theorem may not be valid (at least in its strong form) in highly
curved (singular) space-times, such as black holes, or more general in some QG
models involving quantum space-time foam backgrounds 2). The latter are
characterized by singular quantum fluctuations of space-time geometry, such
as black holes, etc., with event horizons of microscopic Planckian size. Such
backgrounds result in apparent violations of unitarity in the following sense:
there is some part of the initial information (quantum numbers of incoming
matter) which “disappears” inside the microscopic event horizons, so that an
observer at asymptotic infinity will have to trace over such “trapped” degrees
of freedom. One faces therefore a situation where an initially pure state evolves
in time and becomes mixed. The asymptotic states are described by density
matrices, defined as

Pout — ’I\['M|¢ >< ¢| ’ (1)
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where the trace is over trapped (unobserved) quantum states that disappeared
inside the microscopic event horizons in the foam. Such a non-unitary evolu-
tion makes it impossible to define a standard quantum-mechanical scattering
matrix. In ordinary local quantum field theory, the latter connects asymptotic
state vectors in a scattering process

lout >= S |in >, § = Htr—t) (2)

where ¢y —t; is the duration of the scattering (assumed to be much longer than
other time scales in the problem, i.e. lim ¢;, — —o0, t; — 400). Instead, in
foamy situations, one can only define an operator that connects asymptotic

density matrices 3).

Pous = Tryslout >< out| =$ pin,  $#5 St (3)

The lack of factorization is attributed to the apparent loss of unitarity of the
effective low-energy theory, defined as the part of the theory accessible to low-
energy observers performing scattering experiments. In such situations particle
phenomenology has to be reformulated 4, 5) by viewing our low-energy world
as an open quantum system and using (3). Correspondingly, the usual Hamil-
tonian evolution of the wave function is replaced by the Liouville equation for

the density matrix 4)

dep=ilp, H] + dHp , (4)
where § Hp is a correction of the form normally found in open quantum-mechanica
systems 6).

The $ matrix is not snvertible, and this reflects the effective unitarity loss.
It is this property that leads to a violation of CPT invariance, since one of the
requirements of CPT theorem (unitarity) is violated. But in this particular
case there is something more than a mere violation of the symmetry. The CPT
operator itself is not well-defined, at least from an effective field theory point of
view. This is a strong form of CPT violation (CPTV). There is a corresponding
theorem by Wald 7) describing the situation: In an open (effective) quantum
theory, interacting with an environment, e.g., quantum gravitational, where
$ # SSt, CPT invariance is violated, at least in its strong form.

The proof is based on elementary quantum mechanical concepts and the
above-mentioned non-invertibility of $, as well as the relation (3) connecting
asymptotic #n and out density matrices. Let one suppose that there is invariance
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under CPT, then there must exist a unitary, invertible operator © acting on
density matrices, such that ©p,, = pou:, Where the barred quantities denote
antiparticles. Using (3), after some elementary algebraic manipulations we
obtain pyur = $ pin — 07, =% O 5., — By = © 18 ©715,,,. But, since
Pout =8P, One arrives at p,, = 07 '$ 01§ p5,,..

The latter relation, if true, would imply that $ has an inverse @' $0~ 1
but this can be shown to be impossible when one has a mixed final state, i.e.,
decoherence (which is related to information loss). We omit here the details
of this last but important part, due to lack of space. The interested reader is
referred to the original literature .

From the above considerations one concludes that, under the special cir-
cumstances described, the generator of CPT transformations cannot be a well-
defined quantum-mechanical operator (and thus CPT is violated at least in
its strong form). This form of violation introduces a fundamental arrow of
time/microscopic time irreversibility, unrelated in principle to CP properties.
The reader’s attention is called to the fact that such decoherence-induced CPT
violation (CPTV) would occur in effective field theories, i.e., when the low-
energy experimenters do not have access to all the degrees of freedom of QG
(e.g., back-reaction effects, etc.). It is unknown whether full CPT invariance
could be restored in the (still elusive) complete theory of QG.

In such a case, however, there may be 7) a weak form of CPT invariance,
in the sense of the possible existence of decoherence-free subspaces in the space
of states of a matter system. If this situation is realized, then the strong form
of CPTV will not show up in any measurable quantity (that is, scattering
amplitudes, probabilities etc.).

The weak form of CPT invariance may be stated as follows: Let v € H,;,,
¢ € Hour denote pure states in the respective Hilbert spaces H of in and out
states, assumed accessible to experiment. If 8 denotes the (anti-unitary) CPT
operator acting on pure state vectors, then weak CPT invariance implies the

following equality between transition probabilities

Pl — ) =P~ ¢ — 04) . (5)

Experimentally it is possible, at least in principle, to test equations like (5), in
the sense that, if decoherence occurs, it induces (among other modifications)
damping factors in the time profiles of the corresponding transition probabil-
ities. The diverse experimental techniques for testing decoherence range from
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terrestrial laboratory experiments (in high-energy, atomic and nuclear physics)
to astrophysical observations of light from distant extragalactic sources and
high-energy cosmic neutrinos 5).

In the present article, we restrict ourselves to decoherence and CPT in-
variance tests within the neutral kaon system 4,8, 9,10, 11)  Ag we ar-
gue later on, this type of (decoherence-induced) CPTV exhibits some fairly
unique effects in ¢ factories 12)7 associated with a possible modification of
the Einstein-Podolsky-Rosen (EPR) correlations of the entangled neutral kaon
states produced after the decay of the ¢-meson (similar effects could be present
for B mesons produced in T decays).

Another possible mechanism of CPTV in QG is the spontaneous breaking
of Lorentz symmetry (SBL) 13); this type of CPTV does not necessarily imply
(nor does it invoke) decoherence. In this case the ground state of the field
theoretic system is characterized by non-trivial vacuum expectation values of

certain tensorial quantities,

() £0,  or (B ) 20 cte. (6)

This may occur in (non-supersymmetric ground states of) string theory and
other models, such as loop QG 14), Again there is an extensive literature
on the subject of experimental detection/bounding of potential Lorentz viola-

tion, which we do not discuss here 15, 16)
17)

. Instead we restrict ourselves to
Lorentz tests using neutral kaons . We stress at this point that quantum-
gravitational decoherence and Lorentz violation are in principle independent,
in the sense that there exist quantum-coherent Lorentz-violating models as well
as Lorentz-invariant decoherence scenarios 15).

The important difference between the CPTV in SBL models and the
CPTYV due to the space-time foam is that in the former case the CPT operator is
well-defined, but does not commute with the effective Hamiltonian of the matter
system. In such cases one may parametrize the Lorentz and/or CPT breaking
terms by local field theory operators in the effective Lagrangian, leading to a

construction known as the “standard model extension” (SME) 13)

, which is a
framework for studying precision tests of such effects.

CPTV may also be caused due to deviations from locality, e.g., as ad-
vocated in 19)7 in an attempt to explain observed neutrino ‘anomalies’, such
as the LSND result 20). Violations of locality could also be tested with high

precision, by studying discrete symmetries in meson systems.
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If present, CPT-violating effects are expected to be strongly suppressed,
and thus difficult to detect experimentally. Naively, QG has a dimensionful con-
stant, Gy ~ 1/M1237 where Mp = 10! GeV is the Planck scale. Hence, CPT
violating and decohering effects may be expected to be suppressed by E°/M?%,
where F is a typical energy scale of the low-energy probe. However, there could
be cases where loop resummation and other effects in theoretical models result
in much larger CPT-violating effects, of order J\ng_j: This happens, for instance,

in some loop gravity approaches to QG 14)7 or some hon-equilibrium stringy

models of space-time foam involving open string excitations 21)

. Such large
effects may lie within the sensitivities of current or immediate future exper-
imental facilities (terrestrial and astrophysical), provided that enhancements
due to the near-degeneracy take place, as in the neutral-kaon case.

When interpreting experimental results in searches for CPT violation,
one should pay particular attention to disentangling ordinary-matter-induced
effects, that mimic CPTV, from genuine effects due to QG 5). The order of
magnitude of matter induced effects, especially in neutrino experiments, is often
comparable to that expected in some models of QG, and one has to exercise
caution, by carefully examining the dependence of the alleged “effect” on the
probe energy, or on the oscillation length (in neutrino oscillation experiments).
In most models, but not always, since the QG-induced CPTYV is expressed as
a back-reaction effect of matter onto space-time, it increases with the probe
energy F (and oscillation length L in the appropriate situations). In contrast,
ordinary matter-induced “fake” CPT-violating effects increase with L.

We emphasize that the phenomenology of CPTV is complicated, and there
does not seem to be a single figure of merit for it. Depending on the precise
way CPT might be violated in a given model or class of models of QG, there are
different ways to test the violation 5). Below we describe only a selected class
of such sensitive probes of CPT symmetry and quantum-mechanical evolution
(unitarity, decoherence). We commence the discussion by examining CPT and
decoherence tests in neutral kaon decays, and then continue with some tests at
meson factories, which are associated uniquely with a breaking of CPT in the
sense of its ill-defined nature in “fuzzy” decoherent space-times. We then finish
with a brief discussion of high-precision tests in some charged kaon decays,
specifically four-body K, 24[1 decays, which have recently become very relevant,

as a result of the (significantly) increased statistics of recent experiments 22),
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The structure of the article is as follows: in Section 2 we discuss kaon
tests of Lorentz symmetry within the SME framework 17)7 and give the latest
bounds and prospects, especially from the point of view of meson factories 23).
In Section 3 we describe tests of decoherence-induced CPTV using (single-state)
neutral kaon systems. In Section 4 we discuss the novel EPR-like modifications
in meson factories; the latter may arise if the CPT operator is not well-defined,
as happens in some space-time foam models of QG. We argue in favour of the
unique character of such tests in providing information on the stochastic nature
of quantum space-time, and we give some order-of-magnitude estimates within
some string-inspired models. As we show, such models can be falsified (or
severely constrained) in next-generation (upgraded) ¢-meson factories, such as
DA®PNE 24). The enhancement of the effect provided by the identical decay
channels (777 ~, 777 ~) is unique. Finally, in Section 5 we discuss precision
tests of the discrete symmetries T, CP and CPT using a specific type of charged
kaon decays 25, 26)7 namely K7 — 77 477 4-£(¢) +v2(7). Recently, high
statistics has been attained by the NA48 experiment 22 , thereby increasing
the prospects of using such decays for precision tests of CPT symmetry. This
could be accomplished through the study of (appropriately constructed 27)) T-
odd observables between the K+ modes, involving triple momentum products
of the lepton and the di-pion state p'- (p1 x p2), which we discuss briefly.

2 Standard Model Extension, Lorentz Violation and Neutral Kaons

2.1 Formalism and Order-of-Magnitude Estimates

As mentioned earlier, there is a case where Lorentz symmetry is (sponta-
neously) violated, in the sense of certain tensorial quantities acquiring vacuum
expectation values (6). Hence CPT is violated, but no quantum decoherence
or unitarity loss occurs. The generator of the CPT symmetry is a well-defined
operator, which, however, does not commute with the effective (low-energy)
Hamiltonian of the matter system.

Most microscopic models where such a violation is realized are based on
string theory with exotic (non-supersymmetric) ground states (backgrounds) 13)
characterized by tachyonic instabilities. In the corresponding effective low-
energy string action tachyon fields couple to tensorial fields (gauge, etc.), lead-

ing to non-zero v.e.v.s of certain tensorial quantities, thus inducing Lorentz
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symmetry violation in these exotic string ground states. Models from loop

gravity 14)

or non-commutative geometries may also display similar types of
Lorentz violation, described by analogous terms in a SME effective Hamilto-
nian.

The upshot of SME is that there is a Modified Dirac Fquation for spinor

fields ¢, representing leptons and quarks with charge ¢:
(i7" D* — M — a, " — byt —
1
5 w0t i, DY+ idwvg)v“DV) v=0,

where D), = 8,,— Aj'T® —qA,, is an appropriate gauge-covariant derivative. The
non-conventional terms proportional to the coefficients a,,, by, cuv, duw, Hyw, - ..
stem from corresponding local operators of the effective Lagrangian, which are
phenomenological at this stage. The set of terms pertaining to a, ,b, en-
tail CPT & Lorentz violation, while the terms proportional to ¢, , du, , Hyw
exhibit Lorentz violation only.

It should be stressed that, within the SME framework (as also with the
decoherence approach to QG), CPTV does not necessarily imply mass differ-
ences between particle and antiparticles.

Some remarks are now in order, regarding the form and order-of-magnitude
estimates of the Lorentz and/or CPT violating effects. In the approach of
13, 15, 17) {he SME coefficients have been taken to be constants. Unfortu-
nately there is not yet a detailed microscopic model available, that would allow
for concrete predictions of the order of magnitude to be made. Theoretically,
the (dimensionful, with dimensions of energy) SME parameters can be bounded
by applying renormalization group and naturalness assumptions to the effective
local SME Hamiltonian; for example, the bounds on b, so obtained are of the
order of 10717 GeV. At present all SME parameters should be considered as
phenomenological, to be constrained by experiment.

In general, however, the SME coefficients may not be constant. In fact,
in certain string-inspired or stochastic models of space-time foam with Lorentz
symmetry violation, the coefficients a,,, b,... are probe-energy (F) dependent,
as a result of back-reaction effects of matter onto the fluctuating space-time.

Specifically, in stochastic models of space-time foam, one may find that on
average there is no CPT and/or Lorentz violation, i.e.; the respective statistical
v.e.v.s (over stochastic space-time fluctuations) {a, ,b,) = 0, but this is not
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true for higher order correlators of these quantities (fluctuations), i.e., (a,a,) #
0, (bpay) #0, (byb,) #0,.. .. Insuch a case the SME effects will be much more
suppressed, since, by dimensional arguments, such fluctuations are expected to
be of order E4/M?%, probably with no chance of being observed in upcoming
facilities, and certainly not in neutral kaon systems in the foreseeable future.

2.2 Tests of Lorentz Violation in Neutral Kaons

We now turn to a brief description of experimental tests of Lorentz symme-

17)

try within the SME framework, using neutral kaons, both single and as

entangled states at a ¢ factory 23).

We begin our analysis with the single-kaon case. To determine the rele-
vant observable, we first recall that the wave function of the neutral kaon, W,
is represented as a two-component ¥7 = (K 07?0) vector (the superscript T'
denotes matrix transposition).

Time evolution within the rules of quantum mechanics (but with CPT-

and Lorentz-violation) is described by the equation
8t\1/ - H\II 5

where the effective Hamiltonian H includes CP-violating effects, the latter be-
ing parametrized by the conventional CP-(and T-)violating parameter of order
e ~ 1073, as well as CPT-(and CP-) violating effects parametrized by the
(complex) parameter 1) 5 ~ (Hi1 — Ha2)/2AX, with AX the eigenvalue
difference.

In order to isolate the terms in the SME effective Hamiltonian that are
pertinent to neutral kaon tests, one should notice 17) that H11 —Has is flavour-
diagonal, and that the parameter éx must be C-violating but P,T-preserving,
as a consequence of strong-interaction properties in neutral meson evolution.

Hence one should look for terms in the SME formalism that share the
above features, namely are flavour-diagonal and violate C, but preserve T, P.
These considerations imply that dx is sensitive only to the —algv,q quark
terms in SME, where ¢ denote quark fields, with the meson composition being
denoted by M = ¢1q;. The analysis of 17)7 then, leads to the following
relation of the Lorentz- and CPT-violating parameter a, to the CPT-violating

parameter §x of the neutral kaon system,

S ~ isingexp(ig)’y (Aao — gK : Ad) [Am,
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with the usual short-hand notation S=short-lived, L=long-lived, I=interference
term, Am = mp —mg, AI' = I's — ', <$ = arctan(2Am/ATl'), Aa, =
af? —all, and B = (1, BK) the 4-velocity of the boosted kaon.

The experimental bounds on a, from the neutral-kaon experiments are
based on searches for sidereal variations of dx (day-night effects). The experi-

mental situation is depicted schematically in Fig. 1.

Z (rotation axis)

A a =constant vector

Earth (if mean field effect)

Figure 1: Schematic representation of searches for sidereal variations of the
CPT-violating parameter dx in the SME framework. The green arrows, cross-
ing the Earth indicate a constant Lorentz-violating vector that characterizes
the Lorentz-violating ground state.

From the KTeV experiment 28) the following bounds on the X and Y

components of the a, parameter have been obtained
Aax,Aay < 92x 1072 GeV |

where XY, Z denote sidereal coordinates (see Fig. 1).

Complementary probes of the az component can come from ¢-factories 23),

In the case of ¢-factories there is additional dependence of the CPT-violating
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parameter dx on the polar (#) and azimuthal (¢) angles

o 1 2w .
6K(|ﬁ|707t) — ; 0 d(béK(pvt) =

isingexp(id)(v/ Am) (Aag + Br Aagcosycosd+
BrAaxsinycosfcos(Qt) + Brx Aaysinycosfsin(2t))

where € denotes the Earth’s sidereal frequency, and x is the angle between the
laboratory Z-axis and the Earth’s axis.

The experiment KLOE at DAPNE is sensitive to az: limits on §(Aay)
can be placed from forward-backward asymmetry measurements A;, = 2Reey —
2Redr. For more details on the relevant experimental bounds we refer the
reader to the literature 23),

We only mention at this stage that in an upgraded DA®PNE facility,
namely experiment KLOE-2 at DAPNE-2, the expected sensitivity is 23)
Aa, = O(107'8) GeV which, however, is not competitive with the current
KTeV limits on ax y given above.

We close this subsection by pointing out that additional precision tests
can be performed using other meson factories (using B-mesons, etc.... ), which
would also allow one to test the universality of QG Lorentz-violating effects, if

observed.

3 QG Decoherence and CPTV in Neutral Kaons

3.1 Stochastically Fluctuating Geometries, Light Cone Fluctuations and De-
coherence: General Ideas

If the ground state of QG consists of “fuzzy” space-time, i.e., stochastically-
fluctuating metrics, then a plethora of interesting phenomena may occur, in-
cluding light-cone fluctuations 29, 21) (c.f. Fig. 2). Such effects will lead to
stochastic fluctuations in, say, arrival times of photons with common energy,
which can be detected with high precision in astrophysical experiments 30, 29)
In addition, they may give rise to decoherence of matter, in the sense of induced
time-dependent damping factors in the evolution equations of the (reduced)
density matrix of matter fields 21, 31),

Such “fuzzy” space-times are formally represented by metric deviations

which are fluctuating randomly about, say, flat Minkowski space-time: g,, =
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Light Cone Flucts.
(quantum)

uv 2
pM pv g€ =-m

< ¢"VgPO > == 0 (non trivial)

Figure 2: In stochastic space-time models of QG the light cone may fluctu-
ate, leading to decoherence and quantum fluctuations of the speed of light in
“vacuo”.

Nuw + Py, With (- --) denoting statistical quantum averaging, and (g,.) = 7,
but (h,.(@)has(2')) # 0, ie., one has only quantum (light cone) fluctuations
but not mean-field effects on dispersion relations of matter probes. In such a
situation Lorentz symmetry is respected on the average, but not in individual

measurements.
The path of light follows null geodesics 0 = ds? = Guvdxtdz”, with
non-trivial fluctuations in geodesic deviations, % = —R’;Vﬂu“n"uﬂ; in a

standard general-relativistic notation, D/D7t denotes the appropriate covari-
ant derivative operation, RY 5 the (fluctuating) Riemann curvature tensor, and
ut (n*) the tangential (normal) vector along the geodesic.

Such an effect causes primarily fluctuations in the arrival time of photons
at the detector (|¢)=state of gravitons, |0)= vacuum state)

obs r2 = r

Y

At — a2 — s — @1o310) — Oltio) _ Kot

where

(o3)p = %(Arﬁ /74:1 dr /74:1 dr’ ntn¥nn’
(DA (@) hpo (') + hw(ml)hm(mM@

and the two-point function of graviton fluctuations can be evaluated using

standard field theory techniques 29).
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Apart from the stochastic metric fluctuations, however, the aforemen-
tioned effects could also induce decoherence of matter propagating in these
types of backgrounds 31)7 a possibility of particular interest for the purposes
of the present article. Through the theorem of Wald 7)7 this implies that the
CPT operator is not well-defined, and hence one also has a breaking of CPT
symmetry.

We now proceed to describe briefly the general formalism used for parametri
ing such QG-induced decoherence, as far as the CPT-violating effects on matter
are concerned.

3.2 Formalism for the Phenomenology of QG-induced Decoherence

In this subsection we shall be very brief, giving the reader a flavor of the
formalism underlying such decoherent systems. We shall discuss first a model-
independent parametrization of decoherence, applicable not only to QG media,
but covering a more general situation.

If the effects of the environment are such that the modified evolution

equation of the (reduced) density matrix of matter p 32)

is linear, one can write
down a Lindblad evolution equation 6)7 provided that (i) there is (complete)
positivity of p, so that negative probabilities do not arise at any stage of the
evolution, (ii) the energy of the matter system is conserved on the average, and
(iii) the entropy is increasing monotonically.

For N-level systems, the generic decohering Lindblad evolution for p reads

Ip
8—;:5 hipjfijuJFE Lyvpy s
ij v
wr=0,...N>—1, ij=1,...N>° -1,

where the h; are Hamiltonian terms, expanded in an appropriate basis, and the
decoherence matrix L has the form:

Loy = Luo =0,

L = Z cre (— fiem Fomg + Frim fomi)

k.l,m

| =

with ¢;; a positive-definite matrix and f;;; the structure constants of the appro-
priate SU(N) group. In this generic phenomenological description of decoher-
ence, the elements L, are free parameters, to be determined by experiment.
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We shall come back to this point in the next subsection, where we discuss
neutral kaon decays.

A rather characteristic feature of this equation is the appearance of ex-
ponential damping, e~()¢, in interference terms of the pertinent quantities
(for instance, matrix elements p, or asymmetries in the case of the kaon sys-
tem, see below). The exponents are proportional to (linear combinations) of
the elements of the decoherence matrix 6 4 32). Note, however, that Lind-
blad type evolution is not the most generic evolution for QG models. In cases
of space-time foam corresponding to stochastically (random) fluctuating space-
times, such as the situations causing light-cone fluctuations examined previ-
ously, there is a different kind of decoherent evolution, with damping that is
quadratic in time, i.e., one has a e~ (-t suppression of interference terms in
the relevant observables.

A specific model of stochastic space-time foam is based on a particular

kind of gravitational foam 21, 33, 31)

, consisting of “real” (as opposed to
“virtual”) space-time defects in higher-dimensional space times, in accordance
with the modern viewpoint of our world as a brane hyper-surface embedded

in the bulk space-time 34)

. This model is quite generic in some respects, and
we will use it later to estimate the order of magnitude of novel CPT violating
effects in entangled states of kaons.

A model of space-time foam 33)

can be based on a number (determined
by target-space supersymmetry) of parallel brane worlds with three large spa-
tial dimensions. These brane worlds move in a bulk space-time, containing a
“gas” of point-like bulk branes, termed “D-particles”, which are stringy space-
time solitonic defects. One of these branes is the observable Universe. For
an observer on the brane the crossing D-particles will appear as twinkling
space-time defects, i.e. microscopic space-time fluctuations. This will give the
four-dimensional brane world a “D-foamy” structure. Following work on grav-

21, 31)

itational decoherence , the target-space metric state, which is close to

being flat, can be represented schematically as a density matrix

pm = [ 4 £ la ) o (). )
The parameters r,, (¢ =0,1...) pertain to appropriate space-time metric de-

formations and are stochastic, with a Gaussian distribution f (r, ) character-
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ized by the averages
(ru) =0, (rury) = Dybpy .
This model will be studied in more detail in section 4.

We will assume that the fluctuations of the metric felt by two entangled
neutral mesons are independent, and A, ~ O (5—;)7 i.e., very small. As
matter moves through the space-time foam in a typical ergodic picture, the
effect of time averaging is assumed to be equivalent to an ensemble average.
For our present discussion we consider a semi-classical picture for the metric,
and therefore |g (r,)) in (7) is a coherent state.

31)7 there is a recoil effect of

In the specific model of foam discussed in
the D-particle, as a result of its scattering with stringy excitations that live
on the brane world and represent low-energy ordinary matter. As the space-
time defects, propagating in the bulk space-time, cross the brane hyper-surface
from the bulk in random directions, they scatter with matter. The associated
distortion of space-time caused by this scattering can be considered dominant
only along the direction of motion of the matter probe. Random fluctuations
are then considered about an average flat Minkowski space-time. The result
is an effectively two-dimensional approximate fluctuating metric describing the

main effects 31)

—(ay +1)* + a} —as(a; + 1) + as(as + 1)
—as(a; + 1)+ as(ag + 1) —a3 + (ag + 1)? ’

gt =

(8)

The a; represent the fluctuations and are assumed to be random variables,
satisfying (a;) =0 and (a;a;) = 6;;0;.
Such a (microscopic) model of space-time foam is not of Lindblad type,

31) by considering the oscillation probability for, say, two-level

as can be seen
scalar systems describing oscillating neutral kaons, K° « K. In the approx-
imation of small fluctuations one finds the following form for the oscillation

probability of the two-level scalar system:

<€i(w1 7w2)t> _

4d? X1 7
7(]31]32)1/2 exp (E) exp(ibt) ,
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31)

where w;, ¢+ = 1,2 are the appropriate energy levels of the two-level kaon

system in the background of the fluctuating space-time (8), and

x1 = —A(dPo1 + oukHPH? + 2idPVP k%o 040,
o = A4d% —2id*(k%oy + 2boy)t +

bk? (5]{:2 — 26225) 0104,
Pio= Ad? 4 2idb (K — d) oot + Pk oa04t?,
Py = Ad = 2id® (K04 1+ 2bon) t + O (02)

with

b=k + md — /K2 + m3,
¢ =m3k®+m3) =32 —m3(k* +m3)~3/2,
d= \/k:2 +m%\/k:2 + m3.

31) that the stochastic model of space-time

From this expression one can see
foam leads to a modification of oscillation behavior quite distinct from that of
the Lindblad formulation. In particular, the transition probability displays a
Gaussian time-dependence, decaying as e*("')tZ7 a modification of the oscilla-
tion period, as well as additional power-law fall-off.

From this characteristic time-dependence, one can obtain bounds for the
fluctuation strength of space-time foam in kaon systems. In the context of
this presentation, we restrict ourselves to Lindblad decoherence tests using
only neutral kaons. However, when discussing the CPTV effects of foam on
entangled states we make use of this specific model of stochastically fluctuating

33, 31)7 in order to demonstrate the effects explicitly and

obtain definite order-of-magnitude estimates 35).

D-particle foam

3.3 Experiments involving Single-Kaon States

As mentioned in the previous subsection, QG may induce decoherence and
oscillations K0 — K % 8)7 thereby implying a two-level quantum mechan-
ical system interacting with a QG “environment”. Adopting the general as-
sumptions of average energy conservation and monotonic entropy increase, the
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simplest model for parametrizing decoherence (in a rather model-independent
way) is the (linear) Lindblad approach mentioned earlier. Not all entries of a
general decoherence matrix are physical, and in order to isolate the physically
relevant entries one must invoke specific assumptions, related to the symme-
tries of the particle system in question. For the neutral kaon system, such an
extra assumptions is that the QG medium respects the AS = AQ rule. In such
a case, the modified Lindblad evolution equation (4) for the respective density
matrices of neutral kaon matter can be parametrized as follows

dp = ilp, H] + 6Hp ,

where
T —2or —Iml;,  —Rel'ys
oo —1or -r —2ReMi, —2ImM;,
7| ~Iml'ip  2ReMis —I —oM
—ReF12 —2ImM12 oM -
and
00 0 0
00 0 0
Mg =10 0 —20 —23
0 0 —23 —2v

Positivity of p requires: a,v >0, avy > °. Notice that «, 3,~ violate both
CPT, due to their decohering nature 7)7 and CP symmetry, as they do not com-
mute with the CP operator C P 8). Cp = oz cosf+opsin®, [0Haga, C/’?’] £ 0.

An important remark is now in order. As pointed out in 10 , although
the above parametrization is sufficient for a single-kaon state to have a positive
definite density matrix (and hence probabilities) this is not true when one
considers the evolution of entangled kaon states (¢-factories). In this latter
case, complete positivity is guaranteed only if the further conditions

a=~vand =0 9)

are imposed. When incorporating entangled states, one should either consider

possible new effects (such as the w-effect considered below) or apply the con-

10)

straints (9) also to single kaon states This is not necessarily the case

when other non-entangled particle states, such as neutrinos, are considered,
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in which case the «, 3, v parametrization of decoherence may be applied. Ex-
perimentally the complete positivity hypothesis can be tested explicitly. In
what follows, as far as single-kaon states are concerned, we keep the «, 3, v
parametrization, and give the available experimental bounds for them, but we
always have in mind the constraint (9) when referring to entangled kaon states
in a ¢-factory.

As already mentioned, when testing CPT symmetry with neutral kaons
one should be careful to distinguish two types of CPTV: (i) CPTV within

11)7 leading to possible differences between particle-

Quantum Mechanics
antiparticle masses and widths: dm = mgo —mzo, 0I' = I'o —I'5z0. This type

13). In

of CPTV could be, for instance, due to (spontaneous) Lorentz violation
that case the CPT operator is well-defined as a quantum mechanical operator,
but does not commute with the Hamiltonian of the system. This, in turn, may
lead to mass and width differences between particles and antiparticles, among
other effects. (ii) CPTV through decoherence 4,5) yia the parameters «, 3, v
(entanglement with the QG “environment”, leading to modified evolution for
pand $ £ S ST). In the latter case the CPT operator may not be well-defined,
which implies novel effects when one uses entangled states of kaons, as we shall

discuss in the next subsection.

=

Process QMV Q
A27r
ASﬂ'
Ar
Acpr
AAm
¢

Table 1: Qualitative comparison of predictions for various observables in CPT-
violating theories beyond (QMV) and within (QM) quantum mechanics. Pre-
dictions either differ () or agree (=) with the results obtained in conventional
quantum-mechanical CP violation. Note that these frameworks can be quali-
tatively distinguished via their predictions for Ar, Acpr, AAm, and (.

RIS N N N N
1 NI 1N N

The important point to notice is that the two types of CPTV can be
disentangled experimentally 8) . The relevant observables are defined as (O;) =
Tr [O;p]. For neutral kaons, one looks at decay asymmetries for K°, FO7 defined
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Figure 3: Neutral kaon decay asymmetries Ao, 8)

QG-induced decoherence.

indicating the effects of
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Figure 4: Typical neutral kaon decay asymmetries A,

effects of QG-induced decoherence.
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Figure 5: Typical neutral kaon decay asymmetries Ap 8) indicating the effects
of QG-induced decoherence.
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as: _ _
R(K?:o - f) - R(K?:o - f)

Alt) = o= = ;
R(K{ o — f) + R(KLy — f)
where R(K° — f) = Tr[Op(t)] = denotes the decay rate into the final state
f (starting from a pure K state at t = 0).

In the case of neutral kaons, one may consider the following set of asym-
metries: (i) identical final states: f = f = 2m: Asy | Asg, (ii) semileptonic :
Ar (final states f =7l v # f=na"1Tv), Acpr (f =710, f=n"1Tv),
Aam. Typically, for instance when final states are 2x, one has a time evolution
of the decay rate Roq: Ror(t) = cse 1St +cpe 1L 4 2cr e M cos(Amt — @),
where S=short-lived, L=long-lived, I=interference term, Am = mj; — mg,
Al' =Tg—-Tp, ' = %(FS +T'1). One may define the decoherence parameter
(=1- \/CCSITL7 as a (phenomenological) measure of quantum decoherence in-
11)

duced in the system . For larger sensitivities one can look at this parameter

in the presence of a regenerator 8). In our decoherence scenario, ¢ corresponds

to a particular combination of the decoherence parameters

o~
o~

0l 8 .
9
ST MR

with the notation ¥ = v/ AT, etc. Hence, ignoring the constraint (9), the best
bounds on 3, or -turning the logic around- the most sensitive tests of complete
positivity in kaons, can be placed by implementing a regenerator 8).

The experimental tests (decay asymmetries) that can be performed in
order to disentangle decoherence from quantum-mechanical CPT violating ef-
fects are summarized in Table 1. In Figures 3, 4, 5 we give typical pro-

files of several decay asymmetries 8)

, from where bounds on QG decoher-
ing parameters can be extracted. At present there are experimenatl bounds
available from CPLEAR measurements 30) o < 4.0 x 10717 GeV .18 <
2.3.x107¥ GeV, v < 3.7x 107! GeV, which are not much different from the-
oretically expected values in some optimistic scenarios 8) B, v=0(¢ A’f}—i)

Recently, the experiment KLOE at DAPNE updated these limits by
measuring for the first time the v decoherence parameter for entangled kaon

states 23)

, as well as the (naive) decoherence parameter ¢ (to be specific,
the KLOE Collaboration has presented measurements for two { parameters,
one, (15, pertaining to an expansion in terms of K, Kg states, and the other,

. . -0 .
oo, for an expansion in terms of K, K states). We remind the reader once
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more that, under the assumption of complete positivity for entangled meson

10)7 theoretically there is only one parameter to parametrize Lindblad

states
decoherence, since o = vy, 8 = 0. In fact, the KLOE experiment has the great-
est sensitivity to this parameter v. The latest KLOE measurement 23) for
v yields vkror = (1.372% £0.4) x 1072" GeV, ie. v < 6.4 x 10721 GeV,
competitive with the corresponding CPLEAR bound 36) discussed above. Tt
is expected that this bound could be improved by an order of magnitude in
upgraded facilities, such as KLOE-2 at DAPNE-2 23)7 where one expects
Yupgrade — +0.2 x 10721 CeV.

The reader should also bear in mind that the Lindblad linear decoherence
is not the only possibility for a parametrization of QG effects, see for instance
the stochastically fluctuating space-time metric approach discussed in Section
3.1 above. Thus, direct tests of the complete positivity hypothesis in entangled
states, and hence the theoretical framework per se, should be performed by
independent measurements of all the three decoherence parameters «, 3, v; as
far as we understand !, such data are currently available in kaon factories, but
not yet analyzed in detail 23).

4 CPTYV and Modified EPR Correlations of Entangled Neutral Kaon
States

4.1 EPR Correlations in Particle Physics

We now come to a description of an entirely novel effect 12) f CPTV due to
the ill-defined nature of the CPT operator, which is exclusive to neutral-meson

factories, for reasons explained below. The effects are qualitatively similar for

37)

kaon and B-meson factories , with the important observation that in kaon

factories there is a particularly good channel, that of both correlated kaons

decaying to 777~ . In that channel the sensitivity of the effect increases because

the complex parameter w, parametrizing the relevant EPR modifications 12)7

appears in the particular combination |w|/|n._|, with |n, | ~ 1073, In the

case of B-meson factories one should focus instead on the “same-sign” di-lepton

channel 37)7 where high statistics is expected.

In this article we restrict ourselves to the case of ¢-factories, referring

37)

the interested reader to the literature for the B-meson applications. We

"We thank A. Di Domenico for informative discussions on this point.
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Figure 6: Schematic representation of the decay of a ¢-meson at rest (for
definiteness) into pairs of entangled neutral kaons, which eventually decay on
the two sides of the detector.

commence our discussion by briefly reminding the reader of EPR particle cor-
relations.

The EPR effect was originally proposed as a paradoz, testing the founda-
tions of Quantum Theory. There was the question whether quantum correla-
tions between spatially separated events implied instant transport of informa-
tion that would contradict special relativity. It was eventually realized that no
super-luminal propagation was actually involved in the EPR phenomenon, and
thus there was no conflict with relativity.

The EPR effect has been confirmed experimentally, e.g., in meson facto-
ries: (i) a pair of particles can be created in a definite quantum state, (ii) move
apart and, (iii) eventually decay when they are widely (spatially) separated
(see Fig. 6 for a schematic representation of an EPR effect in a meson factory).
Upon making a measurement on one side of the detector and identifying the
decay products, we infer the type of products appearing on the other side;
this is essentially the EPR correlation phenomenon. It does not involve any
simultaneous measurement on both sides, and hence there is no contradiction
with special relativity. As emphasized by Lipkin 38)7 the EPR correlations
between different decay modes should be taken into account when interpreting
any experiment.

4.2 CPTV and Modified EPR-Correlations in ¢ Factories: the w-Effect

In the case of ¢ factories it was claimed 39) that due to EPR correlations,
irrespective of CP, and CPT violation, the final state in ¢ decays: eTe™ =
¢ = KgKp always contains Ky Kg products. This is a direct consequence
of imposing the requirement of Bose statistics on the state K e (to which
the ¢ decays); this, in turn, implies that the physical neutral meson-antimeson
state must be symmetric under CP, with C the charge conjugation and P
the operator that permutes the spatial coordinates. Assuming conservation of
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angular momentum, and a proper existence of the antiparticle state (denoted
by a bar), one observes that: for K 0K states which are C-conjugates with
C= (=1)¢ (with ¢ the angular momentum quantum number), the system has
to be an eigenstate of the permutation operator P with eigenvalue (—1)¢. Thus,
for £ =1: C= — — P = —. Bose statistics ensures that for £ = 1 the state of
two identical bosons is forbidden. Hence, the initial entangled state:

- -0

, 1 .
i 5= = (KPR (H) > R, K(-F) >)
= N (1B (), Kn(=F) > =K L(E), Ks(—F) >)

; - _ v (1+\€1\2)(1+\62\2) ~ 1+]€? .
with the normalization factor N' = e NCEEER and Kg =

W (|IKy > +ealK_ >), K = W (|IK— > +e| K >), where €1, €5 are
complex parameters, such that ¢ = ¢; + ¢5 denotes the CP- & T-violating
parameter, whilst 6 = ¢; — e9 parametrizes the CPT & CP violation within

11)7 as discussed previously. The K° « K or K s — K,

quantum mechanics
correlations are apparent after evolution, at any time ¢ > 0 (with ¢ = 0 taken
as the moment of the ¢ decay).

In the above considerations there is an implicit assumption, which was

noted in 12)

. The above arguments are valid independently of CPTV, pro-
vided such violation occurs within quantum mechanics, e.g., due to spontaneous
Lorentz violation, where the CPT operator is well defined.

If, however, CPT is intrinsically violated, due, for instance, to deco-
herence scenarios in space-time foam, then the factorizability property of the
super-scattering matrix $ breaks down, $ # SS*, and the generator of CPT is
not well defined 7). Thus, the concept of an “antiparticle” may be modified
perturbatively! The perturbative modification of the properties of the antipar-
ticle is important, since the antiparticle state is a physical state which exists,
despite the ill-definition of the CPT operator. However, the antiparticle Hilbert
space will have components that are independent of the particle Hilbert space.

In such a case, the neutral mesons K and K" should no longer be treated

as indistinguishable particles. As a consequence 12)

, the initial entangled state
in ¢ factories |¢ >, after the ¢-meson decay, will acquire a component with

opposite permutation (P) symmetry:
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> = 5 (1H0lh) Fo(=F) > ~[Ro(F). Ko(—F) >)

I % <|KO(/§)7FO(—I§) > +[Ko(k), K >)
_ { (1Ks(F), Ki(—F) > —|Ky (E), Ks(~F) >)
+ <|Ks( ), Ks(—k) > —|Kp(k), K(—F) >)} ’

where A is an appropriate normalization factor, and w = |w|e*? is a complex
parameter, parametrizing the intrinsic CPTV modifications of the EPR correla-
tions. Notice that, as a result of the w-terms, there exist, in the two-kaon state,
KgKg or K; K; combinations, which entail important effects to the various
decay channels. Due to this effect, termed the w-effect by the authors of 12)7
there is contamination of P(odd) state with P(even) terms. The w-parameter
controls the amount of contamination of the final P(odd) state by the “wrong”
(P(even)) symmetry state.

Later in this section we will present a microscopic model where such a
situation is realized explicitly. Specifically, an w-like effect appears due to the
evolution in the space-time foam, and the corresponding parameter turns out
to be purely imaginary and time-dependent 35).

4.3 w-Effect Observables

To construct the appropriate observable for the possible detection of the w-
effect, we consider the ¢-decay amplitude depicted in Fig. 6, where one of the
kaon products decays to the final state X at ¢1 and the other to the final state
Y at time #9. We take £ = 0 as the moment of the ¢-meson decay.

The relevant amplitudes read:

AXY) = (X|Ks)(Y|Ks) N (A1 + A,)
with

Al _ efi(ALqL)\s)t/Z[nXefiAAAt/Z iAAAt/Z]

—nye

A2 _ w[efikst _ 77X77Y€7i>\Lt]
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denoting the CPT-allowed and CPT-violating parameters respectively, and
nx = (X|Kp)/{X|Ks) and ny = (Y|K)/{Y|Ks). In the above formulae,
t is the sum of the decay times ¢1,%9 and At is their difference (assumed posi-

tive).
1 - o= =—
7,
0.8 L
7/
/
0.6 e
0.4
0.2
2 4 6 8 10

Figure 7: A characteristic case of the intensity I(At), with |w| = 0 (solid line)
vs I{At) (dashed line) with |w| = |n4+—|, @ = ¢;4_ —0.16m, for definiteness 12),

The “intensity” I(At) is the desired observable for a detection of the
w-effect,

I(At) = —/: dt |A(X,Y)]? .

depending only on At.

Its time profile reads 12).

1(AL) = l/ dt |A(aTr= atn ) =
|t

[ K)oy [11 + I+ hz} 7

where

e st o Toat _9e=(TstTL)A2 cog( AmAL)
'y +T's

I (At) =
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4 |wl
A(Am)* + (3's +1'L)? [n+—|

{ZAm (eFSAt sin(¢y_— — Q) —

e~ (Ls+lr)At/2 sin(¢,  —Q+ AmAt))
(30 1 Ty (A cos(gy— — Q) -
67(FS+FL)At/2 COS(¢+7 — Q + AmAt))} 5

with Am = mg —myp and n. = |n._|e?*+— in the usual notation 1),

A typical case for the relevant intensities, indicating clearly the novel
CPTV w-effects, is depicted in Fig. 7.

As announced, the novel w-effect appears in the combination WLLLV thereby
implying that the decay channel to 777~ is particularly sensitive to the w ef-

t 12)7 due to the enhancement by 1/|n, | ~ 10%, implying sensitivities up

fec
to |w| ~ 1075 in ¢ factories. The physical reason for this enhancement is that
w enters through KgKg as opposed to K;Kg terms, and the K; — ntn—

decay is CP-violating.

4.4  Microscopic Models for the w-Effect and Order-of-Magnitude Estimates

For future experimental searches for the w-effect it is important to estimate its
expected order of magnitude, at least in some models of foam.

A specific model is that of the D-particle foam 33, 31, 35)

, discussed
already in connection with the stochastic metric-fluctuation approach to deco-
herence. An important feature for the appearance of an w-like effect is that,
during each scattering with a D-particle defect, there is (momentary) capture
of the string state (representing matter) by the defect, and a possible change in
phase and/or flavour for the particle state emerging from such a capture (see
Fig. 8).

The induced metric distortions, including such flavour changes for the
emergent post-recoil matter state, are:
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Figure 8 Upper: Recoil of closed string states with D-particles (space-time
defects). Lower: A supersymmetric brane world model of D-particle foam. In
both cases the recoil of (massive) D-particle defect causes distortion of space-
time, stochastic metric fluctuations are possible and the emergent post-recoil
string state may differ by flavour and CP phases.

9 == 1+7”4)
=g 77”01+7”1U1+7”202+7”3037

gt =(1+7s)1

b

where the o; are Pauli matrices.
The target-space metric state is the density matrix pgrav defined at (7) 35)7
with the same assumptions for the parameters r, stated there. The order of

magnitude of the metric elements go; =~ U rec X gs 27 where Ap; ~ épi is
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the momentum transfer during the scattering of the particle probe (kaon) with
the D-particle defect, g5 < 1 is the string coupling, assumed weak, and M, is
the string scale, which in the modern approach to string/brane theory is not
necessarily identified with the four-dimensional Planck scale, and is left as a
phenomenological parameter to be constrained by experiment.

To estimate the order of magnitude of the w-effect we construct the
gravitationally-dressed initial entangled state using stationary perturbation
theory for degenerate states 12)7 the degeneracy being provided by the CP-
violating effects. As Hamiltonian function we use

o~

=g (900)*1,f _ (900)*1 \/(901)2 k2 — g0 (g1 k2 4 m?)

describing propagation in the above-described stochastically-fluctuating space-
time. To leading order in the variables r the interaction Hamiltonian reads:

f{\[: —(7”101 +7”202)/]; (10)

with the notation |Kz) = |T) , |Ks) = |]). The gravitationally-dressed
initial states then can be constructed using stationary perturbation theory:

‘k(i)7 l>z)G _ ‘k(i)7 l>(i) " ‘k(i)7T>(i) a®

@ (1,60 |1?I|k<i>,l>“>

where o(?) = yoRe o . For ‘k(i (i) the dressed state is obtained
. O OIITANOR
by [1) < |1) and @ — 8 where 50 — i E|1 L

The totally antisymmetric “gravitationally- dressed77 state of two mesons

(kaons) is then:

Ik, 1Y% =k, S5 — 1k, DS L 1=k, 15 =
Ik, 1) |k, l>(2 I, 1Y =k, 1))

Lk, Y |k, P (B0 — 52

e 1Y |k, 1y (o — (1))

F8Da® [k, Y |k, 1Y — a5 [k, 1Y =k, )
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Notice here that, for our order-of-magnitude estimates, it suffices to assume
that the initial entangled state of kaons is a pure state. In practice, due to the
omnipresence of foam, this may not be entirely true, but this should not affect
our order-of-magnitude estimates based on such an assumption.

With these remarks in mind we then write for the initial state of two
kaons after the ¢ decay:

) = 1k, DY =k, )P — [, DD =, 1)@ 4
e, Y =k, 1Y 4 ¢k, DO =k, D)

where for r; o« &;1 we have £ = &, that is strangeness violation, whilst for
7 X 0 — &€ = —¢') (since ol = 5} we obtain a strangeness conserving
w-effect.

Upon averaging the density matrix over 7;, only the |w|? terms survive:

2 _ 1 2) ~
of? = 0 (g (( MEE. 1))
Aqk?
(m1 —mg)?

for momenta of order of the rest energies, as is the case of a ¢ factory.
Recalling that in the recoil D-particle model under consideration we have 21
Ay = 212 /M1237 we obtain the following order of magnitude estimate of the w

effect:
52 k]4

2
w|® ~ . 11

For neutral kaons with momenta of the order of the rest energies |w| ~ 1074|¢].
For 1 > é > 1072 this not far below the sensitivity of current facilities, such
as KLOE at DA®NE. In fact, the KLOE experiment has just released the first
23)

measurement of the w parameter
Re(w) = (11157 +£0.9) x 107,
Im(w) = (34145 £0.6) x 107" .

One can constrain the w parameter (or, in the context of the above specific
model, the momentum-transfer parameter é ) significantly in upgraded facilities.
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For instance, there are the following perspectives for KLOE-2 at (the upgraded)
DAGNE-2 23): Re(w), Im(w) — 2 x 1075,

Let us now mention that w-like effects can also be generated by the Hamil-
tonian evolution of the system as a result of gravitational medium interactions.
To this end, let us consider the Hamiltonian evolution in our stochastically-
fluctuating D-particle-recoil distorted space-times,

) = exp | (B4 B) 1] )

Assuming for simplicity £ = £ = 0, it is easy to see 35) that the time-
evolved state of two kaons contains strangeness-conserving w-terms:

1 (1)) ~ e TSNt )
{1, 1) 1=k, D = [, DD =k, 1)@}

The quantity w(t) obtained within this specific model is purely imaginary,
1
2A%k

(k2 m)® = (k2 4 m3)
cos (‘A(l)‘t) sin (‘A(l)‘t) = wy sin (2 ‘A(l)‘t) ,

O(w) =1 X

1
2

= o=

A2k
2 NE (12 2
(k +m1) k2+m3

with A}/Z ~ ‘é‘ %7 wy =

i |AD| ~ (1 +Ai§) VXT3

xo ~ (K 4 md)E = (k7 4 mid)

It is important to notice the time dependence of the medium-generated
effect. It is also interesting to observe that, if in the initial state we have
a strangeness-conserving (-violating) combination, £ = —¢' (£ = ¢’), then the
time evolution generates time-dependent strangeness-violating (-conserving w-)
imaginary effects.

The above description of medium effects using Hamiltonian evolution is
approximate, but suffices for the purposes of obtaining order-of-magnitude es-
timates for the relevant parameters. In the complete description of the above
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model there is of course decoherence 35, 21)

, which affects the evolution and
induces mixed states for kaons. A complete analysis of both effects, w-like
and decoherence in entangled neutral kaons of a ¢-factory, has already been
carried out 12)7 with the upshot that the various effects can be disentangled
experimentally, at least in principle (see Section 4.6 below).

Finally, as the analysis of 35) demonstrates, no w-like effects are gen-
erated by thermal bath-like (rotationally-invariant, isotropic) space-time foam

40). In

situations, argued to simulate the QG environment in some models
this way, the potential observation of an w-like effect in EPR-correlated meson

states would in principle distinguish various types of space-time foam.

4.5 Disentangling the w-Effect from the C(even) Background

When interpretating experimental results on delicate violations of CPT sym-
metry, it is important to disentangle (possible) genuine effects from those due
to ordinary physics. Such a situation arises in connection with the w-effect, that
must be disentangled from the C(even) background characterizing the decay
products in a ¢-factory 39).

The C(even) background ete™ = 2y = K K" leads to states of the form

b >=|K°K"(C(even)) >=
1 higmt] = —0, -
— (KRR (-B) + K kKO—k) 7
75 (KRR () + K RE (=)
which at first sight mimic the w-effect, as such states would also produce con-
tamination by terms KsKg, K K.
Closer inspection reveals, however, that the two types of effects can be
clearly disentangled experimentally. The reason is two-fold.
(i) First of all, the order of magnitude of the C(even) background is much
smaller than the C(odd) resonant contribution, as we have seen in the previous

discussion, at least in the context of a class of models 35)

39, 41)

. Indeed, unitarity

bounds imply for the C(even) background:

olete= — KK, JP = 0t)

>3.6x 1071
0(6+6_ —>q5—>KSKL) - % ’

and actually one expects the inequality to be saturated. In contrast, the order
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Figure 9: Disentangling the w-effect from C(even) background: different be-
haviour at the resonance. The C' = — contribution (solid line) vanishes at the
top of the resonance, while the C=+ genuine effect (dashed line) still exhibits
a resonance peak.

of magnitude of the w-effect might be much larger, at least in some models
(11).

(ii) A more important feature, which clearly distinguishes the w-effect
from the “fake” background effects, is its different interference with the C(odd)
background 12). Terms of the type KsKg (which dominate over K, K;,) com-
ing from the ¢-resonance as a result of w-CPTV can be distinguished from those
coming from the C = + (even) background because they interfere differently
with the regular C = — (odd) resonant contribution with w = 0.

Indeed, in the CPTYV case, the K1 Kg and wKgKg terms have the same
dependence on the center-of-mass energy s of the colliding particles producing
the resonance, because both terms originate from the ¢-particle. Their inter-
ference, therefore, being proportional to the real part of the product of the
corresponding amplitudes, still displays a peak at the resonance.

On the other hand, the amplitude of the KsK g coming from the C' = +
background has no appreciable dependence on s and has practically vanishing
imaginary part. Therefore, given that the real part of a Breit-Wigner amplitude
vanishes at the top of the resonance, this implies that the interference of the
C = + background with the regular C' = — resonant contribution vanishes at
the top of the resonance, with opposite signs on both sides of the latter (see
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Fig 9). This clearly distinguishes experimentally the two cases.

4.6 Disentangling the w-Effect from Decoherent Evolution Effects

As a final point in this section we discuss briefly the experimental disentangle-
ment of the w-effect from decoherent evolution effects 12).

In models of space-time foam, the initial entangled state of two kaons,
after the ¢-meson decay, is actually itself a density matrix gy, = Trl¢ >< ¢|.
For w = 0, the density matrix assumes the form (we remind the reader that
the requirement of complete positivity in the entangled-kaon case implies 10)

that the decoherent coefficients are o = v, 3 = 0) 9).

Po = ps ® pr+ pL ® ps — pr ® py — pr @ pr

QY 2ry
—m(m@m —pr®p7) — E(ps@ms —pL®pL),

where pg = |S >< S|, pr = |[L >< L|, pr = |8 >< L|, py = |L >< S|, and

2
an overall multiplicative factor of %% has been suppressed.

Now, for w # 0 but v = 0 the initial entangled state becomes 12),

P = PSOPL+pLRpPs —P1Rpr— PR pI
— wlpr®ps — ps® pr) —w (P ® ps — ps ® py)
— wlpr® pr — pr® p7) — W (pr ® pr, — pr. ® pr)
— |wlP(pr ® pr + 7@ pp) + [w*(ps @ ps + pr © pr)

with the same suppressed multiplicative factor as in the previous equation.
The experimental disentanglement of w from the decoherence parameter ~
is possible as a result of different symmetry properties and different structures
generated by the time evolution of the pertinent terms. A detailed phenomen(;—
12

?

logical analysis in various channels for ¢ factories has been performed in
where we refer the interested reader for details.

5 Precision T, CP and CPT Tests with Charged Kaons

It turns out that precision tests of discrete symmetries can also be performed
with charged kaons. This realization has generated great interest 42)7 mainly
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due to the (recently acquired) high statistics of the NA48 experiment 22) in
certain decay channels. In fact, as we will argue in this section, while the
primary objective of this experiment is to probe in detail certain aspects of
chiral perturbation theory, it could also furnish strong constraints for various
new physics scenarios.

For the purpose of testing CPT symmetry we shall restrict ourselves to
one particular charged kaon decay, K= — 77 + 7~ + £+ + 1,(7,), abbreviated
as Klfi. The CPT symmetry can be tested with this reaction 25, 26) by
comparing the decay rates of KT with the corresponding decays of the K~
mode.

If CPT is well-defined but does not commute with the Hamiltonian, we
have the relations: |[K+) = CPT|K™), |xt) = CPT|x~), |7° = CPT|=").
If CPT does not commute with the Hamiltonian, then differences between

?

particle antiparticle masses may occur, but this is not the end of the story. In
fact, as emphasized earlier, this is not true in certain models of Lorentz- and/or
unitarity-violating QG 4, 8,9, 13)

If, on the other hand, CPT is ill-defined, as is the case of QG-induced
decoherence, then there are (perturbative) ambiguities in the antiparticle state,
which is still well-defined but with modified properties (see previous section).
However, in contrast to the neutral kaon case, the two charged pions in this de-
cay are already distinguishable by means of their electromagnetic interactions
(charge), which are, of course, much stronger than their (quantum) gravita-
tional counterparts. Hence, in this respect the ill-defined nature of the CPT
operator is not relevant.

A breaking of CPT through unitarity violations (e.g., non-hermitean ef-
fective Hamiltonians) could lead in principle to different decay widths for the
two decay modes K*. This would constitute a straightforward precision test
of CPT symmetry, if sufficiently high statistics for charged kaons were avail-
able 25 26) Unlike the entangled neutral kaon case, however, such tests could
not distinguish between the various types of CPT breaking.

We next proceed to review briefly the precision tests of T, CP and CPT
symmetry using K, 24[1 decays. With the exception of tests of T-odd triple corre-
lations that we present at the end of this section, the discussion parallels that
of 25; 26)7 where we refer the reader for further details.

It is important to stress once more that in QG, especially in stochastic



J. Bernabéu, J. Ellis, N. E. Mavromatos, et al. 75

space-time foam models, the CPTV is essentially a microscopic Time Rever-
sal (T) Violation, independent of CP properties. It is therefore important to
discuss precision tests of T symmetry independent of CP, CPT.

By using K 24[1 for precision tests of T, CP, CPT, one can check in parallel
the validity of the AS = AQ rule, exploiting the high statistics a of the NA48
experiment 22)7 e.g., one can look for the AS = —AQ reaction: KT —
7T 4+ 7T + e + v, whose non-observation would establish stringent bounds on
the violation of the rule.

In our analysis below, following 25, 26) we assume the |Al| = 1/2isospin
rule, which, by the way, can be checked experimentally, as we shall see.

We use the following notation for the corresponding amplitudes:

e®A=

(T |6 =0,m=0){f =0,m = 0[S, +iwS;|K") x
5/2

mi (wiw )2

%0 Bocosh =

(Tt =1, m=0){{ =1,m=0|S, +wS;|K") x
5/2

Tnfg UU+407)1/27

T= B sinfe T —

1
(P [f=1,m=21){{=1,m= :|:1|ﬁ(51 +iS5y)|[KT) x

5/2(

1/2
My / 5

wiw_)
with ¢ the orbital angular momentum quantum number, m its z-axis com-
ponent. The phase conventions are chosen such that A, By, B4 are real and
positive; the polar angles 0, ¢ pertain to the di-pion center-of-mass system o,
and z,y, 2z are Cartesian coordinates in the laboratory system Xr.,. An angle
a in the di-lepton center-of-mass system 3, will also be used. The wy de-
note the laboratory energies of the 7%, v = —[mg — (P2 4+ M2)1/2]~1|P| is the
velocity of Lorentz transformation connecting >, to 1, frames, with P the
total momentum of the two pions in Y 4.

The action of CPT is obtained by replacing the corresponding ampli-
tudes by barred quantities: ﬁ7 and implementing the following substitutions:
Kt — K, 7wt(k)rx (k) — n (k)7 (k3), plus appropriate complex con-
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jugates.
We outline below various possible precision tests of discrete symmetries
based on the reaction K, 24[13

¢ CPT invariance implies:

A:Z7 BOZEO7 Bi:§I7 77++ﬁ7:77*+ﬁ+:770+
Mo = 2(0p — J5), independently of T invariance, with 6,(d;) the strong-
interaction m — 7 scattering phase shifts for the states I = 1,£ = 1(1 =
0,¢=0).

Also, CPT invariance, independently of the |AI| = 1/2 rule, implies:
rate( K+ — ntr etv ) Hrate(KT — 797011, ) = rate( K~ — a7 e 7,
rate(K— — 77" 7,) .

Under the assumption of the |AI| = 1/2 rule, on the other hand, CPT
invariance implies for the differential rates d°N of K| Zi:

[ddcos® dEN(KT — nrn etv,) = [dpdeosd d&N(K~ — 7n e 7,

¢ T invariance (independent of CP, CPT) implies:
e = 0p — 05 (modulo 7)), o=0,%.

¢ CP Invariance (independent of T, CPT), which in terms of the angles
means: 6, ¢, a — 0, —¢, o, implies:

A= Z7 By = §07 By = §$7 M = Mo, Nt = ﬁ$7 and for the
differential rates [d° N(K ™)]a.0,6 = [d® N(K " )]a.0,—g, leading also to

/ dpdcos) d°N(KT — ntr eltu,)
= /d¢dcos9 PNEK™ —7atr e v) (12)
but without the assumption about |Al| = 1/2.

Let us now deviate sligtly from the main scope of this article, and com-
ment on the possibility of testing physics beyond the Standard Model (SM)
by looking for T-odd triple correlators 27) in the NA48 data for the reaction
modes K Zi. Such tests are not directly related to CPT but rather to different
aspects of new physics, such as supersymmetry; the latter, in turn, could be
essential for formulating consistent theories of QG.
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Within the SM, direct CP violation or CP violation of pure AS = 1
origin, which, due to CPT symmetry, would imply T-odd correlators 2, is very
strongly suppressed in non-leptonic decays K+ — (37r)i: O (1075 — 1076) and

43)

absolutely negligible in K4 . Evidence for such violations in Ky4 charged-

kaon decays would, therefore, constitute evidence for physics beyond the SM.

27)

As was pointed out in , one can construct appropriate CP observ-

ables for charged kaon decays K4 that do not involve the lepton polarization,
a quantity difficult to measure in the NA48 experiment 22)  This is achieved
by considering appropriate combinations of matrix elements pertaining to both
decay modes K| lfi. The construction makes use of the fact that, under the as-
sumption of only left-handed neutrinos, the most general local effective Hamil-
tonian, relevant to charged-kaon Kps (and Kys) decays, can be expanded in

terms of appropriate local dimension six field operators O; 27).

Hor = 2V2GpV > C;0; + hec.

where the operators O; are four-fermion operators involving left-handed neu-
trinos (e.g. Og = EL'y“uLPL'quL? Og = SpurvrlR, O% = ERU"”uL?LUWER7
etc (0% : sg — sp, up, — ugr)). In the SM only CX = 1, while the others are
negligible.

Within the SM, the relevant matrix elements for the K4 decay are

(mr sy ul K, (n T sy ysul KT

Beyond the SM, one has more structures; for instance 27)

(tr [Bysu| K, (P r ™ [5ot ysul KT

Using such structures, one can construct 27) appropriate combinations of
T-odd correlators in Kyy decays, proportional to momentum triple products,
Do Py XPrry ), by using both K+ and K~ modes. This leads to new CP-violating
observables, free from strong final-state interactions. These observables can be

used for precision CP tests without the need of measuring lepton polarization.

Tt should be stressed at this point that, on account of the anti-unitarity of
the time-reversal operator, T-odd correlators are not necessarily T-violating.
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The results are complementary to those obtained through normal-to-the-decay-
plane muon polarization in K3 decays, and of comparable accuracy. For details
and related references we refer the interested reader to the literature 27).

We close this section by pointing out that the NA48 data could also
provide new stringent constraints on exotic (beyond the SM) scenarios, such
as R-parity breaking in supersymmetric theories, complementary to those ob-
tained through Kys or other decays. In fact, as has been known for some
time 44)7 the existence of complex coupling constants allows to test supersym-
metry in weak decays (in particular rare kaon decays involving leptons). Specif-
ically, T-invariance may be studied with appropriate T-odd observables, such
as triple correlators of polarizations and momenta (for instance, in K:S decays
the appropriate observable is the normal-to-the-decay-plane muon polarization
(G - (P X Px)/ P X Px])). This type of analyses can be complemented by the
above-mentioned study of lepton-polarization-independent T-odd observables
in K 24[1 decays, and also serve as precision tests of CPT symmetry. To the best

of our knowledge this has not been done yet.

6 Instead of Conclusions

In this review we have outlined several aspects of CPTV and the corresponding
experiments. We have attempted to convey a general feel for the interesting
and challenging precision tests that can be performed using kaon systems. Such
experiments could shed light on many aspects of an extended class of QG
models, featuring decoherence of low-energy matter due to its propagation in
foamy backgrounds.

We hope to have presented sufficient theoretical motivation and estimates
of the associated effects to support the case that testing QG experimentally at
present fascilities may turn out to be a worthwhile endeavour. In fact, as
we have argued, CPTV may be a real feature of QG, that can be tested and
observed, if true, in the foreseeable future.

We have outlined various, schemes for CPT breaking, that are in prin-
ciple independent. We have stressed that decoherence and Lorentz violation
(LV) are independent effects: in QG one may have Lorentz-invariant (LI) deco-
herence 18). The frame dependence of LV effects (e.g. day-night differences)
could serve to disentangle LV from LI CPTV. The example discussed in this
article is a comparison between results in meson factories. If there is LV, then
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there should in principle be frame-dependent differences between ¢-factories,
where the initial meson is produced at rest, and B-meson factories, where the
initial T-state is boosted.

As mentioned above, precision tests of fundamental symmetry in meson
factories could provide sensitive probes of QG-induced decoherence and CPTV.
In particular, one might observe novel effects (w-effects) exclusive to entangled
neutral meson states, modified EPR correlations, and, as a consequence, the-

37). As we

oretical (intrinsic) limitations on flavour tagging for B-factories
have seen, some theoretical (string-inspired) models of space-time foam predict
w-like effects of an order of magnitude that is already well within the reach of
the next upgrade of ¢-factories, such as DAPNE-2.

Precision experiments to test discrete space-time symmetries can also be

performed with charged kaons: the pertinent experiments 22)

can carry out
high-precision tests of T, CPT and CP invariance, including aspects of physics
beyond the Standard Model, such as supersymmetry, using Ky4 decays.

The current experimental situation for QG signals appears exciting, and
several experiments are reaching interesting regimes, where many theoretical
models can be falsified. More precision experiments are becoming available,
and many others are being designed for the immediate future. Searching for
tiny effects of this elusive theory may at the end be very rewarding. Surprises
may be around the corner, so it is worth investing time and effort. Nevertheless,
much more work, both theoretical and experimental, needs to be done before

(even tentative) conclusions regarding QG effects are reached.

Acknowledgements

We thank A. Di Domenico for the invitation to write this review and for many
illuminating discussions. We also thank E. Alvarez, G. Amelino-Camelia, F.
Botella, M. Nebot, Sarben Sarkar, A. Waldron-Lauda, and M. Westmuckett
for discussions and collaboration on some of the topics reviewed here; J.B.
and N.E.M. thank B. Bloch-Devaux, L. Di Lella, G. Isidori and B. Peyaud
for informative discussions on charged-kaon decays. The work of J.B. and
J.P. is supported by Spanish MEC and European FEDER under grant FPA
2005-01678. The work of D.V.N. is supported by D.O.E. grant DE-FG03-95-
ER-40917.



80 J. Bernabéu, J. Ellis, N. E. Mavromatos, et al.

References

1. G. Liders, Ann. Phys. (NY) 2 (1957) 1.

2. See: J. A. Wheeler and K. Ford, Geons, Black Holes, And Quantum Foam:
A Life In Physics, (New York, USA: Norton (1998)).

3. 8. W. Hawking, Comm. Math. Phys. 87 (1982) 395.

4. J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos and M. Srednicki, Nucl. Phys.
B 241 (1984) 381.

5. For a review see: N. E. Mavromatos, Lect. Notes Phys. 669(2005) 245
[arXiv:gr-qc/0407005] and references therein.

6. G. Lindblad, Commun. Math. Phys. 48, 119 (1976); V. Gorini, A. Kos-
sakowski and E. C. G. Sudarshan, J. Math. Phys. 17, 821 (1976); R. Alicki
and K. Lendi, Lect. Notes Phys. 286 (Springer Verlag, Berlin (1987)) and
references therein.

7. R. Wald, Phys. Rev. D21 (1980) 2742.

8. J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Lett. B 293
(1992) 142. [arXiv:hep-ph/9207268]; J. R. Ellis, J. L. Lopez, N. E. Mavro-
matos and D. V. Nanopoulos, Phys. Rev. D 53 (1996) 3846 [arXiv:hep-
ph/9505340].

9. P. Huet and M. E. Peskin, Nucl. Phys. B 434 (1995) 3 [arXiv:hep-
ph/9403257].

10. F. Benatti and R. Floreanini, Nucl. Phys. B 511 (1998) 550 [arXiv:hep-
ph/9711240]; Phys. Lett. B 468 (1999) 287 [arXiv:hep-ph/9910508].

11. For a recent review see: M. Fidecaro and H. J. Gerber, Rept. Prog. Phys.
69 (2006) 1713 [arXiv:hep-ph/0603075] and references therein.

12. J. Bernabeu, N. E. Mavromatos and J. Papavassiliou, Phys. Rev. Lett. 92
(2004) 131601 [arXiv:hep-ph/0310180]; J. Bernabeu, N. E. Mavromatos,
J. Papavassiliou and A. Waldron-Lauda, Nucl. Phys. B 744 (2006) 180
[arXiv:hep-ph/0506025].



J. Bernabéu, J. Ellis, N. E. Mavromatos, et al. 81

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

For a recent review see: V. A. Kostelecky, Prepared for 3rd Meeting on
CPT and Loreniz Symmetry (CPT 04), Bloomington, Indiana, 4-7 Aug
2004 (World Scientific, Singapore 2005) and references therein.

L. Smolin, Lect. Notes Phys. 669 (2005) 363, and references therein.

R. Bluhm, V. A. Kostelecky and N. Russell, Phys. Rev. Lett. 82 (1999)
2254; R. Bluhm, arXiv:hep-ph/0111323; V. A. Kostelecky, arXiv:hep-
ph/0403088; V. A. Kostelecky and M. Mewes, Phys. Rev. D 70 (2004)
076002 [arXiv:hep-ph/0406255].

T. Jacobson, S. Liberati and D. Mattingly, Annals Phys. 321 (2006) 150
[arXiv:astro-ph/0505267] and references therein.

V. A. Kostelecky, Phys. Rev. Lett. 80 (1998) 1818 [arXiv:hep-ph/9809572];
arXiv:hep-ph/9809584.

G. J. Milburn, arXiv:gr-qc/0308021.
G. Barenboim and J. Lykken, Phys. Lett. B 554 (2003) 73.

A. Aguilar et al. [LSND Collaboration]|, Phys. Rev. D 64 (2001) 112007
[arXiv:hep-ex/0104049]; G. Drexlin, Nucl. Phys. Proc. Suppl. 118 (2003)
146.

J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Lett. B 293
(1992) 37 [arXiv:hep-th/9207103]; A microscopic Liouville arrow of time,
Invited review for the special Issue of J. Chaos Solitons Fractals, Vol. 10,
p. 345-363 (eds. C. Castro amd M.S. El Naschie, Elsevier Science, Perga-
mon 1999) [arXiv:hep-th/9805120]; J. R. Ellis, P. Kanti, N. E. Mavromatos,
D. V. Nanopoulos and E. Winstanley, Mod. Phys. Lett. A 13 (1998) 303
[arXiv:hep-th/9711163]; N.E. Mavromatos and Sarben Sarkar, Phys. Rev.
D 72 (2005) 065016 [arXiv:hep-th/0506242).

C. Lazzeroni [NA48 Collaboration], PoS HEP2005 (2006) 096 and
references therein; see also G. Anzivino, Proc. BEACH2006 Con-
ference (Lancaster, UK. July 2-7 2006) and references therein
(http://www.hep.lancs.ac.uk /Beach2006/).



82

J. Bernabéu, J. Ellis, N. E. Mavromatos, et al.

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

. F. Ambrosino [KLOE Collaboration], Phys. Lett. B 642 (2006) 315;

see also: A. Di Domenico, contribution to this handbbok and references
therein.

P. Franzini and M. Moulson, Ann. Rev. Nucl. Part. Sci. 56 (2006) 207
[arXiv:hep-ex/0606033] and references therein.

T. D. Lee and C. S. Wu. Ann. Review Nuclear Science, 16 (1966) 471.
A. Pais and S.B. Treiman, Phys. Rev. 168 (1968) 1858.

A. Retico, Phys. Rev. D 65 (2002) 117901 [arXiv:hep-ph/0203044].
See M. J. Wilking, arXiv:hep-ex/0606044 and references therein.

L. H. Ford, Int. J. Theor. Phys. 38 (1999) 2941; H. w. Yu and L. H. Ford,
arXiv:gr-qc/0004063.

J. R. Ellis, K. Farakos, N. E. Mavromatos, V. A. Mitsou and
D. V. Nanopoulos, Astrophys. J. 535 (2000) 139 [arXiv:astro-ph/9907340].

N. E. Mavromatos and Sarben Sarkar, arXiv:hep-ph/0606048.

D. Giulini, E. Joos, C. Kiefer, J. Kupsch, [.-O Stamatescu and H.D. Zeh,
Decoherence and the Appearance of a Classical World in Quantum Theory
(Springer 1996).

J. R. Ellis, N. E. Mavromatos and M. Westmuckett, Phys. Rev. D 70,
044036 (2004) [arXiv:gr-qc/0405066]; Phys. Rev. D 71, 106006 (2005)
arXiv:gr-qc/0501060

J. Polchinski, String theory. Vol. 2: Superstring theory and beyond (Cam-
bridge University Press, Cambrige (UK), 1998).

J. Bernabeu, N. E. Mavromatos and S. Sarkar, arXiv:hep-th/0606137.
R. Adler et al. [CPLEAR collaboration], Phys. Lett. B 364 (1995) 239.

E. Alvarez, J. Bernabeu, N. E. Mavromatos, M. Nebot and J. Papavas-
siliou, Phys. Lett. B 607 (2005) 197 [arXiv:hep-ph/0410409]; E. Alvarez,
J. Bernabeu and M. Nebot, arXiv:hep-ph/0605211; E. Alvarez, J. Bern-
abeu and M. Nebot, PoS HEP2005 (2006) 252 [arXiv:hep-ph/0512073];
E. Alvarez, arXiv:hep-ph/0603102, Ph.D. Thesis.



J. Bernabéu, J. Ellis, N. E. Mavromatos, et al. 83

38.

39.

40.

41.

42.

43.

44.

See for instance: H. J. Lipkin, Phys. Rev. 176 (1968) 1715; preprint WIS-
89/72/PH Proc. of the Nathan Rosen 80th Birthday Symp., Developments
in General Relativity, Astrophysics and Quantum Mechanics, Nov 1989
and references therein.

I. Dunietz, J. Hauser and J. L. Rosner, Phys. Rev. D 35 (1987) 2166;
J. Bernabeu, F. J. Botella and J. Roldan, Phys. Lett. B 211 (1988) 226.

L. J. Garay, Int. J. Mod. Phys. A 14 (1999) 4079 (1999) [arXiv:gr-
qc/9911002] and references therein; Phys. Rev. D58 (1998) 124015.

L. Maiani, G. Pancheri and N. Paver, eds., The Second Daphne Physics
Handbook Vol. 1, 27 (LN Frascati, Italy INFN 1995)

See: M. Ali, Proc. BEACH2006 Conference (Lancaster, U.K. July 2-7 2006)
and references therein (http://www.hep.lancs.ac.uk/Beach2006/).

G. D’Ambrosio and G. Isidori, Int. J. Mod. Phys. A 13 (1998) 1 [arXiv:hep-
ph/9611284] and references therein.

E. Christova and M. Fabbrichesi, Phys. Lett. B 315 (1993) 113 [arXiv:hep-
ph/9302303]; T. G. Rizzo, Rare K decays and new physics beyond the stan-
dard model, arXiv:hep-ph/9809526 and references therein.






METHODS AND MODELS FOR THE STUDY OF
DECOHERENCE

Sarben Sarkar
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Abstract

We shall review methods used in the description of decoherence on particle
probes in experiments due to surrounding media. This will include conventional
media as well as a model for space-time foam arising from non-critical string
theory.

1 The role of decoherence

Until recently in elementary particle physics the environment was not con-
sidered. Scatterings were calculated in a vacuum background and S-matrix
elements were calculated within the paradigm of the standard gauge theory
model. The latter is a successful theory overall. However, recently systems
which oscillate coherently have been investigated with increasing precision, e.g.
neutrino and neutral meson flavour oscillations. Clearly neutrinos produced in
the sun, on going through it, encounter an obvious scattering environment. In
laboratory experiments however there does not seem to be the need for such
considerations; of course there are uncertainties in determining time and posi-
tion which lead to features akin to decoherence 1). However, triggered again
by increased precision, the effect of fluctuations in the space-time metric due
to space-time defects such as microscopic black holes, and D branes in string
theory are being estimated. Given the smallness of the gravitational coupling
compared to the other interactions in the past the search for such effects was
regarded as optimisitc. Progress in experimental techniques is making such
effects more testable 2).

In this Handbook it was considered to be desirable to split the discussion
of decoherence between two chapters.This one will render a brief account of the
methods of decoherence that are used in the analysis of experiments given in



86 S. Sarkar

the companion chapter 3). We shall demonstrate why there is a large univer-
sality class in the space of theories describing decoherence with most analyses
using models from this class. However we should stress that the universality
is for descriptions where the system-environment interaction is in some sense
conventional. Indeed when we introduce descriptions emanating from string
theory we can and do produce descriptions which can give qualitatively differ-
ent effects ). Such non-conventional descriptions are to be expected since it
is natural for quantum space-time to be somewhat different from the paradigm
of Brownian phenomena in condensed matter. Moreover the manifestation of
gravitational decoherence in a theory, which is diffeomorphic covariant at the
classical level, is not just restricted to fluctuation and dissipation. It is pivotal
in the breakdown of discrete symmetries such as CPT and more obviously T.
This is an exciting)role for decoherence because it gives rise to qualitatively
5

new phenomena which is being tested now and in the next generation of

laboratory experiments.
This paper will be divided into three sections:

¢ decoherence in a general setting with a discussion of how coherence is lost
and the implication for discrete symmetries

e generic treatment of system-reservoir interactions and the Lindblad for-
malism from Markovian approximations

e non-critical string theory and D-particle foam and the phenomenolgy of
stochastic metrics

2 General Features of Decoherence

The fact that an environment £ interacts with a system S and is affected by it
is obvious whether they interact classically or quantum mechanically. However
classically the measurement of £ can only locally affect S. This is in sharp
contrast to the quantum mechanical situation where non-local effects can take
place. The associated distinguishing property is that of entanglement. For the
compound system £S Schmidt bases allow us to write the state |¥) as

U) =D vbn |6n) |Pn)
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where the Hilbert space Hg of states |¢,,) are associated with S and the Hilbert
space Hg of states |, )are associated with £. In the Schmidt basis the states
for different n in the different spaces have to be mutually orthogonal i.e.

and the non-negative coefficients p,, satisfy >, p2 =1.
The corresponding density matrix is

P = Peclass. + Z \/pnpm |¢n> <¢m| @ |q>n> <q)m|

n#m

where pojass. = Y, Pn |Pn) (¢n] @ |Pr) (Pr|. The term p — peiqss. is known as
the entanglement. Clearly entanglement is a measure of the departure of the
compound system from a product state of states of S and £. A classic example
of a pure entangled state is the EPR state ( Einstein-Podolsky-Rosen) written
conventionally in terms of spin % systems

D1 =101
V2

which is clearly not factorisable. Now let us see how the interaction between S
and & leads to decoherence by considering a simple interaction

MHgs = |¢n) (bn| ® An

where En are operators on the He. For an initial pure unentangled state i.e. a
product state

) = ch |én) |©0)

n

(where |©g) can be expressed in terms of the |®,,)s) under time evolution

[60) 100) = ) exp (=i At ) [00) = 60) (00 (1))

The density matrix traced over the environment ps (¢) gives

ps () =D chen (Om (1) 00 (1)) |dm) (0]

n,m
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If the circumstances are such that (0, () |©,, (t)} — dmn as t — o0,
then asymptotically

rs (t) - Z |Cn|2 |¢n> <¢n| :

All coherences embodied by off-diagonal matrix elements have vanished, i.e.
6)

there is complete decoherence

We will now consider an associated aspect of the interaction of the sys-
tem with the environment, the lack of an invertible scattering matrix. Con-
sider schematically three spaces $1, 2 and $)3 where §); is the space of states
of the initial states, $)o is the state space for inaccessible environmental de-
grees of freedom (e.g. states inside a black hole horizon) and £)3 is the space
of final states. Within a scattering matrix formalism consider an in-state
>oa2a|Xa)10),10); (where the subscripts 1, 2 and 3 are related to the spaces
91, 92 and H3) this is scattered to 3 , SXCQCA |0}, ‘76>2 ‘7c>3 where the bar

above the state labels indicates the CPT transform ). ( On introducing the
operator # = CPT we have explicitly ‘Yb> = 0Y}) etc.) Now on tracing over

the inaccessible degrees of freedom ( in f)5 ) we obtain
7c> <7c

with the effective scattering matrix & given by

c d beg* b’
/SA A § :SA SA .
b,b’

|Xa) (Xal — > Si i

This does not factorise, which it would have to, for /S to be of the form
UUt.  Consequently evolution is non-unitary. This is generic to environmental
decoherence. Of course with space-time defects the inaccessible degrees of
freedom can be behind causal horizons.

For local relativistic interacting quantum field theories there is the CPT
theorem. Such theories show unitary evolution. A violation of CPT for Wight-
man functions ( i.e. unordered correlation functions for fields) implies violation
of Lorentz invariance ). However CPT invariance of course is not sufficient
for Lorentz invariance. For physical systems, which in the absence of grav-

ity show CPT invariance, the incorporation of a gravitational environment
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can lead to non-unitary evolution as we have argued. In fact we shall sketch
arguments from non-critical string theory which produce such non-unitary evo-
lution. There is then a powerful argument due to Wald which argues that an
operator € incorporating strong CPT invariance does not exist. The argument
proceeds via reduction ad absurdum. For strong CPT invariance to hold we
should have in states and out states connected by /& and € and their operations
commute in the following sense. For an in state p;, there is an out state p,y.
such that

Pout — ﬁpzn .

Also there is another out state p/,, = 0pi, associated with p;,. If the CPT
transforms of states have the same & evolution as the untransformed states
then there is strong CPT invariance. In such situations

0 SO Spin = pin

and so

0 60 5 =1,

i.e. A has an inverse. In most circumstances interaction with an envi-
ronment produces dissipation and so the inverse of /& would not exist. Hence

the assumption of strong CPT is incompatible with non-unitary evolution 9).

3 Particles propagating in a medium and master equations

Particles reaching us from outside a laboratory always travel through some
physical medium which can often be described by a conventional medium. For
the moment we will be general and call the medium £ and the particle S. We
are ignoring particle-particle interactions and so the approximation of a single
body point of view is appropriate. This bipartite separation can be subtle since
different degrees of freedom of the same particle can be distributed between £
and S. Initially (at ¢ = o) the state p of the compound system is assumed to
have a factorised form

p(to) = ps ® pe (1)
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with ps being a normalised density operator on the Hilbert space s of states
of & and analogously for pg . This condition may be not hold in the very
early universe and for an ever present meidum such as space-time foam; £ and
S would then always be entangled. Certainly for laboratory experiments the

10)

condition 1 is acceptable and the analysis is simplified. Write the total

hamiltonian H as
H=Hs+ Hg+ Hge

where Hgg represents the interaction coupling the system and environment.The
Heisenberg equation is

g ,
8—5 — i[Hs + He + Hse, p| = Lp (2)
and we will also find it useful to let —i[Hs, p] = Lsp, —i[Hg, p] = Lep and
—i[Hse, p] = Lsep. p evolves unitarily. For measuring with operators acting

on Hg it is sufficient to consider

ps =Trep (3)

but given a pg there is in general no unique p associated with it. Hence the
evoultion of pgs is not well defined. However by choosing a reference environ-
ment state pg satisfying

Legpe =0 (4)
we can associate with a ps a unique state ps ® pg of SE. In this way a well
defined evolution can be envisaged.

We will obtain a master equation for ps by using the method of projectors
11). Let us define

Pp=(Trep)® ps.

Clearly
P?p = [Trepe) (Trep) @ pe = (Trep) © pe = Pp

and so P is a projector. Also we define Q =1 — P. Acting on 2 with P gives

P% =PLp=PLPp+ PLQp. (5)
Similarly
dp
P — QLp— QLPp+ QLQp. (6)

ot
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These give two coupled equations for Pp and Qp. 6 can be solved for Qp on
noting that

7]
— —QL =QLP
( = —Q )Qp QLPp
and then on formally integrating

t a ’ t ’
/ = (e*QLt Qp(t/)) dt’ = / e QLY QLPp () dt!
o Ot 0

ie.

t
WGt = Qo)+ [ O QLPp () dr ()
0
This expression for Qp is substituted in 5 to give
dp Ips —QLt ' —QL(t—t")
Tre P% = = Tre [PLPpl+Trs |PL | e Qp0)+ | ¢ QL
0

and can be simplified further on noting that
PLgQp=PLe(p—Pp)=PLgp=0== PLs =0 (8)
owing to the cyclic properties of traces. Also

PLsQp=PLs(p—ps®ps)=LsPp—(Lsps)® ps =0=—= PLs = PLgP.
9)
Hence
Tre (PLsPp) = Tre(PLsp)
= Tre (T?”g (Lsp) & pg) =Tre (Lsp) = Lsps.

Also we assume that Hse = Vs ® Ve (which is standard for local quantum field
theory) and so

Tre(PLsePp) = Tre(PlLlssps ® pg)
= Tre[P(Vsps)® (Vepe) — P (psVs) ® (peVe)
= Tre[Vsps ® peTre (Veps) — psVs ® pelre (peVe))
= [Vs,ps]® pe (Tre (Vepe))
= Tre(Lseps) ps-
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The analysis would go through also when Hge is a sum of factorised terms.
Similarly on using 8 and 9

Tre (PLe?MQp(0)) = Tre (Lsee®"' Qp (0))
and
Tre (PLeQLt/QLPp (t — t/)) — Tre (LsgeQLt/QLps (t—t)® pg) .

In summary the master equation reduces to

G =L s O+ [ KOs -0+ 70 (o)
with
LY = Ls+Tre(Lsepe),
Kt)[ps] = Tre(Lsee®™QLps ® pel),

Jit)y = Tre (LsgeQLtQp (0))

In general it is an integro-differential equation with a memory kernel . Since
the evolution of p is unitary, the positivity of p is maintained. The partial trace
ps (t) of the positive operator p preserves the positivity. (10) is exact and so
guarantees a positive ps (¢). It is only when approximations (truncations) are
made that positivity may be lost. The Markov approximation occurs if there is
a timescale 7¢ associated with X (¢) which is much shorter than 75 the natural
time scale of the system S i.e. :—‘; — o0. This Markov approximation has to
be done carefully for otherwise positivity can be lost 12) Mathematically there
is another singular solution of this limit, 7s — oo with 7¢ finite 13) which leads
to )the phenomenonology of dynamical semi-groups and the Lindblad formalism
14

Definition 1 Time evolutions Ay with t > 0 form a dynamical semi-group if
a) Ay, o Ny = Ay 11y, ) Tr[Aepl = T [p] for all t and p and ¢) are positive

t.e map positive operators into positive operators.

There are other technical conditions such as strong continuity which we
will not dwell on. As far as applications are concerned the most important
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characterisation of dynamical semi-groups is that they arise from the singu-
lar limit mentioned above and are governed by the following theorem due to
Lindblad:

Theorem 2 If P($)) denotes the states on a Hilbert space $), and L is a
bounded linear operator which is the generator of a dynamical semi-group (i.e.
Ay = el ), then

Lol = —i[H, o] + %Z ([Vja Vf] + [Vj?pvﬂ)

where H (: HT) , Vi oand Zj VJTVJ are bounded linear operators on §).

This is the Lindblad form which has been used extensively in high energy
physics phenomenology. L [p], in the absence of the terms involving the Vs, is

the Liouville operator. H is the hamiltonian which generally could be in the

presence of a background stochastic classical metric 15) ( as we will discuss

later). Such effects may generally arise from back-reaction of matter within a

quantum theory of gravity 16)

which decoheres the gravitational state to give
a stochastic ensemble description. In phenomenological analyses a theorem

17) on the structure of L, the
14, 17)

due to Gorini, Kossakaowski and Sudarshan
generator of a quantum dynamical semi-group is of importance. This
states that for a non-negative matrix ¢y (i.e. a matrix with non-negative

eigenvalues) such a generator is given by

dp . 1
L= Lol = =ilH, o)+ 5> e ((Fup, ] + 10 pF])
k,l
where H = H' is a hermitian Hamiltonian, {Fy, k = 0, ...,n> — 1} is a basis in
M,,(C) such that Fy = <=I,,, Tr(F}) = 0 ¥k # 0 and Tr(F] ;) = 55 17)
applications we can take F; = % (where, for example, A; are the Gell-Mann
matrices) and satisfy the Lie algebra [Fj, I}] = i), fiulk, (i = 1,..8), fiji
being the standard structure constants, antisymmetric in all indices. It can
always be arranged that the sum over £ and [ run over 1,...,8. Without a

microscopic model, in the three generation case, the precise physical significance
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of the matrix cg; cannot be understood. Moreover a general parametrisation
of ¢y is too complicated to have any predictive power.

It is precise in formulation but gives no inkling of its S€ compound system

18) but nonetheless it has been useful in

progenitor. Therein lies its weakness
providing ‘test’ theories and estimating orders of magnitudes for the strength
of effects. If the strength of effects are in accord with a theoretical picture
then it has been customary to conclude that the source of the decoherence is
compatible with the theoretical picture. Recently it has been argued that this
may be too simplistic and it is necessary to delve into the background S€ to

be able to argue in favour of a picture.

4 Master Equations from (Non-critical) String Theory

When neutrinos from the Sun are produced ( e.g. from the nuclear p — p cycle)
and pass through it, the nature of £ and Lsg can be understood from the gauge

theories of the weak interactions 19)

. Consequently the programme outlined
in the previous paragraph with a perturbative evaluation of K (¢) is feasible in
principle. However in recent years there has been a debate on whether micro-
scopic black holes can induce quantum decoherence at a microscopic level. The
presence of quantum-fluctuating microscopic horizons, of radius of the order of
Planck length (1073° m), may give space-time a “foamy” structure, causing de-
coherence of matter propagating in it. In particular, it has been suggested 20)
that such Planck-scale black holes and other topological fluctuations in the
space-time background cause a breakdown of the conventional S-matrix de-
scription of asymptotic scattering in local quantum field theory.Hence when we
consider space-time foam we are on less firm ground for applying the Lindblad
formalism. Clearly gleaning an understanding of the nature of space-time itself
raises a huge number of foundational issues. String theory is one attempt to
address such questions but is still far from the goal of clarifying strong gravity.
There are some who even believe that gravity is an emergent feature and con-
sequently that an attempt to understand the quantum aspects of gravity may
be fundamentally futile. It is not appropriate to enter this debate here. As far

as experiments are concerned, both now and in the near future, it is reasonable
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to ask what the current theories have to say concerning quantum effects where
a nearly flat metric gravity is clearly reasonable.

The issue of quantum-gravity-induced decoherence is controversial and
worthy of further phenomenological exploitation. We shall restrict ourselves to

a specific framework for analyzing decoherent propagation of low-energy mat-

ter in foamy space-time backgrounds in the context of string theory 21, 22)7

the so-called Liouville-string 23) decoherence 24). One motivation for using
string theory is that it appears to be the best controlled theory of quantum
gravity available to date. At this juncture we should also mention that there
are other interesting approaches to quantum space-time foam, which also lead
to experimental predictions, e.g. the “thermal bath” approach advocated in
25)7 according to which the foamy gravitational environment may behave as a
thermal bath; this induces decoherence and diffusion in the propagating mat-
ter, as well as quantum damping in the evolution of low-energy observables,
features which are, at least in principle, testable experimentally. As we shall
see presently, similar behaviour is exhibited by the specific models of foam that

we study here; the D-particle foam model of 26, 27)

22)

may characterize modern
versions of string theory , and are based on point-like membrane defects in
space-time (D-particles). Such considerations have more recently again come
to the fore because of current neutrino data including LSND data 28). There
is experimental evidence, that the neutrino has mass which leads to neutrino
oscillations. However LSND results appear consistent with the dominance of
anti-neutrino oscillations 7, & ¥, over neutrino oscillations. In particular, pro-
vided LSND results turn out to be correct, which at present is quite unclear,
there is evidence for CPT violation. It has been suggested recently 5) that
Planck scale quantum decoherence may be a relevant contribution to the CPT
violation seen in the experiments of LSND. Other examples of flavour oscil-
lating systems with quite different mass scales are furnished by BB and KK
systems 29) The former because of the large masses involved provides a partic-
ularly sensitive system for investigating the Planck scale fluctuations embodied
by space-time foam. In all these cases, experiments, such as CPLEAR 30)7
provide very low bounds on CPT violation which are not inconsistent with
estimates from dimensional analysis for the magnitudes of effects from space-
time foam. These systems have been analyzed within a dynamical semigroup
approach to quantum Markov processes. Once the framework has been ac-
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cepted then a master equation for finite-dimensional systems ensued which was
characterized by a small set of parameters. This approach is somewhat phe-

nomenological and is primarily used to fit data 31, 32, 33)

. Consequently it is
important to obtain a better understanding of the nature of decoherence from

a more fundamental viewpoint.

Given the very limited understanding of gravity at the quantum level,
the analysis of modifications of the quantum Liouville equation implied by
non-critical strings can only be approximate and should be regarded as circum-
stantial evidence in favour of the dissipative master equation. In the context of

two-dimensional toy black holes 34)

and in the presence of singular space-time
fluctuations there are believed to be inherently unobservable delocalised modes
which fail to decouple from light (the observed) states. The effective theory
of the light states which are measured by local scattering experiments can
be described by a non-critical Liouville string. This results in an irreversible
temporal evolution in target space with decoherence and associated entropy

production.

The following master equation for the evolution of stringy low-energy

matter in a non-conformal o-model can be derived 24)

dip=ilp, Hl+: 8'Gij [¢7, 0] : (11)

where ¢ denotes time (Liouville zero mode), the H is the effective low-energy
matter Hamiltonian, ¢* are the quantum background target space fields, 5% are
the corresponding renormalization group § functions for scaling under Liouville

dressings and G;; is the Zamolodchikov metric 35, 36)

in the moduli space of
the string. The double colon symbol in (11) represents the operator ordering
: AB :=[A, B] . The index i labels the different background fields as well as
space-time. Hence the summation over 4,7 in (11) corresponds to a discrete

summation as well as a covariant integration [ dPt 1y /=g where y denotes a

set of (D + 1)-dimensional target space-time co-ordinates and D is the space-
time dimensionality of the original non-critical string.

The discovery of new solitonic structures in superstring theory 22) has
dramatically changed the understanding of target space structure. These new
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non-perturbative objects are known as D-branes and their inclusion leads to
a scattering picture of space-time fluctuations. Heuristically, when low energy
matter given by a closed (or open) string propagating in a (D + 1)-dimensional
space-time collides with a very massive D-particle embedded in this space-time,
the D-particle recoils as a result. Since there are no rigid bodies in general rel-
ativity the recoil fluctuations of the brane and their effectively stochastic back-
reaction on space-time cannot be neglected. On the brane there are closed
and open strings propagating. Each time these strings cross with a D-particle,
there is a possibility of being attached to it, as indicated in Fig. 1. The entan-
gled state causes a back reaction onto the space-time, which can be calculated

perturbatively using logarithmic conformal field theory formalism 37).

(@ (b) ©

e
N

t<0 t=0 t>0

‘ D—particle /String Scattering with recoil ‘

Figure 1: Schematic picture of the scattering of a string matter state on a D-
particle, including recoil of the latter. The sudden impulse at t = 0, implies a
back reaction onto the space time, which is described by a logarithmic conformal
field theory. The method allows for the perturbative calculation of the induced
space-time distortion due to the entangled state in (b).

Now for large Minkowski time ¢, the non-trivial changes from the flat

metric produced from D-particle collisions are

=l (12)

goi = Uy =
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where w; is the velocity and Ap; is the momentum transfer during a collision,
£7? is identified with ¢ and M p is the Planck mass (actually, to be more precise
Mp = My/gs, where g; < 1 is the (weak) string coupling, and M is a string
mass scale); so go; is constant in space-time but depends on the energy content
of the low energy particle and the Ricci tensor Ry = 0 where M and N are
target space-time indices. Since we are interested in fluctuations of the metric
the indices 7 will correspond to the pair M, N. However, recent astrophysical
observations from different experiments all seem to indicate that 73% of the
energy of the Universe is in the form of dark energy. Best fit models give the
positive cosmological constant Einstein-Friedman Universe as a good candidate
to explain these observations. For such de Sitter backgrounds Ry o Qgarn
with @ > 0 a cosmological constant. Alsoin a perturbative derivative expansion
(in powers of o/ where o/ = [2 is the Regge slope of the string and [, is the
fundamental string length) in leading order

Buy = &/ Ry = &/'Qgu (13)
and
Gij = 0ij. (14)
This leads to
dip=ilp, Hl+ o/ guw [0, p] - (15)
For a weak-graviton expansion about flat space-time, gasny = nary + hary, and
Ap;
ho; . 16
0 o (16)

If an antisymmetric ordering prescription is used, then the master equation for
low energy string matter assumes the form

atpMatter: { [pMatte*m H] - Q [h0j7 [h0j7pMatter]] (17)

( when o’ is absorbed into Q). In view of the previous discussion this can be
rewritten as

atpMatter: t [pMatte*m H] - Q [ﬂj7 [ﬂj7pMatter]] . (18)

thereby giving the master equation for Liouville decoherence in the model of a
D-particle foam with a cosmological constant.
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The above D-particle inspired approach deals with possible non-perturbativ
quantum effects of gravitational degrees of freedom. The analysis is distinct
from the phenomenology of dynamical semigroups which does not embody spe-
cific properties of gravity. Indeed the phenomenology is sufficiently generic that
other mechanisms of decoherence such as the MSW effect can be incorporated
within the same framework. Consequently an analysis which is less generic and
is related to the specific decoherence implied by non-critical strings is neces-
sary.It is sufficient to study a massive non-relativistic particle propagating in
one dimension to establish qualitative features of D-particle decoherence. The
environment will be taken to consist of both gravitational and non-gravitational
degrees of freedom; hence we will consider a generalisation of quantum Brow-
nian motion for a particle which has additional interactions with D-particles.
This will allow us to compare qualitatively the decoherence due to different
environments. The non-gravitational degrees of freedom in the environment (in
a thermal state) are conventionally modelled by a collection of harmonic os-
cillators with masses m,,, frequency w, and co-ordinate operator g, coupled
to the particle co-ordinate = by an interaction of the form °  ¢,7¢,. The
master equation which is derived can have time dependent coefficients due to
the competing timescales, e.g. relaxation rate due to coupling to the thermal
bath, the ratio of the time scale of the harmonic oscillator to the thermal time
scale etc. However an ab initio calculation of the time-dependence is difficult to
do in a rigorous manner. It is customary to characterise the non-gravitational

2
environment by means of its spectral density I (w) (=, 0 (w — wy,) 522 )

2 W
The existence of the different time scales leads in general to non-trivial time
dependences in the coefficients in the master equation which are difficult to

calculate in a rigorous manner 38)

. The dissipative term in (18) involves the
momentum transfer operator due to recoil of the particle from collisions with
D-particles (12). This transfer process will be modelled by a classical Gaussian
random variable r which multiplies the momentum operator p for the particle:
r
u; —p 19
- Vot (19)
Moreover the mean and variance of r are given by
(ry=0, and (r*) =o%. (20)

On amalgamating the effects of the thermal and D-particle environments, we

39)

have for the reduced master equation for the matter (particle) density
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matrix p (on dropping the Matter index)

8 - 1 ~2 A T~ s Y o~ o~ ey 2 [ [~
igep = 5= [0 p] —iM[E (&, pll + 5 (245, o] — i B, [P ] (21)
where A, ~v and € are real time-dependent coefficients. As discussed in 39) 4
possible model for € (¢) is
5 r
Q)=+ —— 22
O =%+ gt e (22)

where wy, ¥, a, [ and b are positive constants. The quantity % < 1 contains in-
formation on the density of D-particle defects on a four-dimensional world.The
time dependence of v and A can be calculated in the weak coupling limit for
general n (i.e. ohmic, » = 1 and non-ohmic n # 1 environments) where

2 n—1
I {w) = —myw {i] e /= (23)
T w

and w is a cut-off frequency. The precise time dependence is governed by
A(t)= [ dsv(s)andy(t) = [)dsv(s)s wherev (s) = [° dw I (w)coth (Bhw/2
For the ohmic case, in the limit hw < kgT followed by @ — oo, A and ~ are
given by mygkpgT and -y respectively after a rapid initial transient. For high
temperatures A and ~ have a powerlaw increase with ¢ for the subohmic case
whereas there is a rapid decrease in the suprachmic case.

5 CPT and Recoil

The above model of space-time foam refers to a specific string-inspired construc-
tion. However the form of the induced back reaction (12) onto the space-time
has some generic features, and can be understood more generally in the context
of effective theories of such models, which allows one to go beyond a specific
non-critical (Liouville) model. Indeed, the D-particle defect can be viewed
as an idealisation of some (virtual, quantum) black hole defect of the ground
state of quantum gravity, viewed as a membrane wrapped around some small
extra dimensions of the (stringy) space time, and thus appearing to a four-
dimensional observer as an “effectively” point like defect. The back reaction
on space-time due to the interaction of a pair of neutral mesons, such as those
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produced in a meson factory, with such defects can be studied generically as
follows: consider the non-relativistic recoil motion of the heavy defect, whose
coordinates in space-time,in the laboratory frame, are y* = y§ + w't, with o’
the (small) recoil velocity.One can then perform a (infinitesimal) general co-
ordinate transformation y* — z# 4 £ so as to go to the rest (or co-moving )
frame of the defect after the scattering. From a passive point of view, for one
of the mesons, this corresponds to an induced change in metric of space-time
of the form (in the usual notation, where the parenthesis in indices denote
symmetrisation) dg,.,, = 9(,€,y, which in the specific case of non-relativistic de-
fect motion yields the off-diagonal metric elements (12). Such transformations
cannot be performed simultaneously for both mesons, and moreover in a full
theory of quantum gravity the recoil velocities fluctuate randomly, as we shall
discuss later on. This means that the effects of the recoil of the space-time
defect are observable. The mesons will feel such effects in the form of induced
fluctuating metrics (12). It is crucial to note that the interaction of the matter
particle (meson) with the foam defect may also result in a “flavour” change
of the particle (e.g. the change of a neutral meson to its antiparticle). This
feature can be understood in a D-particle Liouville model by noting that the
scattering of the matter probe off the defect involves first a splitting of a closed
string representing matter into two open ones, but with their ends attached to
the D-particle, and then a joining of the string ends in order to re-emit a closed
string matter state. The re-emitted (scattered) state may in general be charac-
terised by phase, flavour and other quantum charges which may not be required
to be conserved during black hole evaporation and disparate space-time-foam
processes. In our application we shall restrict ourselves only to effects that lead
to flavour changes. The modified form of the metric fluctuations (12) of each
component of the metric tensor ¢g®? will not be simply given by the simple
recoil distortion (12), but instead can be taken to have a 2 x 2 (“flavour”)
structure 4):

9 ’=(- 1+7”4)1
V= g% — vl + 7101 + 1909 + 7303 (24)
gt =(1+7rs)1

b

where 1, is the identity and o; are the Pauli matrices. The above parametri-
sation has been taken for simplicity and we can also consider motion to be
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in the z- direction which is natural since the meson pairs move collinearly.
A metric with this type of structure is compatible with the view that the
D-particle defect is a “point-like” approximation for a compactified higher-
dimensional brany black hole, whose no hair theorems permit non-conservation
of flavour.(In the case of neutral mesons the concept of “flavour” refers to ei-
ther particle/antiparticle species or the two mass eigenstates). The detailed

application of this model to the w effect for neutral mesons can be found in 4).
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Abstract

Neutral kaons can be treated as open systems, i.e. as subsystems immersed
in an external environment, generated either by the fundamental dynamics of
extended objects (strings and branes), or by matter fluctuations in a medium.
New, non-standard phenomena are induced at low energies, producing irre-
versibility and dissipation, whose physical description requires however some
care. Meson factories are suitable interferometric set-ups where these new ef-
fects can be experimentally studied with great accuracy.

1 Introduction

Standard quantum mechanics usually deals with closed physical systems, i.e.
with systems that can be considered isolated from any external environment.
The time-evolution of such systems is described by one-parameter groups of
unitary operators, U(t) = e ! generated by the system hamiltonian H; they
embody the reversible character of the dynamics.

This description is however just an approximation, valid when the action
of the external world on the system under study can be considered vanishingly
small. On the contrary, when a system S interacts with an environment £ in
a non-negligible way, it must be treated as an open quantum system, namely
as a subsystem embedded within &£, exchanging with it energy and entropy,

and whose time-evolution is irreversible." Being closed, the total system S + &

IThe literature on the theory of open quantum systems and their phe-
nomenological applications is large. General reviews and monographs on the
topic can be found in Refs.[1-17].
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evolves in time with the unitary dynamics generated by the total hamiltonian
Hiot, that can always be written as:

Hiw = Hs + He + H' . (1)

In this decomposition, Hg is the hamiltonian driving the dynamics of S in
absence of the environment, Hg describes the internal evolution of £, while H’
takes into account the interaction between subsystem and environment.

In many instances, one is interested in the dynamics of the subsystem S
alone and not in the details of the £ motion; one can then eliminate (i.e. sum
over) the environment degrees of freedom. The resulting time-evolution for S
turns out to be rather involved: it can not anymore be described in terms of
a unitary evolution. Indeed, representing the states of S in terms of density
matrices, the map transforming the initial state p(0) into the final one p(¢) is
given by:

p(0) = Tre [psie] = p(t) = Tre [e ot pg g ettt (2)

where psig is the density matrix representing the initial state of the total
system, while Trg constitutes the trace operation over the environment degrees
of freedom.? Due to the exchange of energy as well as entropy between S and
£, the evolution map p(0) — p(t) gives rise in general to nonlinearities and
memory effects, and can not be described in closed form.

Nevertheless, the situation greatly simplifies when the interaction between
subsystem and environment can be considered to be weak. In this case, physi-
cally plausible approximations lead to reduced dynamics p(0) — p(t) = v [p(0)]
that involve only the S degrees of freedom: they are represented by linear maps
¢, that are generated by master equations. Such reduced dynamics provides
an effective description of how £ affects the time-evolution of S, and typically
gives rise to dissipative and noisy effects.]) = 9)

However, not all time-dependent linear maps -; can represent suitable
reduced dynamics: very basic physical requirements need to be satisfied. Al-
though the dynamics is no longer reversible, forward in time composition should

’In absence of initial correlations between S and &, a situation commonly
encountered in many physical applications, it can be written in factrorized
form: psys = p(0) ® pe, where pg is the density matrix representing the state
of the environment.
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be guaranteed: s o v = i1, for all positive times s, ¢; the one-parameter
(= time) family of maps {v;} is then said to be a semigroup. Further, ~;
should preserve probability and positivity.l) -7) Indeed, in order to represent
a physical state of the subsystem &, a density matrix p must be a positive
operator, since its eigenvalues have the meaning of probabilities; this is at the
root of the statistical interpretation of quantum mechanics. The time evolu-
tion p(0) — p(t) = ~:[p(0)] must then preserve this fundamental property, and
therefore map a positive initial p(0) into a positive final p(¢). Such a property
of the linear transformation ~y; is called positivity.

Apparently, positivity seems sufficient to assure the physical consistency
of the reduced dynamics. In reality, the structure of quantum mechanics re-
quires a more stringent requirement to be satisfied, that of complete positiv-
ity. 1) = 8) This property guarantees the positivity not only of 4, but also of
the dynamics of a larger system built with two equal, mutually non interacting
systems &, immersed in the same external environment; as we shall see, such
a situation is precisely that of correlated neutral kaons coming from the de-
cay of a ¢ meson. The dynamics of this enlarged system is then described by
I'y = v ® ;. Positivity of I'; means complete positivity of the map ;. 18) 1
is important to note that this property is intimately related to entanglement,
i.e. to the possibility that the initial state of the compound subsystem & + S
exihibits quantum correlations.%), 19)

A family of one-parameter linear maps v, that satisfy all the above men-
tioned properties, including complete positivity, forms a so-called quantum dy-
namical semz’group.l) —8) In the regime of weak coupling between subsystem
and environment, they represent the most general realization of a dissipative
reduced dynamics compatible with the probabilistic interpretation of quantum
mechanics.20) — 26), 6)

This description of the open quantum systems turns out to be very
general.) Altl;lough originally developed in the framework of quantum op-
10) — 16

tics, it has been successfully applied to model very different sit-

uations, in atomic and molecular physics, quantum chemistry, solid state
- 9)7 17)

physics. 1) Further, it has been recently applied to the study of irre-

versibility and dissipation in the evolution of various particle systems, involv-
27) 28),29) photons, 30) —33) 34) — 36)

37) — 52)

ing atoms, neutrons, neutrinos and

in particular neutral mesons.
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In standard treatments, these systems are usually considered as closed;
once more, this is justified only in an idealized situation. Indeed, quantum grav-
ity effects at Planck’s scale or more in general, the dynamics of fundamental, ex-
tended objects (strings and branes) are expected to act as an effective environ-
ment, inducing non-standard, dissipative effects at low energies.53) — 56),44)
Similar effects are also produced when neutral kaons or neutrinos travel inside a
fluctuating matter medium; in this case, due to the interactions between these
elementary particles and the scattering matter centers, the medium plays the
role of an environment producing noise and decoherence.36), 52)

These new phenomena are nevertheless expected to be very small; they are
suppressed by at least one inverse power of the Planck mass, in the case of grav-
itational or stringy effects, while in presence of matter fluctuations they appear
to be second order with respect to ordinary regeneration or oscillation effects.
In spite of this, interesting bounds on some of the constants parametrizing
the dissipative effects have been already obtained using available experimental
data, and improvements are expected in the future.

In this respect, dedicated neutral meson experiments at meson factories,
appear to be particularly promising. Indeed, as we shall see in the follow-
ing, suitable neutral meson observables turn out to be particularly sensitive to
the new, dissipative phenomena, so that their presence can be experimentally

probed quite independently from other, non-standard effects.
2 Positivity and complete positivity

The evolution and decay of the neutral kaon system can be effectively modeled
by means of a two-dimensional Hilbert space.57) —60) A Laon state is then
described by means of a 2 x 2 density matrix p, é.e. a positive hermitian
operator (with real, nonnegative eigenvalues) and constant trace.

The evolution in time of the kaon system can then be formulated in terms

of a linear master equation for p; it takes the general form:1) = 7)
Ip(t , .
% = —iH.g p(t) + Zp(t) H,;rff + L[p(t)] : (3)

The first two terms on the r.h.s. of this equation are the standard quantum
mechanical ones: they contain the effective hamiltonian Heg = M — iI'/2,
which includes a non-hermitian part, characterizing the natural width of the
kaon states.
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The entries of this matrix can be expressed in terms of the complex pa-
rameters eg, €5, appearing in the eigenstates of Heg,
1

|Ks) = W(|K1>+6S|K2>) , |Kp) =

(er|K1)+[Ka)) 5

(4)
with |K2) = (|K°) +|K°))/+/2, and the four real parameters ms, vs and mr,
v, the masses and widths of the states in (4), characterizing the eigenvalues

1
(1 fen)!/?

of Heg: Ag = mg — %'757 AL = myp — %’yL. For later use, we introduce the
following positive combinations: AI' = ~vg — ~vp, Am = myp — mg, as well
as the complex quantities 't = I' £ iAm and AI'yL = AI' + 2iAm, with
I' = (vs + v1)/2. One easily checks that C'PT-invariance is broken when
es # €, while a nonvanishing eg = ¢, implies violation of C'P symmetry.

On the other hand, the additional piece L[p] in the evolution equation
(3) encodes effects leading to dissipation and irreversibility: these are non-
standard phenomena that in general give rise to further violations of C'P and
CPT symmetries.61)7 51)

It should be stressed that in absence of the piece L[p|, pure states (i.e.
states of the form |¢)(¢|) are transformed by the evolution equation (3) back
into pure states, even though probability is not conserved, a direct consequence
of the presence of a non-hermitian part in the effective hamiltonian H.g. Only
when the extra piece L[p] is also present, p(t) becomes less ordered in time
due to a mixing-enhancing mechanism, producing possible loss of quantum
coherence.

The explicit form of the linear map L[p| can be uniquely fixed by taking
into account the basic physical requirements that the complete time evolution,
v p(0) — p(t), generated by (3) needs to satisfy. As mentioned in the
introductory remarks, in order to represent a physically consistent dynamical
evolution, the one-parameter family of maps ~; should obey the semigroup
composition law, v¢[p(s)] = p(t + s), for ¢, s > 0, while transforming density
matrices into density matrices, in particular preserving their positivity.

One can show that the semigroup request fixes L[p] to be of Kossakowski-
Lindblad form: 20)

Lip| = 23: Cij {Ujpai - %{Uiag‘ ; PH ; (5)

ij=1

where o;, ¢ = 1,2, 3 are the Pauli matrices, while [C;;] is a 3 X 3 matrix, called
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the Kossakowski matriz. We shall consider dissipative evolutions for which the
von Neumann entropy, S = —Tr[pln p], is increasing; this is a condition that
is very well satisfied in usual phenomenological treatments of open systems
consisting of elementary particles. In this case, the matrix [C;;] turns out to
be real symmetric: its six entries parametrize the noise effects induced by the
presence of the environment. ) 6)

The condition that the map v; generated by (3) preserve the positivity
of the single kaon state p for all times gives further constraints on these real

parameters. 29)

In order to explicitly show this, it is convenient to decompose
the density matrix p along the Pauli matrices o4, 7 = 1, 2,3, and the identity

matrix og, and represent p as a 4-dimensional ket-vector |p},

3 po

<p1 PS) 10 |> pl (6)
e e o, — e

P o4 o Eﬁp W 12 e

n=0 3

P

0o P1Ltp2 1 pP3tpa o pa—p3 3 P1L— P2

S S S 4 =B 7
P 5 P 5 P 5 0 P 5 (7)

Then, the action of the linear operator L[] in (5) on the state p can be equiv-
alently expressed as the action of a real symmetric 4 x 4 matrix [L,W] on the
column vector |p}. This matrix can be parametrized by six real constants a, b,
¢, a, 3, and ~y as follows:

[L/W] =2 (8)

oo o o
o e O

w0 oo
2o @

We know that any hamiltonian evolution preserves the positivity of the density
matrices; then, one can limit the discussion to the contribution of the dissipative
piece L only.® Since Tr(L[p]) = 0, as easily checked from the expression in (5),
we have p°(t) = p%(0). Further, the positivity of the spectrum of p is preserved

3Let us indicate by w; the time-evolution generated by (3) in absence of
the dissipative term L, and A; the one generated just by L in absence of the
hamiltonian term. The complete evolution ; can then be expressed via the
Lie-Trotter formula as: «; = limy, oo (wy/m © Ag/p )" 7) Being the evolution w;
positive, the positivity properties of v, are directly connected to those of X;.
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at all times if and only if Det(p) = (p°)? —Z?Zl(pj)2 > 0. We now set p = p(0)
and use
dDet(p(t))

3
" = =2 [Llyp'p’ . (9)

ij=1

t=0

If |p) = (0°, p', p%, p°) is a pure state, Det(p) = 0 and the right hand side of (9)
cannot be negative, otherwise a negative eigenvalue would appear fort > 0. By
varying p/ while keeping > .(p7)? = (p°)?, from Z?j:l[L]ij pip? > 0 one gets
that the real symmetric submatrix [L ];; must necessarily be positive, therefore
that the following inequalities must be fulfilled,

a>0 ac > b2
a>0 | ay>c® , Det([Ly]) > 0. (10)
720 ay > 3

These conditions are also sufficient for preservation of positivity. In fact, since
—[Lyi] > 0, we can write —[L] = B2, with B a symmetric 3 x 3 matrix. Then,
the term in the right hand side of the equality in (9) is given by || B|p)||>. Let
us suppose Det[p(t')] < 0, at time ¢’ > 0; it follows that Det[p(t*)] = 0 at some
time ¢* such that 0 < ¢* < ¢. Thus, B|p(t*)) = 0, otherwise Det[p(¢)] > 0
for t > t*; but this implies |p(t*)) = L|p(t*)) = —B?|p(t*)) = 0. Therefore,
for all t > t*, |p(t)) = |p(t*)), and the dissipative dynamics generated by L is
positivity-preserving.

Although the conditions (10) guarantee that the evolution p(0) — p(t) =
~v:[p(0)] of a single neutral kaon is physically consistent, more stringent con-
straints are needed in order to get a positive dissipative evolution when corre-
lated kaons produced in a ¢-meson decay are considered.3%), 41),45)

Since the ¢-meson has spin 1, the two neutral spinless kaons produced in
a ¢-decay, and flying apart with opposite momenta in the meson ¢ rest-frame,
are produced in an antisymmetric state:

1
[64) = —= (11, =p) @ | Ko, p) = | Ko, —p) @ |K1,9) ) (1)
V2
Their corresponding density matrix pa = |¢¥a){¢ 4| is antisymmetric in the

spatial labels. By means of the projectors onto the C'P eigenstates,

Py =|K){Ky|, Py = |Ka) (K| , (12)
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and of the off-diagonal operators,
Py = |Ki)(Ky|, Py = |Ko)(Ky], (13)
we can write
pA:%(P1®P2+P2®P1—P3®P4—P4®P3)~ (14)

The time evolution of a system of two correlated neutral K-mesons, ini-
tially described by p4, can be analyzed using the sigle K-meson dynamics so-far
discussed. Indeed, as in standard quantum mechanics, it is natural to assume
that, once produced in a ¢ decay, the kaons evolve in time each according to
the map v, generated by (3), (5).*

Within this framework, the density matrix that describes a situation in
which the first K-meson has evolved up to proper time ¢; and the second up
to proper time t, is given by:

paltita) = (Yo, ®v1,) [pa] = %[Pl(tl) ® Py(t2)

+ Pa(t1) ® Pi(ta) — Ps(t1) ® Py(tz) — Py(t1) ® Pa(ta)| (15)

where P;(t1) and P;(t9), i = 1,2,3,4, represent the evolution according to (3)
of the initial operators (12), (13), up to the time ¢; and &5, respectively. In
the following, we shall set t; = ¢ = ¢, and simply call pa(t) = pa(t,t) the
evolution of (14) up to proper time .

Consider then the state |4} which is as in (11) but with a plus sign be-
tween the two terms in parenthesis; it is an entangled state which is orthogonal
to [ 4). The following quantity

A(t) = (Pelpa®)ly) (16)

being a mean value, must be positive for all times. In particular, since A(0) =
0, its time evolution must start at ¢ = 0 with a positive derivative, otherwise

4We stress that this choice is the only natural possibility if one requires that
after tracing over the degrees of freedom of one particle, the resulting dynamics
for the remaining one be positive, of semigroup type and independent from the
initial state of the other particle.
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it would become negative as soon as ¢ > 0. In other terms, presevation of
positivity of the density matrix p4(t) implies the condition

%A(O)anLa—’yZO. (17)

By substituting for |¢4) the most general entangled state orthogonal to |4},
one can show that the preservation of the positivity of the matrix pa(t) de-
scribing correlated kaons is equivalent to the following inequalities:

2R=a+v—a >0, RS >b? | (18)
2S=a+vy—a >0, RT > &, (19)
MW=ata—v>0, ST > 67, (20)
RST > 2bef + RB® + S¢* + TH? (21)

that in turn are equivelent to the positivity of the Kossakowski matrix Cj;;
appearing in (5).

These constraints on the dissipative parameters a, b, ¢, o, 3, v are more
stringent than those in (10); indeed, with the above conditions the master equa-

tion (3) generates not just a positive, but a completely positive evolution.1) = 6)

This conclusion can be formalized in a Theorem: 18)

the dynamics v; ® ¢, de-
scribing the dissipative evolution of correlated neutral kaons, is positive if and
only if the single kaon dynamics ~; is completely positive.

It should be stressed that it is the intimate structure of quantum mechan-
ics, i.e. the existence of entangled states, that require any physically consistent
dissipative dynamics to be completely positive. 6 Any attempt to model noisy
effects induced by a weakly coupled external environment via a positive, but not
completely positive time evolution will unavoidably lead to unphysical results.
As we shall see in the next section, such a conclusion can be experimentally

exposed at a ¢-factory.

3 Test of complete positivity at a ¢-factory

As discussed in the previous section, a consistent statistical description of the
initial single kaon density matrix p as a state requires the positivity of its
eigenvalues that are interpreted as probabilities: for this description to hold
for all times, the evolution map ~; must be positive, ¢.e. it must preserve the
positivity of the eigenvalues of p(t), for any ¢.
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On the other hand, complete positivity is a more stringent condition; it
guarantees the positivity of the eigenvalues of density matrices describing states
of correlated kaons, as those produced in ¢-meson decays. We have seen that
states of entangled, but not dynamically interacting kaons, evolve according
to the factorized product v; ® ~; of the single-kaon dynamical maps. If ~; is
not completely positive, there are instances of correlated states that develop
negative eigenvalues; in such cases, their statistical and physical interpretation
is lost.

Therefore, the issue of complete positivity is not only theoretical, but can
be given experimental relevance. Indeed, in the following we shall give explicit
examples of experimentally accessible kaon observables, defined to be positive,
that would return, in absence of complete positivity, negative mean values. 45)

Let us consider again the dissipative evolution of two initially correlated
neutral kaons coming from the decay of a ¢-meson, as given in (15), with
t1 = t9 = 1. Recalling the definitions (12), (13), the statistical description of
pa(t) = pa(t,t) allows us to give a meaningful interpretation of the quantities

as the probabilities to have one kaon in the state |K;) at proper time ¢, while
the other is in the state |K;) at the same proper time. When 4,5 = 3,4, the
quantities P;;(¢) are complex and do not represent directly joint probabilities.
However, as we shall see, they can still be obtained from data accessible to
experiments.

54),55),44) 6 parameters

On the basis of rough dimensional estimates,
a, b, ¢, a, B and v appearing in (8) are expected to be very small, since they
are suppressed by at least one power of a very large energy scale, the one
that characterizes the dynamics of fundamental objects (strings or branes).
Assimilating this scale with the Planck mass Mp, one finds that the above
dissipative parameters, being of dimension of energy, can be estimated to be at
most of order m%(/Mp ~ 10719 GeV, with mg the kaon mass. This value is
roughly of the same order of magnitude of eg AL and e;, AT"; therefore, in finding
explicit solutions of the evolution equation (3) for the kaon density matrix
p(t) one can use an expansion in all these small parameters, and approximate

expressions for the entries of p(t) can be explicitly worked out.38),41)
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Up to first order in all small parameters, one then finds:

Pult) = zme T(1-ea) (23)
672Ft
Pia(t) = 5 (24)
_ T o ORI T
Pl) = 27 T (1 e ATy ) (25)
Poolt) = qme (A1), (26)
_ ore B (0 AT
Pslt) = e (1 e ) (27)
o 2btila—a) 1 opam
Paglt) = e M2 TO (1o enman) (28)
672Ft
Pult) = —— (1—2(a+a—'y)t). (29)

The remaining quantities P;;(¢) can be derived from the previous expressions
by using the following properties:

'Pij(t) = 'Pji(t) , 1,7 =1,2,3,4, (30)
Pis(t) = Piult) 1=1,2, (31)
Paa(t) = 77;3(15) . (32)

Putting a = b = ¢ = & = 3 = v = 0, one obtains the standard quantum me-
chanical effective description that evidentiates the singlet-like anti-correlation
in pa(t): Pu(t)=0.

We emphasize that none of the above expressions contain the standard
CP, CPT-violating parameters €g, €. This fact makes possible, at least in
principle, a direct determination of the non-standard parameters irrespectively
of the values of eg, €,; one needs to fit the previous expressions of the quantities
Pi;(t) with actual data from experiments at ¢-factories.

To be more specific, we shall now explicitly show how the quantities P;;
can be directly related to frequency countings of decay events. First, notice
that, given any single-kaon time-evolution p — p(t), the matrix elements of
the state p(t) at time ¢ can be measured by identifying appropriate orthogonal
bases in the two-dimensional single kaon Hilbert space. The choice of the
CP-eigenstates |K1) | |K3) is rather suited to experimental tests. Indeed,
since a two-pion state has the same CP eigenvalue of |K;), the probability
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Pi(Ky) = (K1|p(t)| K1) of having a kaon state K at time ¢ is directly related
to the frequency of two-pion decays at time ¢. Possible direct CP violating
effects, the only ones allowing K9 — 27, can be safely neglected; they are
proportional to the phenomenological parameter £/, that has been found to be
very small. 62)

On the other hand, while the decay state 70797 has CP = —1, the state
7t~ 7% may have CP = £1. Thus, the probability P;(Ks) = (Ka|p(t)|K2) to
have a kaon state K9 at time ¢ is not as conveniently measured by counting
the frequency of the three-pion decays. To avoid the difficulty, the following
strangeness eigenstates can be used:

|K0>:M , |ﬁ>:M ) (33)

V2 V2

Then, the probabilities P;(K°) = (K°|p(t)|K°) and P,(K°) = (KO|p(¢)|K°),
that the kaon state at time ¢ be a K©, respectively a K0, may be experimentally
determined by counting the semileptonic decays K° — 7 £T v, respectively
K9 — nt¢~7, the exchanged decays being forbidden by the AS = AQ rule.
(In the Standard Model, this selection rule is expected to be valid up to order
10—, 63)) Further, the probability P,(Ks) = (Ka|p(t)|K2) of having a kaon
state Ky at proper time ¢ can be expressed as P;(Ky) = P,(K°) + P,(K%) —
Pi(Ky), by writing

| K2) (o | = [KO) (K] 4 [KO) (K| — K1) (K - (34)

Hence, P,(K») can be measured by counting the frequencies of semileptonic
decays and of decays into two pions.

In order to measure the off-diagonal elements (K1|p|K2), (Ks|p|K1), we
use the identity

KO (K°| = |KO) (K| = | K1) (K| + [Ko) (KA (35)

and extract |K1)(K>| from it. To do this, we need a third orthonormal basis
of vectors whose projectors are measurable observables in actual experiments.
An interesting possibility is based on the phenomenon of kaon-regeneration (see
Refs.[64, 65] and references therein). The idea is to insert a slab of material
across the neutral kaons path; the interactions of the K9, K0 mesons with the
nuclei of the material “rotate” in a known way the initial kaon states entering
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the regenerator into new ones. As initial states, consider the orthogonal vectors

Ky — 0t |KY) _ nlKy) + |Ks)

VIitmP? VIthP?

where 77 is a complex parameter which depends on the regenerating material.

1K s) K1) (36)

By carefully choosing the material and the tickness of the slab, one can tune
the modulus and phase of 5 in such a way to completely suppress the K I
component and to regenerate the K s state into a K, just outside the material
slab. Thus, the probability P,(Ks) = (Ks|p(t)|Ks) that a kaon, impinging
on a slab of regenerating material in a state p(¢) at time ¢, be a [~(S7 can
be measured by counting the decays into 27 just beyond the slab. Now, the
projector onto the state |K ) reads

~ = Inl?
Ky {K = ———|Ki{K KK
|Ks)(Ks] 1Jr|77|2| 14 1|+1+|77|2| 2) (K2
- KKl - LK. 6T)
L+ |n|? L+ |n?
Then, from (33)—(35) and (37) it follows that
K1) (Kol = G K (KL + G| Ks)(Ks]
+ GIK)(K®| + G |[KO) (KO, (38)
where
1—|n|? 1+ |nf?
_ S Ul 39
G 2iTm(n) ’ G2 2iTm(n) ’ (39)
P P+
SH 2iTm(n) ’ Ca = 2:Im(n) (40)

In this way, the determination of the off-diagonal elements of p(¢) amounts to
counting the frequencies of decays into two pions with or without regeneration
and the frequencies of semileptonic decays:

(Kilp(t)|Ka) = ¢ P(K1) + G Py(Ks)
+ GP(K)+ G P(KY) . (41)

The application of these results to the case of correlated kaons is now
straightforward. For sake of compactness, we identify the various kaon states
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with the projections @, u = 1,2,3, 4, where:
Q1= |K1){K4, Qs = [K)(K"| (42)
Q2 = |Ks)(Ks] Qs = |KO) (K| . (43)
As discussed, these operators can be measured by identifying 27 final states,

in absence and presence of a regenerator (¢ and Q2), and semileptonic decays
(Qs and @4); the same holds for the projectors in (12) and (13), since:

P = |K\){K =@, (44)
Py = |Ko)(Ka| = Q3+ Qs—Qy, (45)
4
Py = |Ki){Ks| =Pl =) ¢Qu. (46)
p=1

Further, we denote by P;(Q,, Q. ) the probability that, at proper time ¢ after a
¢-decay, the two kaons be in the states identified by @, and @, respectively.
Then, the determination of the quantities P;;(¢) reduces to measuring joint
probabilities, i.e. to counting frequencies of events of certain specificied types.
Indeed, one explicitly finds:

Pii(t) = P(Q1,Q1) , (47)

Pia(t) = Pt(QhQS) + P(Q1,Q4) — Pi(Q1,Q1) , (48)

Pialt Z P (Q1,Qu) (49)
p=1

Poa(t) = P(Q1,Q1) + Pi(Q3,Q3) + Pi(Q4, Qs)
12| Pi(Qs, Q1) — PUQ1,Q4) = Fi(Q1,Qu)] , (50)

4
Pas(t Z Cu [Pt Q3,Qu) + Pi(Q4,Qpu) — Pt(QhQu)] ; (51)
4 4
Pas(t) = D> €l P(Qu, Q) - (52)
p=1v=1

As a result of the previous analysis, the inconsistencies of models without
complete positivity, besides being theoretically unsustainable, turn out to be
experimentally exposable. Let P, and Py _ project onto the correlated states

fer) = 5 (K0 ® 1) +1) @ [Ka)) | (53)
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L
V2

that are orthogonal to the state |1 4) in (11) produced in a ¢ decay. The

6e) = = (1K) @ 1K) + [K2) @ |K)) | (54)

averages of these two positive observables with respect to the state pa(t) read

() = Trlpalt) Pp ] = {prlpalt)ley)

= %(7’11(1&) + Paa(t) + Paz(t) + Paalt)) (55)
V() = Trlpa(t) Pyl = (bylpalt)|ey)

= %(7’12(15) + Pa1(t) + Paal(t) + Pas(t)) , (56)

and, as explained before, can be directly obtained by measuring joint proba-
bilities in experiments at ¢-factories. On the other hand, (23)—(29) give, up to
first order in the small parameters,

_ e | O b
P(t) =e AT smh(tAF)JrA (1 cos(ZtAm))

m

a—o
+ A sm(ZtAm)l , (57)
U(t)=e T ata—-7)t. (58)
Thus, (0) = ¥(0) = 0, whereas
de(o) dw(0)
g =a+v—o, T =ataoa—7v, (59)

are both positive because of conditions (19) and (20). More in general, the mean
values (55) and (56) are surely positive, for the complete positivity of the single-
kaon dynamical maps ¢ implies p(t) = >, V;(¢) ijJr (t)71) — 6) where the V;(#)
are 2 X 2 matrices such that }, VjJr (t)V;(t) is a bounded 2 x 2 matrix.> Then,

the complete evolution pa — pa(t) =3, . [Vi(t) @ V;(t)] pa VAIGE VjT ()] will

,J
never develop negative eigenvalues.

5Notice that, in absence of the extra contribution L in (3), the time evolution
p(t) is realized with a single matrix V, i.e. j = 1, and Vi (t) = e ~#et; in other

words, in ordinary quantum mechanics the condition of complete positivity is
trivially satisfied.
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On the other hand, if the single-kaon dynamical map w; is not completely
positive, inconsistencies may emerge. As an example, take the phenomeno-
logical models studied in Refs.[55, 56], where the non-standard parameters a,
b, ¢ are set to zero and « # v, ay > °. The corresponding dynamics is not
completely positive: the inequalities (18)—(21) are in fact violated. In this case,
one still has ¢(0) = ¥(0) = 0, but

d®(0) AP (0)

o — . 60
a7 at (60)

Therefore, one of the mean values (55), (56) starts assuming negative values
as soon as t > 0. The inconsistence is avoided only if & = ~, which is a
necessary condition for getting back the property of complete positivity. As
explictly discussed above, planned set-ups at ¢-factories can measure, at least
in principle, the two mean values in (55) and (56) and therefore directly check
the positivity of the two combinations in (59), thus clarifying also from the
experimental point of view the need of complete positivity for the description
of the dissipative dynamics of neutral kaons.

4 Tests of dissipative effects in kaon dynamics

From the discussion of the previous section, it is apparent that a physically con-
sistent description of the dissipative dynamics of neutral kaons weakly coupled
to an external environment can be realized only through the use of completely
positive dynamical semigroups; these are generated by master equations of the
form (3) and (5), with a positive Kossakowski matrix C. Indeed, only evo-
lutions of this type satisfy the physical requirements that are at the basis of
the statistical interpretation of quantum mechanics, so that the eigenvalues of
the kaon density matrix can be correctly interpreted as probabilities. Mod-
elling dissipative kaon evolutions with linear maps that are not completely
positive will unavoidably lead to the appearence of negative values for some of
those probabilities when correlated kaons are involved, thus spoiling the phys-
ical consistency of the whole treatment. Indeed, only completely positive time
evolutions are compatible with the presence of entanglement. 6

In view of these considerations, it is apparent that the form (3), (5) of
the kaon time-evolution is very general and quite independent from the detailed
mechanism leading to the phenomena of noise and dissipation, that can be of
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gravitational, stringy or fluctuating medium origin. Indeed, the evolution of
any quantum open system, immersed in a weakly coupled environment can
be effectively modeled using quantum dynamical semigroups. In this respect,
the equations (3), (5) should be regarded as phenomenological in nature, and
therefore quite suitable to experimental test: any signal of non-vanishing value
for some of the parameters in (8) would certainly attest in a model independent
way the presence of non-standard, dissipative effects in kaon physics.

Physical observables of the neutral kaon system are associated with the
decays of the kaons into suitable final state f, typically pion states, and semilep-
tonic states. In the language of density matrices, these final decay states are
described by suitable hermitian operators Oy; taking the trace of these opera-
tors with p(¢), solution of the master equation (3), (5), allows computing the
explicit time dependence of various experimentally relevant observables (e.g.
see Refs.[38, 40, 41, 51, 52]).°

For instance, the operators O, and Qg that describe the 777~ and
270 final states have the form:

1 Ty T roo
O~ + ; Ono ~ . 61

L] e L ] oy
To lowest order in all small parameters, the complex constants r._ and rqg,
can be written as:

T+,:E—€L+E/7 T00:E—6L—2£/7 (62)

where ¢ and ¢’ are the familiar phenomenological parameters signaling direct
CP and CPT violating effects.57) = 60) Similar results hold for the matrices
Ortr-no, Osz.0, Op— and Ot that describe the decays into #t7x~ 7%, 3x°,
7€~ and 7~ ¢Tv; for explicit expressions, see Refs.[39, 40, 50, 51].

With the help of these matrices, one can compute the time-dependence
of various useful observables of the neutral kaon system, like decay rates and
asymmetries. These quantities are accessible to the experiment, so that they
can be used to obtain bounds on the dissipative effects, encoded in the pa-
rameters in (8); using the most recent available results on single kaon experi-

6Similar appraoches are employed also in Refs.[55, 56, 66, 67], where how-
ever, as discussed in the previous section, a physically inconsistent time evolu-
tion is adopted.
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62), 68), 69)

ments, one can indeed obtain estimates on some of them:

a<50x 10717 GeV ,

c<20x 10717 GeV

@ <6.0x10717 GeV , (63)
B <1.0x107'7 GeV,

v <220 x%x1072° GeV .

Unfortunately, the precision of the present experimental results on single
neutral kaons is not high enough, so that only rough upper bounds can be
obtained. Although more complete and precise data will surely be available
in the future, the most promising venues for studying the consequences of the
dissipative dynamics in (3), (5) are certainly the experiments on correlated
neutral kaons at ¢-factories.

The typical observables that can be studied in such physical situations
are double decay rates, 7.e. the probabilities that a kaon decays into a final
state fi at proper time t{, while the other kaon decays into the final state f,
at proper time {9:

G(f1,t1; fa,12) = TI"KOh ® sz)PA(thtz)] ; (64)

as before, the operators Oy and Oy, are the 2 x 2 hermitian matrices describ-
ing the final decay states. By studying these observables in a high-luminosity
¢-factory it will be possible to determine the values of the non-standard pa-
rameters a, b, ¢, o, 3, .7 For instance, the long time behaviour (t > 1/vs) of
the three pion probability gives direct informations on the parameter -:

ta a0 tomt a0 4) m 1 =27t 65
Gnta m by wo L) AT © (65)
Similarly, the small time behaviour of the ratio of semileptonic probabilities,

A
YGRS

G(e+, 4,67, t) ’ (66)

"As observed before, notice that the time-behaviour of these decay rates
is completely different from the one required by ordinary quantum mechanics,
which for instance predicts G(f,¢; f,1) = 0 for all final states f, due to the
antisymmetry of the initial state p4.
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is sensitive to the parameter a. A1)

However, much of the analysis at ¢-factories is carried out using integrated

70)

distributions at fixed time interval ¢ = t; — 9. One then deals with single-

time distributions, defined by:

F(f17f2§t):/o dr G r 6 fot) . 50 (67)

Starting with these integrated probabilities, one can form asymmetries that
are sensitive to various parameters in the theory. A particularly interesting
example is given by the following observable, involving two-pion final states,

Iirtr,27%8) — 270 ntr—:t)

e’ t) = )
A (t) D(rta=27%8) + I'(2x0, 7wt ¢)

(68)

it is used for the determination of the ratio £//e. The clear advantage of
using the asymmetry A,, to determine the value of £’/¢ in comparison to the
familiar “double ratio” method, 62) i that, at least in principle, both real and
imaginary part can be extracted from the time behaviour of (68). 70) Due to
the presence of the dissipative parameters however, this appears to be much
more problematic than in the standard case; a meaningful determination of £’/«
is possible provided independent estimates on ¢, 3 and ~y are obtained from the
measure of other independent asymmetries. This is particularly evident if one
looks at the large-time limit (¢ > 1/~vg) of (68):

|£|2+2Re(£C/AF+)_GIm g Im(=C/Al'y)
el + D eP+D

(69)
B C eC erC
DfAF—4 AT, +4Re (AF+> _4R€<AF> , (70)

with C' = ¢+143; only when ¢ = 3 = v = 0, the expression in (69) reduces to the

£

act -3 (2)

where )

v

standard result: Ao ~ 3Re(e’/¢). Therefore, if the non-standard, dissipative
parameters in (8) are found to be non-zero, even neglecting the contribution
from the imaginary part, the actual value of Re(¢’/¢) could be significantly
different from the measured value of the quantity 4. /3. 46

In conclusion, dissipative effects in the dynamics of both single and cor-
related neutral kaon systems could affect the precise determination of various
relevant quantities in kaon physics; dedicated experiments, in particular those
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involving correlated kaons, will certainly provide stringent bounds on these dis-
sipative effects, and possibly allow a definite clarification of the role played by

complete positivity in open quantum system dynamics.
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Abstract

The breakdown of spacetime symmetries has recently been identified as a
promising candidate signal for underlying physics, possibly arising through
quantum-gravitational effects. This paper gives an overview over various as-
pects of CPT- and Lorentz-violation research. Particular emphasis is given to
the interplay between CPT, Lorentz, and translation symmetry, mechanisms
for CPT and Lorentz breaking, and the construction of a low-energy quantum-
field description of such effect. This quantum field framework, called the SME,
is employed to determine possible phenomenological consequences of CPT and
Lorentz violation for neutral-meson interferometry.

1 Introduction

Although phenomenologically successful, the Standard Model of particle physics
leaves unanswered a variety of theoretical questions. At present, a significant
amount of theoretical work is therefore directed toward the search for an un-
derlying theory that includes a quantum description of gravity. However, ob-
servational tests of such ideas face a major obstacle of practical nature: most
quantum-gravity effects in virtually all leading candidate models are expected
to be extremely small due to Planck-scale suppression. For example, low-energy
measurements are likely to require sensitivities of at least one part in 10'". This
paper gives an overview of a recent approach to this issue that involves space-
time symmetries.

The presumed minute size of candidate quantum-gravity effects requires a
careful choice of experiments. A promising idea that one may pursue is testing
physical laws that satisfy three primary criteria. First, one should consider
fundamental laws that are believed to hold eractly in established physics. Any
measured deviations would then definitely indicate qualitatively new physics.
Second, the likelihood of observing such effects is increased by testing laws
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that may be violated in credible candidate fundamental theories. Third, from
a practical point of view, these laws must be amenable to wltrahigh-precision
tests.

One example of a physics law that satisfies all of these criteria is CPT
invariance. 1) As a brief reminder, this law requires that the physics remains
unchanged under the combined operations of charge conjugation (C), parity
inversion (P), and time reversal (T). Here, the C transformation connects par-
ticles and antiparticles, P corresponds to a spatial reflection of physics quanti-
ties through the coordinate origin, and T reverses a given physical process in
time. The Standard Model of particle physics is CPT-invariant by construc-
tion, so that the first criterion is satisfied. With regards to criterion two, we
mention that a variety of approaches to fundamental physics can lead to CPT
2) 3) nontrivial

violation. Such approaches include strings, spacetime foam,

spacetime topology, 4) and cosmologically varying scalars. 5) The third of the
above criteria is met as well. Consider, for instance, the conventional figure
of merit for CPT conservation in the kaon system: its value lies currently at
107 '%. as quoted by the Particle Data Group. 6)

Since the CPT transformation relates a particle to its antiparticle, one
would expect that CPT invariance implies a symmetry between matter and
antimatter. One can indeed prove that the magnitude of the mass, charge,
decay rate, gyromagnetic ratio, and other intrinsic properties of a particle are
exactly equal to those of its antiparticle. This proof can be extended to sys-
tems of particles and their dynamics. For instance, atoms and anti-atoms must
exhibit identical spectra and a particle-reaction process and its CPT-conjugate
process must possess the same reaction cross section. It follows that experi-
mental matter—antimatter comparisons can serve as probes for the validity of
CPT invariance. In particular, the extraordinary sensitivities offered by meson
interferometry yield high-precision tools in this context.

This paper is organized as follows. Section 2 discusses the interplay of
various spacetime symmetries. Two mechanisms for CPT and Lorentz break-
down in Lorentz symmetric underlying theories are reviewed in Sec. 3. The
basic ideas behind the construction of the SME are contained in Sec. 4. Sec-
tion 5 extracts CPT observables from the SME. In Sec. 6, we comment on CPT
tests involving neutral-meson systems. A brief summary is presented in Sec. 7.
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2 Spacetime symmetries and their interplay

Spacetime transformation fall into two classes: continuous and discrete. The
continuous transformations include translations, rotations, and boosts. Exam-
ples of discrete transformations are C, P, and T discussed in the introduction.
Suppose symmetry is lost under one or more of these transformations. It is
then a natural question as to whether the remaining transformations can still
remain symmetries, or whether the breaking of one set of spacetime symmetry
is typically associated with the violation of other spacetime invariances. This
sections contains a brief discussion of this issue.

Suppose translational symmetry is broken (one possible mechanism for
this effect is discussed in the next section). Then, the generator of translations,
which is the energy—-momentum tensor ##%, is typically no longer conserved.
Would this also affect Lorentz symmetry? To answer this question, let us
look at the generator for Lorentz transformations, which is given by the the
angular-momentum tensor J#¥:

JH = / dPx (0% 2" — 0" a). (1)

Note that this definition contains the non-conserved energy—momentum tensor
o*¥ . Tt follows that in general J#*¥ will exhibit a nontrivial dependence on time,
so that the usual time-independent Lorentz-transformation generators do not
exist. As a result, Lorentz symmetry is no longer assured. We see that (with
the exception of special cases) translation-symmetry violation leads to Lorentz
breakdown.

We next consider CPT invariance. The celebrated CPT theorem of Bell,
Liiders, and Pauli states that CPT symmetry arises under a few mild assump-
tions through the combination of quantum theory and Lorentz invariance. If
CPT symmetry is broken one or more of the assumptions necessary to prove
the CPT theorem must be false. This leads to the obvious question which
one of the fundamental assumptions in the CPT theorem should be dropped.
Since both CPT and Lorentz invariance involve spacetime transformations, it is
natural to suspect that CPT violation implies Lorentz-symmetry breakdown.
This has recently been confirmed rigorously in Greenberg’s “anti-CPT theo-
rem,” which roughly states that in any unitary, local, relativistic point-particle
field theory CPT breaking implies Lorentz violation. 7, 8) Note, however, that
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the converse of this statement—mnamely that Lorentz breaking implies CPT
violation—is not true in general. In any case, it follows that CPT tests also
probe Lorentz invariance. As a result, potential CPT wviolation in the kaon
system would typically be direction and energy dependent. We will confirm this
result explicitly in Sec. 5. Other types of CPT violation would require further

deviations from conventional physics.!

3 Sample mechanisms for spacetime-symmetry breaking

In the previous section, we have found that the violation of a particular space-
time symmetry can lead to the breaking of another spacetime invariance. How-
ever, the question of how exactly a translation-, Lorentz-, and CPT-invariant
candidate theory can lead to the violation of a spacetime symmetry in the first
place has thus far been left unaddressed. The purpose of this section is to pro-
vide some intuition about such mechanisms for spacetime-symmetry breaking
in underlying physics. Of the various possible mechanisms mentioned in Sec.
1, we will focus on spontaneous CPT and Lorentz breakdown as well as CPT
and Lorentz violation through varying scalars.

Spontaneous CPT and Lorentz breaking. The mechanism of spon-
taneous symmetry violation is well established in various subfields of physics,
such as the physics of elastic media, condensed-matter physics, and elementary-
particle theory. From a theoretical viewpoint, this mechanism is very attractive
because the invariance is essentially violated through a non-trivial ground-state
solution. The underlying dynamics of the system, which is governed by the
hamiltonian, remains completely invariant under the symmetry. To gain in-
tuition about spontaneous Lorentz and CPT violation, we will consider three
sample systems, whose features will gradually lead us to a better understanding
of the effect. Figure 1 contains an illustration supporting these three examples.

We first look at classical electrodynamics. Any electromagnetic-field con-
figuration is associated with an energy density V(Eﬁ7 B ), which is given by

V(E B) =3 (B + B . 2)

1One could consider violations of unitarity, so that the usual quantum-
mechanical probability conservation no longer holds. See, for example, J. Bern-
abeu et al.contribution to this handbook.
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Here, we have employed natural units, and E and B denote the electric and
magnetic fields, respectively. Equation (2) determines the field energy of any
given solution of the Maxwell equations. Note that if the electric field, or the
magnetic field, or both are nonzero in some spacetime region, the energy stored
in these fields will be strictly positive. The field energy can only vanish when
both E and B are zero everywhere. The ground state (or vacuum) is usually
identified with the lowest-energy configuration of a system. We see that in
conventional electromagnetism the configuration with the lowest energy is the
field-free one, so that the Maxwell vacuum is empty (disregarding Lorentz- and
CPT-symmetric quantum fluctuations).

Second, let us consider the Higgs field, which is part of the phenomeno-
logically very successful Standard Model of particle physics. As opposed to
the electromagnetic field, the Higgs field is a scalar. In what follows, we may
adopt some simplifications without distorting the features important in the
present context. The expression for the energy density of our Higgs scalar ¢ in
situations with spacetime independence is given by

Vig) = (¢ = N*)°. (3)

Here, X is a constant. As in the electrodynamics case discussed above, the
lowest possible field energy is zero. Note, however, that this configuration
requires ¢ to be non-vanishing: ¢ = +A. It therefore follows that the vacuum
for a system containing a Higgs-type field is not empty; it contains, in fact,
a constant scalar field ¢, = (¢) = £A. In quantum physics, the quantity
(¢} is called the vacuum expectation value (VEV) of ¢. One of the physical
effects caused by the VEV of the Standard-Model Higgs is to give masses to
many elementary particles. We remark that (¢) is a scalar and does not select
a preferred direction in spacetime.

We finally take a look at a vector field c (the relativistic generalization
is straightforward) not contained in the Standard-Model. Clearly, there is no
observational evidence for such a field at the present time, but fields like c
frequently arise in approaches to more fundamental physics. In analogy to the
Higgs case, we take its expression for energy density in cases with constant c
to be

V(C) = (C* = \1)2. (4)

Just as in the previous two examples, the lowest-possible energy is exactly
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Figure 1: Spontaneous symmetry violation. In conventional electromagnetism
(1), the lowest-energy state is attained for zero £ and B fields. The vacuum
remains essentially field free. For the Higgs-type field (2), interactions lead to
an energy density V(¢) that forces a non-vanishing value of ¢ in the ground
state. The vacuum is filled with a scalar condensate shown in gray. CPT
and Lorentz invariance still hold (other, internal symmetries may be violated
though). Vector fields occurring, for example, in string theory (3) can exhibit
interactions similar to those of the Higgs requiring a nonzero field value in the
lowest-energy state. The VEV of a vector field selects a preferred direction in
the vacuum, which violates Lorentz and possibly CPT symmetry.

1]
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zero. As for the Higgs, this lowest energy configuration requires a nonzero E.
More specifically, we must demand Crac = (6} = X where X is any constant
vector satisfying 22 = a2, Again, the vacuum does not remain empty, but
it contains the VEV of our vector field. Because we have only considered
constant solutions 67 (6} is also spacetime independent (z dependence would
lead to positive definite derivative terms in Eq. (4) raising the energy density).
The true vacuum in the above model therefore contains an intrinsic direction
determined by (6} violating rotation invariance and thus Lorentz symmetry.
We remark that interactions leading to energy densities like those in Eq. (4)
are absent in conventional renormalizable gauge theories, but can be found in
the context of strings, for example.

Spacetime-dependent scalars. A varying scalar, regardless of the
mechanism driving the variation, typically implies the breaking of spacetime-
translation invariance. 5) Tn Sec. 2 we have argued that translations and Lorentz
transformations are closely linked in the Poincaré group, so that translation-
symmetry violation typically leads to Lorentz breakdown. In the remainder of
this section, we will focus on an explicit example for this effect.

Consider a system with a varying coupling £(z) and scalar fields ¢ and P,
such that the lagrangian £ contains a term £(z) 9*¢ 9, . We may integrate the
action for this system by parts (e.g., with respect to the first partial derivative
in the above term) without affecting the equations of motion. An equivalent

lagrangian £’ would then be
£'>-K*¢d,P. (5)

Here, K* = 0*¢ is an external nondynamical 4-vector, which selects a preferred
direction in spacetime violating Lorentz symmetry. Note that for variations of £
on cosmological scales, K* is constant locally to an excellent approximation—
say on solar-system scales.

Intuitively, the violation of Lorentz symmetry in the presence of a vary-
ing scalar can be understood as follows. The 4-gradient of the scalar must be
nonzero in some spacetime regions. This 4-gradient then selects a preferred
direction in such regions (see Fig. 2). Consider, for instance, a particle that
interacts with the scalar. Its propagation properties might be different in the
directions parallel and perpendicular to the gradient. But physically inequiv-
alent directions imply the violation of rotation invariance. Since rotations are
contained in the Lorentz group, Lorentz symmetry must be broken.



138 R. Lehnert

small scalar

. large scalar

Figure 2: Lorentz violation through varying scalars. The background shade of
gray corresponds to the value of the scalar: the lighter regions are associated
with smaller values of the scalar. The gradient represented by the black arrows
picks a preferred direction in the vacuum. It follows that Lorentz invariance is
violated.

gi
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4 The Standard-Model Extension

To determine general low-energy manifestations of CPT and Lorentz viola-
tion and to identify specific experimental signatures for these effects, a suitable
test model is needed. Many Lorentz tests are motivated and analyzed in purely
kinematical frameworks allowing for small violations of Lorentz invariance. Ex-
amples are Robertson’s framework and its Mansouri—Sexl extension, as well as
the ¢? model and phenomenologically constructed modified dispersion relations.
However, the CPT properties of these test models are unclear, and the lack of
dynamical features severely restricts their scope. For this reason, the SME,
already mentioned in Sec. 1, has been developed. The present section gives a
brief review of the ideas behind the construction of the SME.

We begin by arguing in favor of dynamical rather than kinematical test
models. The construction of a dynamical test framework is constrained by
the demand that known physics must be recovered in certain limits, despite
some residual freedom in introducing dynamical features compatible with a
given set of kinematical rules. In addition, it appears difficult and may even
be impossible to develop an effective theory containing the Standard Model
with dynamics significantly different from that of the SME. We also mention
that kinematical analyses are limited to only a subset of potential Lorentz-
breakdown signatures from fundamental physics. From this perspective, it
seems to be desirable to implement explicitly dynamical features of sufficient
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generality into test models for CPT and Lorentz symmetry.

The generality of the SME. To appreciate the generality of the SME,
we review the main cornerstones of its construction. 9) Starting from the con-
ventional Standard-Model lagrangian Lgyr, Lorentz-breaking modifications §£
are added:

Lsvr = Lsm +6L . (6)

Here, the SME lagrangian is denoted by Lgymg. The correction term 6L is con-
structed by contracting Standard-Model field operators of any dimensionality
with Lorentz-violating tensorial coefficients that describe a nontrivial vacuum
with background vectors or tensors originating from the presumed effects in
the underlying theory. Examples of such effects were discussed in the previous
section. To guarantee coordinate independence, these contractions must give
coordinate Lorentz scalars. It becomes thus apparent that all possible contri-
butions to 6L give the most general effective dynamical description of Lorentz
breakdown at the level of observer Lorentz-invariant unitary quantum field the-
ory. For simplicity, we have focused on nongravitational physics in the above
line of reasoning. We remark, however, that the complete SME also contains
an extended gravity sector.

Potential Planck-scale features, such as non-pointlike elementary particles
or a discrete spacetime, are unlikely to invalidate the above effective-field-theory
approach at currently attainable energies. On the contrary, the phenomenologi-
cally successful Standard Model is widely believed to be an effective-field-theory
limit of more fundamental physics. If underlying physics indeed leads to minute
Lorentz-violating effects, it would seem contrived to consider low-energy effec-
tive models outside the framework of effective quantum field theory. We finally
remark that the necessity for a low-energy description beyond effective field
theory is also unlikely to arise in the context of candidate fundamental models
with novel Lorentz- symmetric aspects, such as additional particles, new symme-
tries, or large extra dimensions. Lorentz-invariant modifications can therefore
be implemented into the SME, if needed. 10)

Advantages of the SME. The SME permits the identification and di-
rect comparison of virtually all currently feasible experiments searching for
Lorentz and CPT violation. Furthermore, certain limits of the SME cor-
respond to classical kinematics test models of relativity (such as the previ-
ously mentioned Robertson’s framework, its Mansouri-Sex] extension, or the
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¢ model). 11) Another advantage of the SME is the possibility of implement-
ing further desirable features besides coordinate independence. For instance,
one can choose to impose spacetime-translation invariance, SU(3)xSU(2)x U(1)
gauge symmetry, power-counting renormalizability, hermiticity, and pointlike
interactions. These demands further restrict the parameter space for Lorentz
violation. One could also adopt simplifying choices, such as a residual rotational
invariance in certain coordinate systems. This latter assumption together with
additional simplifications of the SME has been considered in the literature. 12)
Analyses performed within the SME. At present, the flat-spacetime

limit of the minimal SME has provided the basis for numerous investigations
13, 14, 15, 16, 17, 18, 19)

26, 11) 27)

of CPT and Lorentz violation involving mesons,
20, 21, 22) 23, 24, 25)

28)

baryons, electrons, photons, muons, and

the Higgs sector. Studies involving the gravity sector have recently also
been performed. 29) We remark that neutrino-oscillation experiments offer the

9, 30, 31)

potential for discovery. CPT and Lorentz tests with mesons will be

discussed further in the next section.

5 CPT and Lorentz tests with mesons

Some of the CPT and Lorentz tests listed in the previous section involve some
form of antimatter. As pointed out earlier, certain matter—antimatter com-
parisons are extremely sensitive to CPT violations because CPT symmetry
connects particles and antiparticles. This idea can be adopted for studies with
mesons. Neutral-meson oscillations are essentially controlled by the energy
difference between the meson and its antimeson. Although the SME contains
the same mass parameter for quarks and antiquarks, these particles are af-
fected differently by the CPT- and Lorentz-violating background. This allows
the dispersion relations for mesons and antimesons to differ, so that mesons
and antimesons can have distinct energies. This effect is potentially observable
with interferometric methods. The present section contains a more detailed
discussion of this idea.

We begin by recalling that any neutral-meson state is a linear combination
of the Schrédinger wave functions for the meson P° and its antimeson PO.
If this state is viewed as a two-component object W(¢), its time evolution is
controlled by a 2x2 effective hamiltonian A according to the Schrédinger-type
equation 32) 10; ¥ = AW¥. Although the effective hamiltonian A is different
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for each neutral-meson system, we use a single symbol here for simplicity. The
eigenstates | P,) and |P;) of A are the physical propagating states of the neutral-
meson system. They exhibit the usual time evolution

|Pa(t)) = exp(—idat)|Fa) ,  [Po(t)) = exp(—idut)|Fp) , (7)

where the complex parameters A, and )\, are the eigenvalues of A. They can
be written in terms of the physical masses mg,, m; and decay rates ~y,, v, of
the propagating particles:

Ao =My — %i’ya A =mp — %i’yb . (8)

For convenience, one usually works with the sum and difference of the eigen-
values instead:

A= At =m— iy,
AN = A== —Am—LiAy. (9)

Here, we have defined m = mg, + mp, Am = mp — my, ¥ = Yo + 7, and
Ay =y =Y

The effective hamiltonian A is a 2x2 complex matrix, and as such it
contains eight real parameters for the neutral-meson system under consider-
ation. Four of these correspond to the two masses and decay rates. Among
the remaining four parameters are three that determine the extent of indirect
CP violation in the neutral-meson system and one that is an unobservable
phase. Indirect CPT violation in this system occurs if and only if the differ-
ence AA = Ay — Aoy of the diagonal elements of A is nonzero. It follows
that A contains two real parameters for CPT breakdown. On the other hand,
indirect T violation occurs if and only if the magnitude of the ratio |Ag1/A12]
of the off-diagonal components of A differs from 1. The effective hamiltonian
therefore contains also one real parameter for T violation.

Various explicit parametrizations of A are possible. However, for the
heavy meson systems D, By, B, less is known about CPT and T viola-
tion than for the K system. It is therefore desirable to employ a general
parametrization of the effective hamiltonian A that is independent of phase

conventions, 33)

valid for arbitrary-size CPT and T breaking, model indepen-
dent, and expressed in terms of mass and decay rates insofar as possible. Such a

convenient parametrization can be achieved by writing two diagonal elements of
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A as the sum and difference of two complex numbers, and the two off-diagonal

elements as the product and ratio of two other complex numbers: 19)

Ute  vw-!
A=Lax . (10)
VW U—¢

In this definition, U VW ¢ are dimensionless complex numbers. The requirement
that the trace of A is tr A = X and that its determinant is det A = A\ \p fixes
the complex parameters U and V:

U=XMAN, V=41-62. (11)

The CPT and T properties of the effective hamiltonian (10) are now
determined in the complex numbers W = wexp(iw) and £ = Re{ + idm¢. Of
the four real components, the phase angle w of W is physically irrelevant. The
remaining three components are physical, with Re& and Im £ describing CPT
violation and the modulus w = |W| of W governing T breaking. Their relation
to the components of A are

E=AAAN, w=+/[A21/A1s]. (12)

CPT conservation requires Re£ = Im¢ = 0, while T conservation requires
w = 1. The eigenstates of A, which are the physical states of definite masses
and decay rates, can also be obtained in a straightforward way. 19)

We remark in passing that the w¢ formalism above can be related to other
formalisms used in the literature provided appropriate assumptions about the
phase conventions and the smallness of CP violation are made. 19) gor example,
in the K system the widely adopted 32) formalism involving ex and dx depends
on the phase convention, and it can be applied only if CPT and T violation are
small. Under this assumption and in a special phase convention, §x is related
to Ex by Ex ~ 20k.

Thus far, we have discussed the phenomenological description of neutral-
meson oscillations with particular emphasis on CPT violation. We next review
how the phenomenological CPT-breaking parameters above are connected to
coefficients in the SME. Since the minimal SME is a relativistic unitary quan-
tum field theory, it satisfies the conditions for Greenberg’s “anti-CPT theorem,”
which states that CPT breaking must come with Lorentz violation. Without
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any calculations we can therefore conclude already at this point that dg, for
example, cannot be constant. In particular, it will typically be direction de-
pendent. This fact is further illustrated in Fig. 3.

The leading CPT-breaking contributions to A can be calculated pertur-
batively in the coefficients for CPT and Lorentz violation that appear in the
SME. These corrections are expectation values of CPT- and Lorentz-violating
interactions in the hamiltonian for the theory, 17) evaluated with the unper-
turbed wave functions [P%), |[PO) as usual. Note that the hermiticity of the
perturbation hamiltonian ensures real contributions.

To determine an expression for the parameter {x ~ 2Jx, one needs to
find the difference AA = Aq; — A9 of the diagonal terms of A. A calculation
within the SME gives 19)

AN ~ f*Aay, , (13)

.

where S* = ~(1, /3) is the four-velocity of the meson state in the observer frame.
In this equation, we have defined Aa, = ryafl —ry, a2, where af}, af? are
coefficients for CPT and Lorentz breaking for the two valence quarks in the
P° meson. These coefficients have mass dimension one, and they arise from
lagrangian terms of the form —algy*q, where g specifies the quark flavor. The
quantities g, , 74, characterize normalization and quark-binding effects. 17)

We see that among the consequences of CPT and Lorentz breakdown are
the 4-velocity and hence 4-momentum dependence of observables, as expected
from our above considerations involving the “anti-CPT theorem.” It follows
that the standard assumption of a constant parameter £ for CPT violation fails
under the very general condition of unitary quantum field theory. In particular,
the presence of the 4-velocity in Eq. (13) implies that CPT observables will
typically vary with the magnitude and orientation of the meson momentum.
This can have major consequences for experimental investigations, since the
meson momentum spectrum and angular distribution now contribute directly
to the determination of the experimental CPT reach.

An important effect of the 4-momentum dependence is the appearance of
sidereal variations in some CPT observables: the vector Ad is constant, while
the Earth rotates in a celestial equatorial frame. Because a laboratory frame
is employed for the derivation of Eq. (13), and since this frame is rotating,
observables can exhibit sidereal variations. This is schematically depicted in
Fig. 3. To display explicitly this sidereal-time dependence, one can transform
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sidereal variations of observables
> e

/ \ e.g., beam momentum p

observables ~ 5-5 (e.g., 0k ) become time dependent:
Ok

one
S|dereal

— L

Figure 3: Sidereal variations. Experiments are typically associated with an
intrinsic direction. For instance, particle-accelerator experiments have a char-
acteristic beam direction determined by the set-up of the accelerator. As the
Earth rotates, this direction will change because the accelerator is attached to
the Earth. In the above figure, a beam direction p’ pointing south is shown
at two times separated by approximately 12 hours (black arrows). The angle
between the Lorentz-violating background (gray @ arrows) and the orientation
of the beam direction is clearly different at these two times. An observable,
such as the phase dx, may for example acquire a correction ~ p - @ that leads
to the shown sidereal modulation.
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the expression (13) for AA from the laboratory frame to a nonrotating frme. To
this end, let us denote the spatial basis in the laboratory frame by (2, g, 2) and
that in the nonrotating frame by (X , fﬂ 7 ). We next choose the 2 axis in the
laboratory frame for maximal convenience. For instance, the beam direction
is a natural choice for the case of collimated mesons, while the collision axis
could be adopted in a collider. We further define the nonrotating-frame basis
(X , fﬂ 7 ) to be consistent with celestial equatorial coordinates, with 7 aligned
along the Earth’s rotation axis. For the observation of sidereal variations we
must have cosy = 2 - Z #£ 0. It then follows that 2 precesses about Z with
the Earth’s sidereal frequency 2. The complete transformation between the
two bases can be found in the literature. 20) In particular, any coefficient @
for Lorentz breakdown with laboratory-frame components (a', a2, a®) possesses
nonrotating-frame components (aX,a¥,a?). This transformation determines
the time dependence of Ad and hence the sidereal variation of AA. The entire
momentum and sidereal-time dependence of the CPT-breaking parameter ¢ in
any P system can then be extracted.

To give an explicit expression for the final answer for &, define @ and ¢
to be standard polar coordinates about the £ axis in the laboratory frame.
In general, the laboratory-frame 3-velocity of a P meson can then be written
as B’ = [(sinfcos ¢,sin fsin ¢, cos ). It follows that the magnitude of the
momentum obeys p = |p| = Bmpy(p), where y(p) = /1 + p?/m% as usual.

In terms of these quantities and the sidereal time £, the result for ¢ takes the

form 19)

¢t p) = £(t,p, 9, 9)
_ %{Aao + BAaz(cos O cosy —sinf cos ¢sin x)

A
If

+ [Aay(cos fsin x + sin 6 cos ¢ cos x)
—Aax sinfsin <b] sin Q1
+5[Aax (cos @ siny + sin 6 cos ¢ cos )
+Aay sin 0 sin ¢] cos Qi } . (14)

The experimental challenge is the measurement the four independent co-
efficients Aa,, for CPT breakdown allowed by quantum field theory. The result
(14) shows that suitable binning of data in sidereal time, momentum magni-
tude, and orientation has the potential to extract four independent constraints
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from any observable with a nontrivial £ dependence. Note that each one of
the neutral-meson systems may have different values of these coefficients. As
a result of the distinct masses and decay rates, the physics of each system is
distinct. A complete experimental study of CPT breaking requires four inde-
pendent measurements in each system.

6 Experiments

To date, various CPT tests with neutral mesons have been analyzed within
the SME. Other current and future experiments offer the possibility to tighten
these existing constraints or extract bounds on other CPT-violation coefficients
in the SME. This section contains a brief account of this topic with focus on
the KLOE or KLOE-IT detectors.

As argued in the previous section, a key issue in the analysis of experi-
mental data is magnitude of the meson momentum and its orientation relative
to the CPT- and Lorentz-violating coefficient Aa*. The orientation depends on
the experimental set-up, so that different experiments are sensitive to different
combinations of Aa* components. One important parameter is the beam di-
rection, which is usually fixed with respect to the laboratory. Since the Earth,
and thus the laboratory, rotates with respect to Aa#*, the beam direction rela-
tive to Aa* is determined by the date and the time of the day. This requires
time binning for any neutral-meson experiment with sensitivity to Ad.

In a fixed-target measurement at high enough energies, the momenta of
the produced mesons are aligned with the beam direction to a good approxi-
mation, and no further directional information in addition to the time stamp
of the event needs to be recorded. These experiments typically involve un-
correlated mesons, which further simplifies their conceptual analysis. We have
BuAak = (B°Aa” — Ad ﬂ?H)—(AdL -31), where || and L are taken with respect
to the Earth’s rotation axis. We see that in principle all four components of
Aa* can be determined: the L components via their sidereal variations and the
sidereally constant components in the first parentheses via their dependence on
the momentum magnitude. However, under our initial assumption of high en-
ergies the variation of |B' | with the energy is tiny, which makes it difficult to
disentangle the individual components Aa® and Ad |- On the other hand, high
energies are associated with large boost factors, which increase the overall CPT
reach for the other combinations of Aa* components.
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These ideas have been applied in experiments with the K and D systems.
For the K system, two independent CPT measurements of different combina-
tions of the coefficients Aa,, have been performed. 13, 19) One measurement
constrains a linear combination of Aay and Aay to about 10720 GeV, and the
other bounds a combination of Aax and Aay to 1072! GeV. These experi-
ments were performed with mesons highly collimated in the laboratory frame.
In this case, £ simplifies because the 3-velocity takes the form B’ = (0,0, ).
Binning in ¢ yields sensitivity to the equatorial components Aax, Aay. On
the other hand, averaging over ¢ eliminates these components altogether.

For the D-meson system, two independent bounds have been obtained by
the FOCUS experiment. 14) They constrain a linear combination of Aag and
Aay to about 10710 GeV, and they bound Aay also to roughly 10716 GeV.
Notice that CPT constraints in the D system are unique in that the valence
quarks involved are the u and the ¢, whereas the other neutral mesons involve
the d, s, and b.

CPT measurements are also possible for correlated meson pairs in a sym-
metric collider. This experimental set-up is relevant for the KLOE and KLOE-
IT experiments at the Frascati laboratory, and it differs significantly from that
in the previous paragraph. In particular, the energy dependence is essentially
irrelevant: the kaon pairs are produced in the decay of ¢ quarkonium just above
threshold leading to approximately monoenergetic kaons. Moreover, the boost
factor does not substantially improve the CPT reach. On the other hand, the
wide angular distribution of the kaons in the laboratory frame requires angular
binning in addition to date/time binning to reconstruct the direction of 3*
with respect to Aa*. Moreover, the correlation of the meson pairs can give ad-
ditional observational information. We will see that these two features would
allow the extraction of independent constraints on four components of Aa*.

Consider a ¢ quarkonium state with J7¢ = 17~ decaying at time ¢ in its
rest frame into a correlated K-K pair.” Since the laboratory frame is unboosted
relative to the quarkonium rest frame, the time £ may be taken as the sidereal
time. Subsequently, one of the kaons decays into f; at time ¢ + ¢1, while the
other decays into fo at time ¢ + ¢9. Then, standard arguments yield

Ri2(p)t, T, At) =

2The line of reasoning for By, By, and D mesons would be similar.
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[NPe T2 i Pe 87882 4 [ P2V — 2l | cos(AmAL + Ag)|  (15)

for the double-decay rate. In this equation, 7, denotes the following ratio of
amplitudes A(Ky — f.)/A(Ks — f.), and N is a normalization containing
the factor A(Kp — f1)A(Ks — f2). We have further defined ¥ = t; + ¢,
At =19 —t1, ¥ =~vs+vL, Ay =y —vs, and A¢ = ¢y — 9. The amplitudes
A(Kp;s — fa) may be functions of the momentum p;y = —p = p and the
sidereal time ¢ via a possible dependence on AA. It follows that the effects of
potential CPT violations in Ry2(57, ¢, t, At) are contained in 7, and N.

A detailed study of the CPT signals from symmetric-collider experiments
with correlated kaons requires analyses with expressions of the type (15) for
various final states fi, fo. With sufficient experimental resolution, the depen-
dence of certain decays on the two meson momenta p4, p> and on the sidereal
time ¢ could be measured by appropriate data binning and analysis. We note
that different asymmetries can be sensitive to distinct components of AA, so
that some care is required in such investigations.

Let us consider the sample case of double-semileptonic decays of corre-
lated kaon pairs in a symmetric collider. Assuming the AS = AQ rule, one
can show that the double-decay rate R;+;- can be regarded as proportional to
an expression depending on the ratio 19)

ARe (isind )

Am

Mt
-

~1—

v(P)Aay . (16)

In this expression, ¢ = tan 1 (2Am/A~) is sometimes called the superweak
angle. Note the absence of all angular and time dependence in Eq. (16). This
fact arises because for a symmetric collider we have B’l -Ad = —B’z - Ad, which
leads to a cancellation between the contributions from each kaon.

In this form for the double-decay rate R;+;-, any angular and momentum
dependence can therefore only enter through the overall factor of |]\7 m-|2. The
measurement of such a normalizing factor is experimentally challenging. For
example, the normalization factor would cancel in a conventional analysis to
extract the physics using the usual asymmetry. Another obstacle is the line
spectrum mentioned above, so that the dependence on |p] is unobservable. We
conclude that the double-semileptonic decay channel is well suited to place
a clean bound on the timelike parameter Aag for CPT breakdown, and the
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experimental data may be collected for analysis without regard to their angular
locations in the detector or their sidereal time stamps.

Apart from the double-semileptonic channel, there are also other decay
possibilities for the two kaons. Among these are mixed double decays, in which
only one of the two kaons has a x-sensitive mode. For such asymmetric decay
products, there is no longer a cancellation of the spatial contributions of Aa*,
and independent bounds on three of its components may become possible. One
example for such a double-decay mode is a channel with one semileptonic prong
and one double-pion prong. Note that in a conventional CPT analysis, a given
double-decay mode of this type is inextricably connected with other parameters

for CP violation. 34, 35, 36)

However, in the present context the possibility of
angular and time binning implies that clean tests of CPT breaking are feasible
even for these mixed modes.

As a sample set-up, consider a detector with acceptance independent of
the azimuthal angle ¢. The distribution of mesons from the quarkonium decay
is symmetric in ¢, so the £i dependence of a ¢-averaged dataset is determined

by

1 27 .
5?(“3]79715) = % 5 d(b gK(p7t)/2
.. n ,ng
= %7 [Aag + BAay cos x cosf
Am
+BAay sin y cos @ sin
+BAax sin x cos 6 cos ] . (17)

Inspection of this equation establishes that by measuring the € and ¢ depen-
dences an experiment with asymmetric double-decay modes can in principle
extract separate constraints on each of the three components of the parame-
ter Ad for CPT breakdown. We remark that this result holds independent of
other CP parameters that may appear because the latter neither possess angu-
lar nor time dependence. It follows that a combination of data from asymmetric
double-decay modes and from double-semileptonic modes permits in principle
the extraction of independent constraints on each of the four components of
Aay,.

Similar arguments can be made for other experimental observables. Con-
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sider, for instance, the standard rate asymmetry for K semileptonic decays 6)
5 = Ky —Utnv)-T(Kp =l 7tp)
DT OT(KL s U ) A DK, > D)
%2R66K—RG£K(]77t) . (18)

Here, the symbol I denotes a partial decay rate, and violations of the AS = AQ
rule have been neglected. In principle, this asymmetry could also be investi-
gated for angular and time dependencies, which would lead to bounds on Aa,,.
From the forward—backward asymmetry of this expression, a preliminary bound
at the level of 10717 GeV on the Aay coefficient for the kaon can been obtained
by KLOE. 37) 1¢ confirmed, this would be the first clean constraint on this co-
efficient.

We finally mention another experimental set-up. Suppose the quarko-
nium is not produced at rest, but with a sufficient net momentum, such as in
an asymmetric collider. Then, £; + & does not cancel and could be sensitive to
all four coefficients Aq,, for the neutral-meson system under investigation. It
follows that appropriate data binning would also allow up to four independent
CPT measurements. The existing asymmetric B, factories BaBar and BELLE

would be able to undertake measurements of these types. 15)

Preliminary re-
sults from the BaBar experiment constrain various component combinations
of Aa* for the B; meson to about 10712 GeV. 16) We also mention that the
same study does find a 2.2¢ signal for sidereal variations. 16) While this level
of significance is still consistent with no effect, it clearly motivates further ex-

perimental CPT- and Lorentz-violation searches in neutral-meson systems.

7  Summary

Although both CPT and Lorentz invariance are deeply ingrained in the cur-
rently accepted laws of physics, there are a variety of candidate underlying
theories that could generate the breakdown of these symmetries. The sen-
sitivity attainable in matter—antimatter comparisons offers the possibility for
CPT-breakdown searches with Planck precision. Lorentz-symmetry tests open
an additional avenue for CPT measurements because CPT violation implies
Lorentz violation.

A potential source of CPT and Lorentz breaking is spontaneous symme-
try violation in string field theory. Because this mechanism is theoretically
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very attractive, and because strings show great potential as a candidate funda-
mental theory, this Lorentz-violation origin is particularly promising. CPT and
Lorentz breaking can also originate from spacetime-dependent scalars: the gra-
dient of such scalars selects a preferred direction in the effective vacuum. This
mechanism for Lorentz violation might be of interest in light of recent claims of
a time-dependent fine-structure parameter and the presence of time-dependent
scalar fields in various cosmological models.

The leading-order CPT- and Lorentz-violating effects that would emerge
from Lorentz-symmetry breaking in approaches to fundamental physics are
described by the SME. At the level of effective quantum field theory, the SME
is the most general dynamical framework for Lorentz and CPT violation that is
compatible with the fundamental principle of unitarity. Experimental studies
are therefore best performed within the SME.

Neutral-meson interferometry is an excellent high-sensitivity tool in ex-
perimental searches for Planck-scale physics. In the context of unitary quantum
field theory, potential CPT violations come with Lorentz breaking, which then
typically leads to direction- and energy-dependent CPT-violation observables.
For Earth-based tests, this effect leads to sidereal variations, which typically re-
quires momentum and time binning in experiments. Within the minimal SME,
there are four independent coefficients for CPT breaking in each meson system.
Observational constraints in the order of 107 down to 10~2! GeV have been
obtained for a subset of these coefficients. In general, tests with neutral mesons
bound parameter combinations of the SME inaccessible by other experiments.
The KLOE and the planned KLOE-II experiments with their symmetric set-up
offer unique opportunities for CPT tests along these lines. Such measurements
would give further insight into the enigmatic kaon system, and they have the
potential to probe Planck-scale physics.

Acknowledgments

The author would like to thank Antonio Di Domenico for organizing this stim-
ulating meeting, for the invitation to attend, and for financial support. This

work was supported in part by the European Commission under Grant No.
MOIF-CT-2005-008687.



152 R. Lehnert

References

1. See, e.g., R.G. Sachs, The Physics of Time Reversal, University of Chicago
Press, Chicago, 1987.

2. V.A. Kostelecky and S. Samuel, Phys. Rev. D 39, 683 (1989); Phys. Rev.
Lett. 63, 224 (1989); 66, 1811 (1991); V.A. Kostelecky and R. Potting,
Nucl. Phys. B 359, 545 (1991); Phys. Lett. B 381, 89 (1996); Phys. Rev.
D 63, 046007 (2001); V.A. Kostelecky et al., Phys. Rev. Lett. 84, 4541
(2000).

3. G. Amelino-Camelia et al., Nature (London) 393, 763 (1998); D. Sudarsky
et al., Phys. Rev. D 68, 024010 (2003).

4. F.R. Klinkhamer, Nucl. Phys. B 578, 277 (2000).

5. V.A. Kostelecky et al., Phys. Rev. D 68, 123511 (2003); O. Bertolami et
al., Phys. Rev. D 69, 083513 (2004).

6. W.-M. Yao et al. [Particle Data Group], J. Phys. G 33, 1 (2006).
7. O.W. Greenberg, Phys. Rev. Lett. 89, 231602 (2002).

8. For a somewhat more pedestrian exposition, see O.W. Greenberg, hep-
ph/0309309.

9. D. Colladay and V.A. Kostelecky, Phys. Rev. D 55, 6760 (1997); 58, 116002
(1998); V.A. Kostelecky and R. Lehnert, Phys. Rev. D 63, 065008 (2001);
V.A. Kostelecky, Phys. Rev. D 69, 105009 (2004); R. Bluhm and V.A.
Kostelecky, Phys. Rev. D 71, 065008 (2005).

10. M.S. Berger and V.A. Kostelecky, Phys. Rev. D 65, 091701(R) (2002); H.
Belich et al., Phys. Rev. D 68, 065030 (2003); M.S. Berger, Phys. Rev. D
68, 115005 (2003).

11. V.A. Kostelecky and M. Mewes, Phys. Rev. D 66, 056005 (2002).
12. S. Coleman and S.L. Glashow, Phys. Rev. D 59, 116008 (1999).

13. KTeV Collaboration, H. Nguyen, hep-ex/0112046; Y.B. Hsiung et al., Nucl.
Phys. Proc. Suppl. 86, 312 (2000).



R. Lehnert 153

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

FOCUS Collaboration, J.M. Link et al., Phys. Lett. B 556, 7 (2003).

OPAL Collaboration, R. Ackerstaff et al., Z. Phys. C 76, 401 (1997); DEL-
PHI Collaboration, M. Feindt et al., preprint DELPHI 97-98 CONF 80
(1997); BELLE Collaboration, K. Abe et al., Phys. Rev. Lett. 86, 3228
(2001); BaBar Collaboration, B. Aubert et al., hep-ex/0303043.

BaBar Collaboration, B. Aubert et al., hep-ex/0607103.
V.A. Kostelecky and R. Potting, Phys. Rev. D 51, 3923 (1995).

D. Colladay and V.A. Kostelecky, Phys. Lett. B 344, 259 (1995); Phys.
Rev. D 52, 6224 (1995); V.A. Kostelecky and R. Van Kooten, Phys. Rev.
D 54, 5585 (1996); O. Bertolami et al., Phys. Lett. B 395, 178 (1997); N.
Isgur et al., Phys. Lett. B 515, 333 (2001).

V.A. Kostelecky, Phys. Rev. Lett. 80, 1818 (1998); Phys. Rev. D 61,
016002 (2000); Phys. Rev. D 64, 076001 (2001).

D. Bear et al,, Phys. Rev. Lett. 85, 5038 (2000); D.F. Phillips et al.,
Phys. Rev. A 62, 063405 (2000); Phys. Rev. D 63, 111101 (2001); M.A.
Humphrey et al,, Phys. Rev. A 68, 063807 (2003); V.A. Kostelecky and
C.D. Lane, Phys. Rev. D 60, 116010 (1999); J. Math. Phys. 40, 6245
(1999).

R. Bluhm et al., Phys. Rev. Lett. 88, 090801 (2002).

F. Cane et al., Phys. Rev. Lett. 93, 230801 (2004); P. Wolf et al., Phys.
Rev. Lett. 96, 060801 (2006).

H. Dehmelt et al., Phys. Rev. Lett. 83, 4694 (1999); R. Mittleman et al.,
Phys. Rev. Lett. 83, 2116 (1999); G. Gabrielse et al., Phys. Rev. Lett. 82,
3198 (1999); R. Bluhm et al., Phys. Rev. Lett. 82, 2254 (1999); Phys. Rev.
Lett. 79, 1432 (1997); Phys. Rev. D 57, 3932 (1998); C.D. Lane, Phys.
Rev. D 72, 016005 (2005).

L.-S. Hou et al., Phys. Rev. Lett. 90, 201101 (2003); R. Bluhm and V.A.
Kostelecky, Phys. Rev. Lett. 84, 1381 (2000); B.R. Heckel et al., Phys.
Rev. Lett. 97, 021603 (2006).



154 R. Lehnert

25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35

36

37

. H. Miiller et al., Phys. Rev. D 68, 116006 (2003); R. Lehnert, J. Math.
Phys. 45, 3399 (2004); B. Altschul, Phys. Rev. Lett. 96, 201101 (2006).

S.M. Carroll et al., Phys. Rev. D 41, 1231 (1990); V.A. Kostelecky and
M. Mewes, Phys. Rev. Lett. 87, 251304 (2001); J. Lipa et al., Phys. Rev.
Lett. 90, 060403 (2003); Q. Bailey and V.A. Kostelecky, Phys. Rev. D 70,
076006 (2004); R. Lehnert and R. Potting, Phys. Rev. Lett. 93, 110402
(2004); Phys. Rev. D 70, 125010 (2004); B. Feng et al., Phys. Rev. Lett.
96, 221302 (2006); V.A. Kostelecky and M. Mewes, Phys. Rev. Lett., in
press (hep-ph/0607084); B. Altschul, hep-th/0609030.

V.W. Hughes et al., Phys. Rev. Lett. 87, 111804 (2001); R. Bluhm et al.,
Phys. Rev. Lett. 84, 1098 (2000); E.O. Iltan, JAEP 0306, 016 (2003).

D.L. Anderson et al., Phys. Rev. D 70, 016001 (2004).
Q.G. Bailey and V.A. Kostelecky, Phys. Rev. D 74, 045001 (2006).

V. Barger et al., Phys. Rev. Lett. 85, 5055 (2000); J.N. Bahcall et al,
Phys. Lett. B 534, 114 (2002); V.A. Kostelecky and M. Mewes, Phys. Rev.
D 70, 031902 (2004); Phys. Rev. D 70, 076002 (2004); T. Katori, V.A.
Kostelecky, and R. Tayloe, hep-ph/0606154.

V.A. Kostelecky and M. Mewes, Phys. Rev. D 69, 016005 (2004).

See, for example, T.D. Lee and C.S. Wu, Annu. Rev. Nucl. Sci. 16, 511
(1966).

L. Lavoura, Ann. Phys. 207, 428 (1991).

C.D. Buchanan et al., Phys. Rev. D 45, 4088 (1992).

. I. Dunietz, J. Hauser, and J.L.. Rosner, Phys. Rev. D 35, 2166 (1987).
. M. Hayakawa and A.l. Sanda, Phys. Rev. D 48 1150 (1993).

. A. Di Domenico, this handbook.



ON THE QUANTUM-GRAVITY PHENOMENOLOGY
OF MULTIPARTICLE STATES

Giovanni Amelino-Camelia

Dipartimento di Fisica Universita di Roma La Sapienza

and Sez. Romal INFN, P. le A. Moro 2, 00185 Roma, Italy
Michele Arzano
Perimeter Institute for Theoretical Physics,
31 Caroline St. N, N2L 2Y5, Waterloo, Ontario, Canada
Antonino Marciano
Dipartimento di Fisica Universita di Roma La Sapienza

and Sez. Romal INFN, P. le A. Moro 2, 00185 Roma, Italy
Abstract

We discuss some general expectations concerning the structure of multiparticle
states in the quantum-gravity realm, and we introduce the first elements of a
toy model which could be used as guidance in the estimate of some associated
effects. We also provide a brief review of “quantum gravity phenomenology”
and comment on how the study of multiparticle states could contribute to the
overall development of this field.

1 Introduction

The “quantum-gravity problem” has been discussed for more than 70 years [1]
assuming that no guidance could be obtained from experiments. Indeed, it
is not unlikely that experiments might never give us any clear lead toward
quantum gravity, especially if our intuition concerning the role of the tiny
Planck length (~ 107%*m) in setting the magnitude of the characteristic effects
of the new theory turns out to be correct. But over the past decade or so a
growing number of research groups is working hard [2, 3, 4, 5, 6,7, 8,9, 10, 11,
12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] at
trying to find ways to uncover experimentally some manifestations of quantum
gravity, even if the new effects were really so small.

Our estimate that the quantum-gravity corrections should be very small in
low-energy experiments is based on our experience with other similar situations;
in fact, we expect that the Planck scale, since it is the energy scale where the
current theories appear to break down, should also govern the magnitude of
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quantum-gravity corrections to the analysis of processes involving particles with
energies smaller than the Planck scale. For example in processes involving two
particles both with energy I the magnitude of the new effects should be set
by some power of the ratio between F and the Planck scale E, (~ 10%eV).
Since in all cases accessible to us experimentally E/FE, is extremely small,
this is a key challenge for quantum-gravity phenomenology. A challenge which
however can be dealt with also relying on experience with other analogous
situations in physics: for example, as emphasized in Ref. [2], ongoing studies of
proton stability from the grandunification perspective and early 1900s studies
of Brownian motion could be described as facing a very similar challenge.

In the second part of these notes we shall review some key results obtained
in quantum-gravity phenomenology. We intend to convey the point that this
phenomenology has already established some (however humble but) valuable
constraints for quantum-gravity model building, but these constraints are es-
sentially confined to the behaviour of isolated particles, or systems of particles
interacting for a very short time. In the next section we argue that some key
hints for the search of quantum gravity might be uncovered in the study of the
evolution over time of certain types of multiparticle states. And in Section 3
we introduce the first elements of a toy model which could be used as guidance
in the estimate of some peculiar Planck-scale effects for multiparticle states.

Our model is at present too crude to make definite predictions, but our
intuition is that, when fully developed, it could be sensitively probed through
the study of certain multi-kaon systems, such as the states of two neutral kaons
produced by decay of the ¢ resonance. Indeed, as we shall discuss, the primary
source of inspiration for the toy model discussed in Section 3 is the framework
based on the sx-Minkowski noncommutative spacetime, which already inspired
a picture for CPT-violation mechanism [22] which could be tested in studies of
neutral-kaon systems.

2 A perspective on multiparticle states in the quantum-gravity
realm

It is probably fair to say that we are still rather far from a comprehensive
solution of the quantum-gravity problem. We do have some proposals, such
as String Theory and Loop Quantum Gravity, that provide tentative solutions
for some (but not all) aspects of the problem, but these theories still have
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absolutely no support in experimental and from a robust conservative scientific
perspective must therefore be viewed as mere theoretical speculations.

In more than 70 years of work on the quantum gravity problem the com-
munity has developed some intuition for features to expect in the quantum-
gravity realm, such as the mentioned expected role of the Planck scale in setting
the magnitude of effects, and, although of course this intuition must be treated
cautiously (with no less caution than the one that should be adopted in relying
on String Theory or Loop Quantum Gravity), it is natural to use this intu-
ition as guidance for at least some of our efforts searching for experimentally-
established facts about the quantum-gravity realm. In this section we intend
to discuss briefly (our perspective on) the part of this intuition that concerns
the relationship between the structure of one-particle states and the structure
of multiparticle states.

In our current (pre-quantum-gravity) theories one obtains multiparticle
states from single-particle states by a standard use of the trivial tensor prod-
uct of Hilbert spaces, but there is (conceptual /theoretical) evidence that this
recipe might not be applicable in the quantum-gravity realm. This expecta-
tion emerges not really from a single robust argument but rather from the fact
that various lines of reasoning on multiparticle states all appear to suggest that
novel features must be introduced.

A first observation which we should report here relies on our present un-
derstanding of gravity in 2+1 spacetime dimensions. 2+1D gravity is a topo-
logical field theory, rather similar to the Chern-Simons gauge theories that can
be considered in a 241D spacetime. Especially for the case of a Chern-Simons
theory with a U(1) gauge field the literature is very large and it is well estab-
lished that multiparticle states are not obtained by standard tensor product
of single-particle states. The particle excitations of the Chern-Simons gauge
field are the so-called “anyons”, and it has emerged that for any given Hamil-
tonian governing the evolution of the anyon system it actually makes sense to
treat as completely separate problems each of the n-anyon sectors: there is no
simple recipe for obtaining two-particle states from single-particle states, or
for obtaining three-particle states from the acquired knowledge of two-particle
states. In this anyon example the complexity of multiparticle states is such
that one cannot meaningfully introduce some creation-annihilation operators
capable of producing from a vacuum state the different n-anyon sectors.
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Some of our intuition for multiparticle states in the quantum-gravity orig-
inates from familiarity with this multianyon problem [33]. This intuition is
directly applicable to 241D gravity, and might play an (however indirect) role
also in 3+1D gravity, at least when viewed as a “broken topological field the-
ory”: guided by the known facts about 2+1D gravity one could set up 3+1D
as a theory which is itself “topological up to correction terms”.

As an example of argument suggesting complexity for the construction of
multiparticle states without relying on the peculiarities of 241D spacetimes,
we find useful here to mention one aspect of the quantum-gravity problem,
which is often set aside but universally acknowledged. The differences be-
tween the gravity field and, say, the electromagnetic field are such that for
quantum gravity it appears to be necessary to contemplate an in-principle ob-
struction [1, 34, 35] for a full decoupling of “apparatus” from “system”. It is
well-established that electromagnetism admits a limiting procedure such that
(in the limit) the apparatus actually establishes facts about the system without
interfering/affecting the evolution of the system, but the Equivalence Princi-
ple (by identifying the inertial mass and the gravitational charge) appears to
provide an obstruction for this limiting procedure. And this opens at least
an opportunity for complexity in the construction of multiparticle states: it
appears to be rather plausible that the relationship between the way in which
the apparatus “interferes” with a single-particle system and the way in which
the apparatus “interferes” with a two-particle system might be more complex
than what is codified in a standard tensor-product rule.

While not often discussed in papers and seminars, these issues for mul-
tiparticle states in quantum gravity are rather widely acknowledged. For ex-
ample, some careful readers from the community of researchers involved in
neutral-kaon studies (which is one of the communities toward which we are
hoping to direct these notes, because of the possible use of neutral kaons in
the investigation of the features discussed in the next section) might have no-
ticed that the debate on the choice of parametrization for the phenomenology
of Planck-scale-induced CPT violation [36, 37, 38, 39, 40] reflects in part some
differences in the intuition for the structure of multiparticle states.
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3 A simple toy model

To give some substance to the arguments presented in the previous section
we now intend to introduce the first elements of a possible toy model for the
description of a class of effects which could characterize multiparticle states at
the Planck scale. This toy model is loosely inspired by the results of our in-
vestigations [41, 42, 43, 44, 45, 46] of field theories in x-Minkowski spacetime,
an example of “noncommutative spacetime” (spacetime with noncommuting
coordinates) characterized by the following commutators of spacetime coordi-
nates [47, 48, 49]

[, x0] = iAay,
[xk7xj] =0, (1)

where X is an observer-independent length scale usually expected to be of the
order of the minute Planck length (~ 107%°m). Preliminary evidence suggests
(but are still inconclusive [50] on the fact) that the observer independence of the
noncommutativity parameter may result in the necessity to describe symmetry
transformations somehow in terms of the x-Poincaré Hopf algebra [51, 47, 48]
(rather than the Poincaré, or other, Lie algebra), but this will not be used
explicitly in our reasoning. It is however important for us that the role played
by the x-Poincaré Hopf algebra in the structure of theories in x-Minkowski
spacetime, has led to a peculiar proposal for the law of composition of momenta,
and it is this deformed law of composition of momenta that provides the key
ingredient of our rudimentary toy model.

The phenomenological scheme for quantum fields that we intend to de-
scribe in this section is only loosely based on our work on x-Minkowski [41,
42,43, 44, 45, 46] partly because of the present limitations of our understand-
ing of quantum field theories in x-Minkowski and partly because of the hope
that, by not borrowing too much from detailed aspects of the sr-Minkowski,
we might have a chance to gain an intuition for the properties of multiparticle
states which is of wider relevance for Planck-scale theories. It appears indeed
plausible (but it is difficult to test this conjecture presently because of the huge
mathematical complexity of some of these frameworks) that structures at least
somewhat similar to the ones we contemplate here might arise not only in s-
Minkowski but also in other approaches to the Planck scale problem, perhaps
most notably the Loop Quantum Gravity approach [52, 53, 54, 55].
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Even for the understanding of classical field theories in xk-Minkowski, while
some noteworthy results have been obtained [41, 43, 44, 45], several issues still
remain to be clarified. And in the analysis of Ref. [46], which does provide a
proposal for quantum fields in x-Minkowski and is the main source of intuition
for the scheme here considered, one encounters structures that are somewhat
more complex that the simplified scheme we are here using as illustrative ex-
ample. Readers who would consider contributing to further development of
this scheme should therefore consider Ref. [46] as a natural entry point into the
literature devoted to the issues that must deal with in attempting to discuss
more rigorously the relevant framework.

The first ingredient of our construction is the assumption that the non-
commutativity properties of single-particle states of given fourmomentum £k,
would be in agreement with the ones of the much studied [41, 43, 46, 48] time-
ordered plane waves on s-Minkowski space-time

|\IIE > o 61‘12.5671'&(12)@0 (2)
in which w (k) represents the (real) positive root of the equation
0= —m?+ (2/A)?sinh?(\w/2) — k2 exp(Aw) (3)

This “on-shell condition” (3) comes from the form of the deformed Klein-
Gordon equation one adopts in xk-Minkowski, which in turn is dictated by the
form of the mass-Casimir of the relevant Hopf algebra of symmetries [41, 43,
46, 47, 48]

(2/X)? sinh®>(APy/2) — P? exp(A Py) (4)

with P, the energy-momentum! operator, 1.e. {Py, ]3}|\I/,; >= {wt(k), /2}|\I/,; >.

The other structure for which we take inspiration from the x-Minkowski
literature is a candidate for the total momentum of a two-particle state. From
the observation that the commutators (1) imply

o . X P . . 7 s —AwT () = . - »
ezk~z 671w+(k)z0 7 671w+(q)z0 _ 6z(k+qe AwT(R)y. 2 671(w+(k)+w+(q))zo (5)

!The identification of P,, with the energy-momentum observable is a key
point in which we are to be considered only loosely inspired by the x-Minkowski
literature. There is rather robust evidence that these operators P, should
appear in the relevant formulas for energy-momentum, but they might be have
to be combined with other structures (see, e.g., Ref. [46]).
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one is led to suggesting the possibility that
(B K" = {(F+qe ™ 0wt (5) + ot (@) = (g « T (B) + w (@) (6)

where +, such that E+(j£ E+ (je*A‘ﬁ(’;) is a nonabelian addition rule based
on (5).

Within this setup it is obvious that the description of multiparticle states
must require new structures with respect to the usual construction. Let us
consider for example a state with two indistinguishable particles in a 1+1-
dimensional s-Minkowski spacetime. If we measure the energy-momentum of
each of the two particles the indistinguishability would require a description of
the state of the following form

@) _ b
Yoy >= 75

However, this already exposes a peculiarity: according to (6) the state (7)

([or > @ [g > + g > @ |¢n >) (7)

obtained by “indistinguishability symmetrization” based on the information
gained by measurement of the energy-momentum of the two particles is not
an eigenstate of total energy-momentum. In fact the action of Fy on both the
states |¢, > ® | > and |y, >® [, > gives the eigenvalue w () + w ' (k),
while the action of P on [¢; > ® |y >, which gives P [iq > ® [ >= (g +
ke*’\“ﬁ(q)) |vg > @ |y >, differs from the action of P on |¢, > ® |4 >,
which gives P | > ® [y >=(k + ge (B g > ® [thg > .

This invites us to ask how a framework with these peculiarities should de-
scribe the case in which for a system of two identical particles one measures the
total energy-momentum of the system. For on-shell particles the measurement
of the total momentum {K** K[°*} translates into constraints of the type

1

KtOt _ p/+p
K =wt(p) +wh (") (8)
These admit as solutions two possible pairs of on-shell momenta, and it is
easy to establish a relationship between these two solutions: denoting by

{k,wT(k)},{q,w"(q)} a first solution the second solution is related to the first
by

{@o; @) = {wl(ge ™ ®), g
{(ko; B} = (wh(k®), k) (9)
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From this we infer that this state selected by a total-energy-momentum
measurement should have the form
2) _ 1
W tory > = 72 ([n > ®[ibg > + g > ® iy >) (10)
Evidently just like the state of two particles with definite energy-momenta
turned out not to be an eigenstate of total momentum, this state of two particles
with definite total energy-momentum does not provide a sharp prediction for
the energy-momentum of the individual particles.

We have therefore produced a scheme with very peculiar relationship be-
tween one-particle states and multiparticle states, which in particular intro-
duces a sort of new uncertainty principle: there is an incompatibility between
measurements of total energy-momentum and measurements of the individual
energy-momenta of particles. Sharp measurements of total energy-momentum
introduce an irreducible uncertainty in the individual energy-momenta, and
sharp measurements of individual energy-momenta introduce an irreducible
uncertainty in the total energy-momentum.

We exposed this peculiarities thinking of identical particles, but it seems
clear that they are structural to the tensor product of Hilbert spaces, so related
(though possibly different) peculiarities should be expected also for distinguish-
able particles.

While it might be difficult to test directly the new energy-momentum-
measurement uncertainty principle, it might be possible to test, e.g., Eq. (10)
by looking in data analysis for a sort of contamination by an unexpected state.
The analysis could be inspired by the following perspective on Eq. (10)

1
|\II{Ktot}> = \/_§(|¢k> ® |¢q> +|¢fi>® |¢]} >) -

= \/ig(|¢k>® [Vg > + [t > ® |, > + [A>) (11)

with [A > = |[¢3 > ® [¢p > — g > @ [t >. Clearly the limitations of the
theoretical basis of our toy model do not allow us at present to characterize |[A >
sharply enough to be of real help for phenomenology. But the situation should
improve gradually as we develop a better understanding of the x-Minkowski
(and possibly other) framework. In particular, it will be interesting to establish
if this theory framework ends up having at least a partial overlap with the
phenomenological proposal for multi particle states put forward in Ref. [56].
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4 On other areas of quantum-gravity phenomenology

The phenomenology for multiparticle states discussed in the previous sections
would be in many ways complementary to the topics so far studied in an on-
going effort searching for some first experimental manifestation of effects with
quantum-gravity origin. Indeed these previous “quantum-gravity phenomenol-
ogy” [2] studies mainly focused on the behaviour of isolated particles, or sys-
tems of particles interacting for a very short time. In this section we intend
to review briefly some of these topics previously considered from the quantum-
gravity-phenomenology perspective, also hoping to provide some intuition for
the potential relevance of the studies of multiparticle states discussed in the
previous sections.

Of course, the first concern for quantum-gravity phenomenology was to
show that it was really possible to test experimentally some effects introduced
genuinely at the Planck scale. This is by now well established, and we discuss
one explicit example in Subsection 4.1.

In Subsection 4.2 we comment on the possibility for quantum-gravity
phenomenology to actually falsify theories (something worth our efforts even
when the results of experiments are negative, rather than merely keep trying
to catch lucky through a positive/discovery result).

Subsection 4.3 is devoted to a (incomplete but representative) list of ef-
fects that should be considered as candidate quantum-gravity effects, and a
brief descriptions of the experiments and/or observations which are being an-
alyzed as opportunities to provide related insight.

The rest of this section focuses on the most studied area of quantum-
gravity phenomenology, the one that concerns the possibility of Planck-scale
departures from Poincaré (Lorentz) symmetry.

4.1 Quantum-Gravity Phenomenology exists

Task number one for any phenomenology (usually an easy task but a challeng-
ing one here) is to show that effects of the type that could be expected from the
relevant class of theories could be seen. The key source of pride for quantum-
gravity phenomenologists comes from the fact that over these past few years,
and over a time that indeed spanned over only a handful of years, we managed
to change the perception of quantum-gravity research from the traditional “no
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help from experiments possible” to the present intuition, shared by most work-
ers in the field, that these effects could be seen. We might need some luck to
actually see them, but clearly it is not possible. There is therefore a legitimate
phenomenology to be developed for quantum gravity.

Once task one is accomplished it is important to show that the type of
observations that are doable not only provide opportunities to luckily stumble
upon a manifestation of the new theory, but actually the data could be used to
falsify candidate theories. This task two clearly requires much more of task one,
both at the level of our understanding of the theories and for what concerns
the quality of the data and their phenomenological analysis.

Concerning task one it is of course significant that over these past few
years several authors have shown in different ways and for different candidate
Planck-scale effects that, in spite of the horrifying smallness of these effects,
some classes of doable experiments and observations could see the effects. Just
to make absolutely clear the fact that effects genuinely introduced at the Planck
scale could be seen, let us just exhibit here one very clear illustrative example.

The Planck-scale effect we consider is codified by the following energy-
momentum (dispersion) relation

E2
m? ~ E? — g% + np? (ﬁ) , (12)
P

where F, denotes again the Planck scale (E, = 1/L, ~ 10%%eV) and 5 is a
phenomenological parameter. This is a good choice because convincing the
reader that we are dealing with an effect introduced genuinely at the Planck
scale is in this case effortless. It is in fact well known (see, e.g., Ref. [57])
that this type of £ 2 corrections to the dispersion relation can result from
discretization of spacetime on a lattice with £~ I Jattice spacing?.

If such a modified dispersion relation is part of a framework where the laws

2The idea of a rigid lattice description of spacetime is not really one of the
most advanced for quantum-gravity research, but this consideration is irrele-
vant for task one: in order to get this phenomenology started we first must
establish that the sensitivities we have are sufficient for effects as small as typ-
ically obtained from introducing structure at the Planck scale. The smallness
of the effect in (13) is clearly representative of the type of magnitude that
quantum-gravity effects are expected to have, and the fact that it can also be
obtained from a lattice with F,° ! spacing confirms this point.
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of energy-momentum conservation are unchanged one easily finds [3, 4, 5, 6]
significant implications for the cosmic-ray spectrum. In fact, the “GZK cutoft”,
a key expected feature of the cosmic-ray spectrum, is essentially given by the
threshold energy for cosmic-ray protons to produce pions in collisions with
CMBR photons. In the evaluation of the threshold energy for p + veympr —
p+ 7 the correction term np® E?/ Eg of (13) can be very significant. Whereas
the classical-spacetime prediction for the GZK cutoff is around 5 - 10V, at
those energies the Planck-scale correction to the threshold turns out [3, 4, 5, 6]
to be of the order of nE*/ (6E§)7 where ¢ is the typical CMBR-photon energy.
For positive values of 1, even somewhat smaller® than 1, this amounts to an
observably large shift of the threshold energy, which should easily be seen (or
excluded) once the relevant portion of the cosmic-ray spectrum becomes better
known, with observatories such as the Pierre Auger Observatory.

Of course, the same effect is present and is even more significant if instead
ofa E, 2 correction one introduces in the dispersion relation a correction of E, 1

type.

4.2 Falsifying theories

Arguments such as the one offered in the previous subsection clearly show that
this phenomenology has a right to existence. Task one is settled. We do have
at least a chance (perhaps slim, but this is not the point here) to see Planck-
scale effects, and if we ever do see one such effect it will be wonderful. But
a phenomenology should also be valuable when it does not find the effects it
looks for, by setting limits on (and in some cases ruling out) corresponding
theories. Have we proven that quantum-gravity phenomenology can rule out
Planck-scale theories?

Of course the phenomenology will be based on some “test theories” and
the parameters of the test theories will be increasingly constrained as data
become available. But beyond the level of test theories there is the truly sought
level of “theories”, models which are not merely introduced (as is the case of
test theories) as a language used in mapping the progress of experimental limits
on some effects, but rather models which are originally motivated by some ideas
for the solution of the quantum-gravity problem. And in order to falsify one
such theory we need to prove experimentally the absence of an effect which has

30f course the quantum-gravity intuition for 1 is n ~ 1.
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been rigorously established to be a necessary consequence of the theory. These
are the ingredients of the task two described above. But the theories used in
quantum-gravity research are so complex that we can rarely really establish
that a given effect is necessarily present in the theory. What usually happens
is that we find some “theoretical evidence” for the effect in a given quantum-
gravity theory and then we do the phenomenology of that effect using some
test theories. The link from theory to effect is too weak to be used in reverse:
we are usually not able to say that the absence of the effect really amounts to
ruling out the theory.

Think for example of Loop Quantum Gravity. Because of the so-called
“classical-limit problem” at present one is never really able to use that theory to
provide a definite prediction for an effect to be looked for by experimentalists.
And for String Theory the situation might be worse, at least in the sense that
one might not even be able to hope better things for the future: it is in fact at
present not clear whether string theory is in principle able to make any definite
predictions, since the formalism is so flexible, so capable to say anything, that
it is feared to amount basically to saying nothing.

So concerning task two the situation does not look very healthy, but the
problem resides on the theory side, not the phenomenology side.

If indeed, at least for now, we cannot falsify Loop Quantum Gravity and
String Theory, can we at least falsify some other theory used in quantum-
gravity research? It is of course extremely important for quantum-gravity phe-
nomenology to find one such example. If we do find a first example then we can
legitimately hope that the falsifiability of more and more theories will gradually
be achieved. Theories in the x-Minkowski noncommutative spacetime consid-
ered in Section 3 could turn out to be falsifiable, and the needed mathematics
is probably within our reach.

4.3 Concerning quantum-gravity effects and the status of Quantum-Gravity
theories

At the present stage of investigation of the quantum-gravity problem it is ac-
tually not so obvious how to identify candidate quantum-gravity effects. Anal-
ogous situations in other areas of physics are usually such that there are a few
new theories which have started to earn our trust by successfully describing
some otherwise unexplained data, and then often we let those theories guide us
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toward new effects that should be looked for. The theories we have for quantum
gravity, in spite of all their truly remarkable mathematical beauty, and their
extraordinary contribution to the investigation of the conceptual sides of the
quantum-gravity problem, cannot (yet) claim any success in the experimental
realm. Moreover, even if we wanted to used them as guidance for experiments
the complexity of these theories proves to be a formidable obstruction. What
we can do with these theories (and we must be content with it since we do not
have many alternatives) is to look at their general structure and use this as a
source of intuition for the proposal of a few candidate effects.

A similar type of path toward the identification of some candidate quantum-
gravity effects is the one based on the analysis of the general structure of the
quantum-gravity problem itself. It happens to be the case that by looking at
the type of presently-unanswered questions for which quantum-gravity is being
sought, one is automatically led to considering a few candidate effects.

Of course these ideas suggested from our perception of the structure of
the quantum-gravity problem and from our analysis of the general structure of
some proposed quantum-gravity theories could well turn out to be completely
off the mark, but it still makes sense to investigate these ideas.

4.3.1 Planck-scale departures from classical spacetime symmetries

From the general structure of the quantum-gravity problem, which clearly pro-
vides at least some encouragement to considering discretized (or otherwise
“quantized” ) spacetimes, one finds encouragement to consider departures from
classical spacetime symmetries. Consider for example the Minkowski limit, the
one described by the classical Minkowski spacetime in current theories. There
is a duality one-to-one relation between the classical Minkowski spacetime and
the classical (Lie-) algebra of Poincaré symmetrie. Poincaré transformations
are smooth arbitrary-magnitude classical transformations and it is rather ob-
vious that they should be put under scrutiny [58] if the classical description of
spacetime is replaced by a quantized/discretized one.

4.3.2 Planck-scale departures from CPT symmetry

Perhaps the most intelligible evidence of a Planck-scale effect would be a vi-
olation of CPT symmetry. CPT symmetry is in fact protected by a theorem
in our current (Minkowski-limit) theories, mainly as a result of locality and
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Poincaré symmetry. The fact that the structure of the quantum-gravity prob-
lem invites us to consider spacetimes with some element of nonlocality and/or
departures from Poincaré symmetry clearly opens a window of opportunity for
Planck-scale violations of CPT symmetry.

4.3.3 Distance fuzziness and spacetime foam

The fact that the structure of the quantum-gravity problem suggests that the
classical description of spacetime should give way to a nonclassical one at scales
of order the Planck scale has been used extensively as a source of inspiration
concerning the proper choice of formalism for the solution of the quantum-
gravity problem, but for a long time (decades) it had not inspired ideas relevant
for phenomenology. The description that came closer to a physical intuition
for the effects induced by spacetime nonclassicality is Wheeler’s “spacetime
foam”, which however does not amount to a definition (at least not a scien-
tific/operative definition). A few years ago one of us proposed [9] a physi-
cal/operative definition of (at least one aspect of) spacetime fuzziness/foam,
which makes direct reference to interferometry. According to this definition the
fuzziness/foaminess of a spacetime is established on the basis of an analysis of
strain noise in interferometers set up in that spacetime. In achieving their
remarkable accuracy modern interferometers must deal with several classical-
physics strain noise sources (e.g., thermal and seismic effects induce fluctua-
tions in the relative positions of the test masses). And importantly strain noise
sources associated with effects due to ordinary quantum mechanics are also sig-
nificant for modern interferometers (the combined minimization of photon shot
noise and radiation pressure noise leads to a noise source which originates from
ordinary quantum mechanics). The operative definition of fuzzy/foamy space-
time advocated in Ref. [9] characterizes the corresponding quantum-gravity
effects as an additional source of strain noise. A theory in which the concept
of distance is fundamentally fuzzy in this operative sense would be such that
the read-out of an interferometer would still be noisy (because of quantum-
gravity effects) even in the idealized limit in which all classical-physics and
ordinary-quantum-mechanics noise sources are completely eliminated.
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4.3.4 Decoherence

For approaches to the quantum-gravity problem which assume that, in merging
with General Relativity, Quantum Mechanics should be revised one of the most
popular effects is decoherence. This may be also motivated using heuristic
arguments, based mainly on quantum field theory in curved spacetimes, which
suggest that black holes radiate thermally, with an associated “information-loss
problem”.

4.3.5 Planck-scale departures from the Equivalence Principle

Various perspectives on the quantum-gravity problem appear to suggest depar-
tures from one or another (stronger or weaker) form of the Equivalence Prin-
ciple. For brevity let me just summarize here my preferred argument, which
is based on the observation that locality is a key ingredient of the present
formulation of the Equivalence Principle. In fact, the Equivalence Principle
ensures that (for same initial conditions) two point particles would go on the
same geodesic independently of their mass. But it is well established that this
is not applicable to extended bodies, and presumably also not applicable to
“delocalized point particles” (point particles whose position is affected by un-
controlled uncertainties). If spacetime structure is such to induce an irreducible
limit on the localization of particles it would seem then natural to expect some
departures from the Equivalence Principle.

4.3.6 Critical-dimension SuperString Theory

The most popular realization of String Theory, with the adoption of supersym-
metry and the choice of working in a “critical” number of spacetime dimensions,
has given a very significant contribution to the conceptual aspects of the de-
bate on quantum gravity, perhaps most notably the fact that, indeed thanks
to research on string theory, we now know that quantum gravity might well
be a perturbatively renormalizable theory (whereas this was once thought to
be impossible). But for what concerns the prediction of physical effects string
theory has not proven (yet?) to be rich. In spite of all the noteworthy math-
ematical structure that are needed for the analysis of string theory, from a
wider perspective this is the approach that by construction assumes that the
solution to the quantum-gravity problem should bring about a rather limited
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amount of novelty. In particular, string theory is still introduced in a classical
Minkowski spacetime and it is still a genuinely quantum-mechanical theory.
None of the effects possibly due to spacetime quantization are therefore nec-
essarily expected and all the departures-from-quantum-mechanics effects, like
decoherence effects, are also not expected.

But on the other hand, as mentioned, string theory is turning out to be
a remarkably flexible formalism, and therefore, while one can structure things
in such a way that nothing interestingly new happens, one can also mould the
formalism in such a way to have some striking new effects?, and effects that fit
within some intuitions concerning the quantum-gravity problem. In particular
there is a known scheme for having violations of the equivalence principle [18],
and by providing a vacuum expectation value for a relevant antisymmetric
tensor one can give rise [59] to departures from Poincaré symmetry (together
with the emergence of an effective spacetime noncommutativity).

4.3.7 Loop Quantum Gravity

The only other approach with contributions to the conceptual debate on the
quantum-gravity problem of significance comparable to the ones of the string-
theory approach is Loop Quantum Gravity. In particular, it is thanks to work
on Loop Quantum Gravity that we now know that quantum gravity might
fully preserve the diffeomorphism invariance of General Relativity (whereas
this was once thought to be impossible). But also Loop Quantum Gravity,
while excelling in the conceptual arena, has its difficulties providing predictions
to phenomenologists. While String Theory may be perceived as frustratingly
flexible, one might perhaps say that at the present stage of development Loop
Quantum Gravity appears not to have even the needed room to maneuver
it down to the mundane arena of corrections to General Relativity and cor-
rections to the Standard Model of particle physics. As a result of the much
debated “classical-limit problem”, in a certain sense Loop Quantum Gravity
provides a candidate description of everything but does not provide an explicit
description of anything. One may attempt however (and several groups have

4One of the most noteworthy possibilities is the one of “large extra dimen-
sions”. This gives rise to a peculiar brand of quantum-gravity phenomenology,
which is not governed by the Planck scale. In these notes we intend to focus
on Planck-scale effects.
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indeed attempted to do this) to infer from the general structure of the theory
some ideas for candidate Loop-Quantum-Gravity effects. In particular, sev-
eral studies [8, 19] have argued that the type of discretization of spacetime
observables usually attributed to Loop Quantum Gravity could be responsible
for Planck-scale departures from Lorentz symmetry. This hypothesis also finds
encouragement [20] in light of the role apparently played by noncommutative
geometry in the description of certain aspects of the theory.

Of course, as long as the “classical-limit problem” is not solved, the ev-
idence of departures from Lorentz symmetry in (the Minkowski limit [21] of)
Loop Quantum Gravity must be considered weak, and any attempt to give a
concrete formulation of these effects will have to rely at one point or another
on heuristics. This remains a very valuable exercise for quantum-gravity phe-
nomenology, since it gives us ideas on effects that are worth looking for, but
clearly at present phenomenologists are not given any chance of falsifying Loop
Quantum Gravity.

From the phenomenology perspective there is more than the Lorentz-
symmetry issue at stake in the “classical-limit problem”: it is not unlikely
that structures relevant for CPT symmetry and the Equivalence Principle are
also present, and Loop Quantum Gravity could be a natural context where to
develop a physical intuition for spacetime foam.

4.3.8 Approaches based on noncommutative geometry

Noncommutative spacetimes so far have been considered has opportunities to
look at specific aspects of the quantum-gravity problem (whereas string theory
and loop quantum gravity attempt to provide a full solution). It is perhaps fair
to say that the most significant findings emerged in attempts to describe the
Minkowski limit [21] of quantum-gravity. One might say that these studies look
at one half of the quantum-gravity problem, the quantum-spacetime aspects.
Because of the double role of the gravitational field, which in some ways is
just like another field given in spacetime but it is also governs the structure of
spacetime, in quantum-gravity research one ends up considering two types of
quantization: some sort of quantization of gravitational interactions and some
sort of quantization of spacetime structure. At present one might say that
only within the Loop Quantum Gravity approach we are truly exploring both
aspects of the problem. String Theory, as long as it is formulated in a classical
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(background) spacetime, focuses in a sense on the quantization of the gravi-
tational interaction, and sets aside the possible “quantization” of spacetime®.
And the reverse is true of mainstream research on spacetime noncommutativity,
which provides a way to quantize spacetime, but, at least for this early stages
of development, does not provide a description of gravitational interactions.

The analysis of noncommutative deformations of Minkowski spacetime
has provided some intuition for what could be the fate of (Minkowski-limit/Poinc:
symmetries at the Planck scale. And also valuable for the development of
quantum-gravity phenomenology is the fact that in some cases, such as the
x-Minkowski noncommutative spacetime, it is reasonable to hope that these
studies will soon provide truly falsifiable predictions.

Unfortunately spacetime fuzziness, which is the primary motivation for
most researchers to consider noncommutativity, frustratingly remains only vaguel
characterized in current research on noncommutative spacetimes.

4.4  On the status of different areas of this phenomenology

4.4.1 Planck-scale modifications of Poincaré symmetries

The most developed quantum-gravity-phenomenology research area is the one
that considers the possibility of Planck-scale departures from Poincaré symme-
try. We shall discuss in some detail these studies later in this section.

4.4.2 Planck-scale modifications of CPT symmetry and Decoherence

The most studied opportunity to test CPT symmetry is provided by the neutral-
kaon and the neutral-B systems [36, 37]. One finds that in these neutral-meson
systems a Planck-scale departure from CPT symmetry could in principle be am-
plified. In particular, the neutral-kaon system hosts the peculiarly small mass
difference between long-lived and the short-lived kaons |Mp — Mg|/Mp g ~
710715
ture [36] in which the inverse of this small number amplifies a small (Planck-

and there are scenarios of Planck-scale CPT violation in the litera-

?

5Just like in noncommutative geometry one hopes one day to obtain also
the quantization of the interaction, by introducing a suitable noncommutative-
geometrodynamics, in approaches like string theory one may hope that the
quantization of the interaction field may at advanced levels of analysis amount
to spacetime quantization. Some string-theory results do encourage this
hope [60] but the situation remains puzzling [61]
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scale induced) CPT-violation effect. This in particular occurs in the most
studied scenario for Planck-scale violations of CPT symmetry in the neutral-
kaon system, in which the Planck-scale effects induce a difference between the
terms on the diagonal of the K° K9 mass matrix. An analogous effect would
be present in the neutral-B system but if the Planck-scale effect for the terms
on the diagonal is momentum independent the best sensitivity is expected from
studies of the neutral-kaon system. It is however not implausible [22] that the
Planck-scale effects would introduce a correction to the diagonal terms of the
neutral-meson mass matrix that depends on the momentum of the particle,
and in this case, among the experiments currently done or planned, the best
sensitivity would be obtained with the neutral-B system.

4.4.3 Distance fuzziness and spacetime foam

The phenomenology of distance fussiness is being developed mainly in two
directions: interferometry and observations of extragalactic sources.

In interferometry the debate [9, 10] involves a variety of phenomenologi-
cal models and different perspectives on what is the correct intuition that one
should implement. It is perhaps best here to just give the simplest observation
that can provide encouragement for these studies. As we stressed above in
interferometry it is natural to look for Planck-scale contributions to the strain
noise. And it is noteworthy that strain noise is naturally described in terms [9]
of a function of frequency p(r) (a tool for spectral analysis) that carries di-
mensions of Hz~'. If one was to make a naive dimensional estimate of Planck
scale effects one could simply pose p ~ L,/c, which at first might seem not
too encouraging since it leads to a very small estimate of p: p ~ 107 *#Hz"1,
However, modern interferometers are achieving truly remarkable sensitivities,
driven by their main objective of seeing classical gravity waves, and levels of p
as small as 10744 H 2~ are within their reach.

Another much discussed opportunity for constraining models of spacetime
fuzziness is provided by the observation of extragalactic sources, such as distant
quasars. Essentially it is argued [23, 24] that, given a wave description of
the light observed from the source, spacetime fuzziness should introduce an
uncertainty in the waves phase that cumulates as the wave travels, and for
sufficiently long propagation times this effect should scramble the wave front
enough to prevent the observation of interferometric fringes. Also in this case
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plausible estimates suggest that, in spite of the smallness of the Planck-scale
effects, thanks to the amplification provided by the long propagation times the
needed sensitivity might soon be within our reach.

4.4.4 Decoherence

The development of test theories for decoherence is of course a challenging area
of quantum-gravity phenomenology, since the test theories must go beyond
quantum mechanics. Let us just here mention Refs. [25] as a good entry point
in the relevant literature, and stress that the neutral-kaon system, with its
delicate balance of scales, is also considered [36, 25] to be our best opportunity
for laboratory studies of Planck-scale-induced decoherence.

4.4.5 Planck-scale departures from the Equivalence Principle

As mentioned the quantum-gravity problem also provides motivation to con-
template departures from the Equivalence Principle, and in some approaches
(in particular in String Theory) some structures suitable for describing depar-
tures from the Equivalence Principle are found. The phenomenology is very rich
and in many ways goes well beyond the specific interests of quantum-gravity re-
search: the Equivalence Principle continues to be placed under careful scrutiny
especially because of its central role in General Relativity. Interested readers
could consider as points of entrance in the relevant literature the overall review
in Ref. [26] and, more specifically for departures from the Equivalence Principle
within the string-theory approach, Ref. [18].

4.5 Aside on Doubly-Special Relativity

In preparation for the next subsection, which focuses on the phenomenol-
ogy of Planck-scale departures from Poincaré symmetry, it might useful to
provide here a short introduction to “doubly-special relativity” (DSR) [17],
which recently has been often analyzed as an alternative to the standard sce-
nario of Planck-scale effects that break Lorentz(/Poincaré) symmetry. The
doubly-special-relativity scenario was introduced [17] as a sort of alternative
perspective on the results on Planck-scale departures from Lorentz symme-
try which had been reported in numerous articles [3, 4, 5, 6, 7, 8, 19] be-
tween 1997 and 2000. These studies were advocating a Planck-scale modifi-
cation of the energy-momentum dispersion relation, usually of the form E? =
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P>+ m? 4 nLZpZE" + O(L;‘“E"+3)7 on the basis of preliminary findings in
the analysis of several formalisms in use for Planck-scale physics. The com-
plexity of the formalisms is such that very little else was known about their
physical consequences, but the evidence of a modification of the dispersion re-
lation was becoming robust. In all of the relevant papers it was assumed that
such modifications of the dispersion relation would amount to a breakup of
Lorentz symmetry, with associated emergence of a preferred class of inertial
observers (usually identified with the natural observer of the cosmic microwave
background radiation).

The DSR idea was proposed [17] on the basis of a striking analogy be-
tween these developments and the developments which led to the emergence
of Special Relativity, now more than a century ago. In Galilei Relativity there
is no observer-independent scale, and in fact the energy-momentum relation
is written as & = p?/(2m). As experimental evidence in favour of Maxwell
equations started to grow, the fact that those equations involve a fundamen-
tal velocity scale appeared to require the introduction of a preferred class of
inertial observers. But in the end we figured out that the situation was not de-
manding the introduction of a preferred frame, but rather a modification of the
laws of transormation between inertial observers. Einstein’s Special Relativity
introduced the first observer-independent relativistic scale (the velocity scale
c), its dispersion relation takes the form E? = ¢?p? + ¢*m? (in which ¢ plays a
crucial role for what concerns dimensional analysis), and the presence of ¢ in
Maxwell’s equations is now understood as a manifestation of the necessity to
deform the Galilei transformations.

Refs. [17] argued that it is plausible that we might be presently confronted
with an analogous scenario. Research in quantum gravity is increasingly pro-
viding reasons of interest in Planck-scale modifications of the dispersion rela-
tion, of the type mentioned above, and, while it was customary to assume that
this would amount to the introduction of a preferred class of inertial frames (a
“quantum-gravity ether” ), the proper description of these new structures might
require yet again a modification of the laws of transformation between inertial
observers. The new transformation laws would have to be characterized by two
scales (¢ and L) rather than the single one (¢) of ordinary Special Relativity.

The “historical motivation” described above leads to a scenario for Planck-
scale physics which is not intrinsically equipped with a mathematical formalism
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for its implementation, but still is rather well defined. With Doubly-Special
Relativity one looks for a transition in the Relativity postulates, which should
be largely analogous to the Galilei — Einstein transition. Just like it turned out
to be necessary, in order to describe high-velocity particles, to set aside Galilei
Relativity (with its lack of any characteristic invariant scale) and replace it with
Special Relativity (characterized by the invariant velocity scale ¢), it is at least
plausible that, in order to describe ultra-high-energy particles, we might have to
set aside Special Relativity and replace it with a new relativity theory, a DSR,
with two characteristic invariant scales, a new small-length /large-momentum
scale in addition to the familiar velocity scale.

A theory will be compatible with the DSR principles if there is com-
plete equivalence of inertial observers (Relativity Principle) and the laws of
transformation between inertial observers are characterized by two scales, a
high-velocity scale and a high-energy/short-length scale. Since in DSR one is
proposing to modify the high-energy sector, it is safe to assume that the present
operative characterization of the velocity scale ¢ would be preserved: ¢ is and
should remain the speed of massless low-energy particles®. Only experimental
data could guide us toward the operative description of the second invariant
scale A, which may or may not be based on a deformed dispersion relation,
but X is naturally guessed to be somewhere in the neighborhood of the Planck
length L.

As a result of the “historical context” that led to the DSR idea most
authors have explored the possibility that the second relativistic invariant be
introduced through a modifications of the dispersion relation. This is a reason-
able choice but it would be incorrect at present to identify (as often done in the
literature) the DSR proposal with the proposal of observer-independent modi-
fications of the dispersion relation. For example the dispersion relation might
not be modified but there might instead be an observer-independent bound on
the accuracy achievable in the measurement of distances.

In the search of a first example of formalism compatible with the DSR

6Note however the change of perspective imposed by the DSR idea: within
Special Relativity c is the speed of all massless particles, but Special Relativity
must be perceived as a low-energy theory (as viewed from the DSR perspective)
and in taking Special Relativity as starting point for a high-energy deformation
one is only bound to preserving ¢ as the speed of massless low-energy particles.
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principles much work has been devoted to the study of the xk-Minkowski space-
time, which inspired our toy model (Section 3) for multiparticle-state phe-
nomenology.

4.6 More on the phenomenology of departures from Poincaré symmetry

In this subsection we comment on some aspects of recent phenomenology work
on departures from Poincaré symmetry, mostly as codified in modifications of
the energy-momentum dispersion relation. We start by stressing that the same
modified dispersion relation can be introduced in very different test theories,
leading to completely different physical predictions.

4.6.1 On the test theories with modified dispersion relation

The majority (see, e.g., Refs. [3, 4, 5, 6, 7, 8, 19]) of studies concerning Planck-
scale modifications of the dispersion relation adopt the phenomenological for-
mula

2 2 2 o (£ Ers
m” = BY —p” +p (ﬁ)JrO(W% (13)
P QG
with real 7 (assumed to be of order || ~ 1) and integer n.

There is at this point a very large literature on the associated phenomenol-
ogy, but actually some of the different phenomenological studies that compose
this literature introduce this type of dispersion relation within different test
theories. The limits obtained within different test theories are of course not
to be compared. The same parametrization of the dispersion relation, if intro-
duced within different test theories, actually gives rise to independent sets of
parameters.

The potential richness of this phenomenology, for what concerns the devel-
opment of test theories, mainly originates from the need to specify, in addition
to the form of the dispersion relation, several other structural properties of the
test theory.

It is necessary to state whether the theory is still “Hamiltonian”, at least
in the sense that the velocity is obtained from the commutator with an Hamil-
tonian (for example, along the z axis, v ~ [z, H]) and whether the Heisenberg
commutator preserves its standard form ([z, p] ~ h). Especially this second
concern is rather significant since some of the heuristic arguments which are
used to motivate the presence of modified dispersion relations at the Planck
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scale also suggest that the Heisenberg commutator should be correspondingly
modified.

Then the test theory should formulate a law of energy-momentum con-
servation. We have discussed the example of The kappa-Minkowski which we
considered is an example of spacetime that contributed to interest in modified
dispersion relations and appears to be such to require also an accompanying
modification of the law of energy-momentum conservation. And in particular
a link between modification of the dispersion relation and associated modifi-
cation of the law of energy-momentum conservation is required by the DSR
principles (see below).

And one should keep clearly separate the test theories that intend to de-
scribe only kynematics and the ones that also adopt a scheme for Planck-scale
dynamics. For example, in Loop Quantum Gravity and some noncommutative
spacetimes which provided motivation for considering modifications of the dis-
persion relation, while we might be close to have a correct picture of kinematics
it appears that we are still far from understanding Planck-scale corrections to
dynamics”

An attempt to introduce a few examples of meaningful test theories has
been reported in Ref. [27]. Here we shall be content with showing how in
different phenomenological studies based on modified dispersion relations one
ends up making assumptions about the points listed above.

4.6.2 Photon stability

It has been recently realized (see, e.g., Refs. [28, 29, 30]) that when Lorentz
symmetry is broken at the Planck scale there can be significant implications for
certain decay processes. At the qualitative level the most significant novelty
would be the possibility for massless particles to decay. Let us consider for
example a photon decay into an electron-positron pair: v — eTe™. And let
us analyze this process using the dispersion relation (13), for n = 1, with
unmodified law of energy-momentum conservation. One easily finds a relation
between the energy F., of the incoming photon, the opening angle # between the

"On the Loop Quantum Gravity side this is linked once again with the
“clagsical limit problem”, while for the relevant noncommutative spacetime
the concern originates from the difficulties encountered in producing consistent
theories of quantum matter fields in those spacetimes.
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outgoing electron-positron pair, and the energy F, of the outgoing positron,
which, for the region of phase space with m. < E, <« F,, takes the form
cos(f) = (A+B)/A, with A = F. (E,—FE)and B =m2-nE,E(E,~E.)/E,
(m. denotes of course the electron mass). The fact that for n = 0 this would
require cos(f) > 1 reflects the fact that if Lorentz symmetry is preserved the
process v — eTe” is kinematically forbidden. For n < 0 the process is still
always forbidden, but for positive n and E, > (m2E,/|n|)'/? one finds that
cos(f) < 1 in certain corresponding region of phase space.

The energy scale (mZEp)l/3 ~ 10'3¢V is not too high for astrophysics.
The fact that certain observations in astrophysics allow us to establish that
photons of energies up to ~ 10'*eV are not unstable (at least not noticeably
unstable) could be used [28, 30] to set valuable limits on 7.

This is quite a striking result, which however should be reported with
caution: this is not a strategy to set direct limits on the parameters of the
dispersion relation, since the analysis very explicitly requires us to specify also
the form of the energy-momentum conservation law. By changing the form
of the law of energy-momentum conservation, for fixed form of the dispersion
relation, one can indeed obtain very different results. This is best illustrated
contemplating the possibility that such a dispersion relation be introduced
within a DSR framework. First of all let us notice that any theory compatible
with the DSR principle will have stable massless particles, so that by looking
for massless-particle decay one could falsify the DSR idea. A threshold-energy

requirement for massless-particle decay (such as the £, > (m2E,/|n|)"/® men-
tioned above) cannot of course be introduced as an observer-independent law,
and is therefore incompatible with the DSR principles.

An analysis of the stability of massless particles that is compatible with
the DSR principles can be obtained by combining the modification of the disper-
sion relation with an associated modification of the laws of energy-momentum
conservation. The form of the new law of energy-momentum conservation can
be derived from the requirement of being compatible both with the DSR princi-
ples and with the modification of the dispersion relation [17], and in particular
in the case of a — b+ ¢ decays one arrives at E, ~ E, + E_ — A\ -p_,
Py = Pr +P- — AELp_ —AE_p. Using these in place of ordinary conservation
of energy-momentum one ends up with a result for cos(#) which is still of the
form (A + B)/A but now with A = 2F (F, — F,) + AE,E, (E, — E) and
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B = 2m2. Evidently this formula always gives cos(#) > 1, consistently with
the fact that v — eTe™ is forbidden in DSR.

4.6.3 Threshold anomalies

Another opportunity to investigate Planck-scale departures from Lorentz sym-
metry is provided by certain types of energy thresholds for particle-production
processes that are relevant in astrophysics. This is a very powerful tool for
quantum-gravity phenomenology, and in fact we already discussed the evalu-
ation of the threshold energy for p + voprpr — p + 7 as a key example in
support of the fact that quantum-gravity phenomenology is worth doing.

Numerous quantum-gravity-phenomenology papers (see,e.g., Refs.[3, 4, 5,
6]) have been devoted to the study of Planck-scale-modified thresholds, so the
interested readers can find an abundance of related materials.

4.6.4 Time-of-travel analyses

A wavelength dependence of the speed of photons is obtained from a mod-
ified dispersion relation, if one assumes the velocity to be still described by
v = dE//dp. For the dispersion relation here considered one finds that at “in-
termediate energies” (m < E <« E,) the velocity law will take the form

m2 n+1E"

v~ ] —
On the basis of this formula one would find that two simultaneously-emitted
photons should reach the detector at different times if they carry different
energy. And this time-of-arrival-difference effect can be significant[7] in the
analysis of short-duration gamma-ray bursts that reach us from cosmological
distances. For a gamma-ray burst it is not uncommon that the time travelled
before reaching our Earth detectors be of order T' ~ 10'7s. Microbursts within
a burst can have very short duration, as short as 1035, and this means that the
photons that compose such a microburst are all emitted at the same time, up to
an uncertainty of 1072s. Some of the photons in these bursts have energies that
extend at least up to the GeV range, and for two photons with energy difference
of order AE ~ 1GeV a AE/E, speed difference over a time of travel of 10!7s
would lead to a difference in times of arrival of order At ~ TAEEP ~ 10725
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which is significant (the time-of-arrival differences would be larger than the
time-of-emission differences within a microburst).

It is well established that the sensitivities achievable [31] with the next
generation of gamma-ray telescopes, such as GLAST [31], could allow to test
very significantly (14) in the case n = 1, by possibly pushing the limit on || far
below 1. And, as we shall stress later, for the case n = 2 neutrino astronomy
may lead to valuable insight [14, 15].

4.6.5 Synchrotron radiation

As observed recently in Ref. [32], in the mechanism that leads to the production
of synchrotron radiation a key role is played by the special-relativistic velocity
law v = dF/dp ~ 1 —m?/(2E?). And an interesting observation is obtained by
considering the velocity law (14) for the case n = 1. Assuming that all other as-
pects of the analysis of synchrotron radiation remain unmodified at the Planck
scale, one is led [32] to the conclusion that, if n < 0, the energy/wavelength
dependence of the Planck-scale term in (14) can affect the value of the cutoff
energy for synchrotron radiation. This originates from the fact that according

o (14), for n = 1 and 7 < 0, an electron cannot have a speed that exceeds the
value 0% =~ 1 — (3/2)(|n|me/ E,)?/3, whereas in special relativity v, can take
values arbitrarily close to 1. This may be used to argue that for negative n the
cutoff energy for synchrotron radiation should be lower than it appears to be
suggested by certain observations of the Crab nebula [32].

In making use of this striking observation it is however important to notice
that synchrotron radiation is due to the acceleration of the relevant electrons
and therefore dynamics plays an implicit role in the derivation of the result [27].
From a field-theory perspective the process of synchrotron-radiation emission
is described in terms of Compton scattering of the electrons with the virtual
photons of the magnetic field, confirming the need to include a description
of some aspects of dynamics and of energy-momentum conservation (for the
vertices in the Compton-scattering analysis).

4.6.6 Neutrino observations

In closing we find appropriate to spend a few words on a novel opportunity for
quantum-gravity phenomenology: planned neutrino observatories, such as ICE-
CUBE, are likely to be very valuable. This had already been timidly suggested
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in a few earlier papers [11, 12, 13] and should now gain some momentum in light
of the analysis reported in Ref. [14] (also see Refs. [15, 16]), which proposes a
definite and apparently doable programme of studies.

A key reason of interest in these neutrino studies is the possibility to
use them in combination with gamma-ray studies to seek evidence of a spin
dependence of the way in which conjectured quantum properties of spacetime
affect particle propagation. And, even assuming that there is no such spin
dependence (so that gamma rays and neutrinos could serve exactly the same
purposes), neutrinos might well be then our best weapon for the study of certain
candidate effects. This is due to the fact that it is actually easier to detect high-
energy neutrinos (at or above 10'*eV), rather than low energy ones, whereas it
is expected that high-energy gamma rays (starting at energies of a few TeV') be
absorbed by soft photons in the cosmic background. So neutrinos will effectively
extend the energy range accessible to certain classes of studies, and energy is
obviously a key factor for the sensitivity of quantum-gravity-phenomenology
analyses.
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TESTING CPT IN THE NEUTRAL KAON SYSTEM
BY MEANS OF THE BELL-STEINBERGER RELATION

Gino Isidori
INFN, Laboratori Nazionali di Frascati, I-00044 Frascati, [taly

Abstract

The possibility to test the basic assumptions of quantum field theories, and
in particular the CPT theorem, by means of unitarity relations in the neutral
kaon system (Bell-Steinberger relation) is reviewed. The present status of these
tests and their future prospects are also briefly outlined.

1 Introduction

The three discrete symmetries of charge conjugation (C), parity (P) and time
reversal (T) are known to be violated in nature, both separately and in any bi-
linear combination. Only CPT, namely the product of the three (in any order),
seems to be an exact symmetry in nature. This fact is not surprising: exact
CPT invariance is expected in any quantum field theory respecting the general
hypotheses of Lorentz invariance, locality and unitarity [1]. For this reason,
testing the validity of CPT invariance is equivalent to probe some of the most
fundamental assumptions on which the present description of particle physics
is based. Interestingly enough, these hypotheses are likely to be violated at
very high energy scales, where the quantum effects of gravitational interactions
cannot be ignored [2]. On the other hand, since we still miss a consistent theory
of quantum gravity, it is hard to predict at which level CPT-violating effects
may show up in experimentally accessible systems.
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The neutral kaon system offers a unique possibility for phenomenological
studies of CPT invariance. One of the most significant tests is the one obtained
by means of the Bell-Steinberger (BS) relation [3]. This relation makes use of
unitarity (or the conservation of probability) to connect a possible violation
of CPT invariance in the time-evolution of the K- system (mgo 7 mzeo
and/or "o # I'go) to the observable CP-violating interference of Ky, and K
decays into the same final state f. Because of the involvement of the unitarity
hypothesis, the BS relation cannot be considered as model-independent test of
CPT invariance. However, this does not diminish the role of this relation in
testing the basic assumptions of quantum field theories (we recall that unitarity
is also one of the main hypothesis of the CPT theorem).

2 Theoretical framework

Within the Wigner-Weisskopf approximation, the time evolution of the neutral
kaon system is described by [4]

) i
iU () = HU(t) = (M = SD)¥(t) (1)

where M and T are 2 x 2 time-independent Hermitian matrices and W(t) is a
—0
two-component state vector in the K°~K space. Denoting by my; and ['y; the
—0
elements of M and I in the K°~K basis, CPT invariance implies

mi11 — M99 (OI‘ mipgo — m?o) and Fll = F22 (OI‘ FKO = F?o) . (2)

The eigenstates of eq. (1) can be written as

1 _
Ksp = ————[(1+es)K'+(1—es50) K], (3)
2(1+ les,L]?) [ ]
—ilm(mlg) — %Im (Flg) + % [m?o — Mo — % (F?O — FKO)]
mrp —ms + i(FS — FL)/2

; (4)

such that 6 = 0 in the limit of exact CPT invariance.

€s,. =

= ¢e¢x¢

Unitarity allows us to express the four entries of I' in terms of appropriate
combination of kaon decay amplitudes:

Dy = S ADA (), (5)
f
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where the sum runs over all the accessible final states. Using this decomposition
in eq. (4) leads to the BS relation: a link between Re(¢), Im(d) and the physical
kaon decay amplitudes. In particular, without any expansion in the CPT-
conserving parameters and neglecting only O(¢) corrections to the coefficient
of the CPT-violating parameter ¢, we find

Fs+Tp . Re(e) . 1 .
Ts T, + ztan(bsw} {W - zlm(é)} “T.oT, ;AL(f)AS(f) , (6)

where ¢gw = arctan[2(my — mg)/(T's — I'r)]. We stress that, contrary to
similar expressions which can be found in the literature, eq. (6) is exact and
phase-convention independent in the exact CPT limit: an evidence for a non-
vanishing Im(J) resulting from this relation can only be attributed to violations
of: i) CPT invariance; ii) unitarity; iii) the time independence of M and T" in
eq. (1).

The advantage of the neutral kaon system is that only few decay modes
give significant contributions to the r.h.s. in eq. (6): in practice, only the 7w (~),
mrm and 76y modes turn out to be relevant up to the 107 level. The product
of the corresponding decay amplitudes are conveniently expressed in terms of
the «; parameters defined below.

2.1 Two-pion modes

Starting from two pion states, we define
1
o = o (AL () A5(0)) = BR(Ks — 1), i=n"n", 77 () (7)
s

where 777~ (v) denotes the inclusive sum over bremsstrahlung photons, and
() indicates the appropriate phase-space integrals. By construction, the 7
appearing in eq. (7) can also be expressed in terms non-integrated amplitude
ratios: n; = A (4)/ As(i).

The contributions from w7~ direct-emission (DE) amplitudes not in-
cluded in the a +-(,) parameter are encoded in

Orrypg = Yrrygi—s T Onmypir, T OrnmypExoE > (8)
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where
Ormypi_s T Ommypir, = (9)
1
o [(AL(mmy) As(rmyer)) + (A (rmye: ) As (7))

= AB(Ks — nmype) 14— + (n—y — n4—) BR(Ks — 77y)

Here A; s(mry) and Ay s(n7myg1) denote the leading bremsstrahlung and the
electric-dipole DE amplitudes, respectively. Their interference cannot be triv-
ially neglected. BR(Kg — wnvy) indicates the branching fraction for a real
photon emission, with minimum photon-energy cut equivalent to the one used
in the corresponding 74—, measurement. AB(Kg — amypr) = BR(Kg —
ary)®*P — BR(Kg — 77y)"" 1B is the deviation of the observed Kg — mry
decay distribution from the one inferred from a pure bremsstrahlung spectrum.

We have generically denoted by crrypr.ps the contribution arising from
the interference of two DE amplitudes (either electric or magnetic ones). Given
the strong experimental suppression of DE amplitudes, this term turns out to
be safely negligible up to the 10~% level [5].

2.2  Three-pion modes

For the three pion states we define

o = (AL (AL () = TS BRK — 1) 1= 37", 20t (9) . (10)
I's TKp

Note that in this case the amplitudes are not necessarily constant over the
phase space. As a result, the 7; appearing in eq. (10) should be interpreted as
appropriate Dalitz-plot averages. In practice, given the poor direct experimen-
tal information on nggg, in the neutral case it turns out to be more convenient
to set a bound on |aoro0| by means of the relation

TKS

BR(Ky, — 37°)BR(Kg — 37°) . (11)

2
|a7r07r07r0 | -
TKL
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2.3 Semileptonic channels

In the case of semileptonic channels, introducing the standard decomposition [6]

AK® = ITur™) = A1 —y),

AR = vnt) = A5y )(as — o )

AK® = Imur ™) = A1 +y"),

AK® = 1Turn™) = Al —y)(zy + ), (12)

assuming lepton universality, and expanding to first non-trivial order in the
small CP- and CPT-violating parameters, leads to

>t AL () A% (wlv)) = 2T( K, — wlv) {Re(e) — Re(y) — i Im(z4 ) + Im(J)
= 2Ky — wlv) {(As + Ap)/4 — i [Im(zy ) + Im(8)]} .

The dependence of Re(y) has been eliminated taking advantage of the relation
Re(e) — Re(y) = (As + Ar)/4 [6], where A; g are the observable semileptonic
charge asymmetries. The parameter Im(z1) can be measured by appropriate
time-dependent distributions [7], while Im(9) is one of the two output of the BS
relation. In order to get rid of the explicit Im(J) dependence, it is convenient
to define

Oy = % %;(AL(’ZTZI/)AE(T(ZV» + 222: BR(Ky, — wlv)Im(5)
_ 2:KS BR(K1, — 7lv) [(As + Ap)/4 — ilm(x.)] . (14)
Kr

2.4  Determination of Re(e) and Im(d)

The «; defined in egs. (7), (10), (8), and (14) can be determined (or bounded)
in terms of measurable quantities. Taking into account these definitions (in
particular the non-standard expression of ag, ), the solution to the unitarity
relation in eq. (6) is:

Bl 17 1om(l—2n) (1—r)tandsw } { SRe(as) }
Ilmwz(sl)ﬁl TN | (1—k)tandew —(1+ &) Sim(ag) | 7
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where kK = 7 /7K., b = BR(K|, — 7fr), and
N=(1+r)?+(1—-r)?tan® ¢gw — 2br(1 + &) . (16)

As anticipated, a non-vanishing Im(d) resulting from this relation would
signal a major breakthrough in our understinding of fundamental interactions:
Im(é) # 0 could be attirbuted eiter to violations of CPT symmetry, or to
violations of unitary (including apparent violations due to undetected final
states), or to violations of the Wigner-Weisskopf approximation.

3 Present experimental status and future prospects

The experimental determination of the «; has recently been reviewed and up-
dated in Ref. [8], taking into account a series of new measurements of K;, and
K branching ratios by KLOE in conjunction with previous results by other
experiements. The complete updated list of inputs is summarized in Table 1.
As far as K — nly amplitudes are concerned, the KLOE measurement of the
K charge asymmetry and the PDG average of the K asymmetry have been
combined with the time-dependent measurement of K° and K semileptonic
rates by CPLEAR [7]. This has allowed an improved determination of the
various parameters appering in K — wly amplitudes (see Table 2), and in
particular of Im(z ), which is the main source of uncertainty in au,.

A detailed discussion about the results for all the relevant «; can be found
in Ref. [8]. In Fig. 1 we show the two most representative examples, namely
Qntr— and agy. Putting all the ingredients together, the values of Re(e) and
Im(4d) obtained by means of the unitarity relation are (see Fig. 2):

Re(e) = (159.6 £ 1.3) x 107° | Im(3) = (0.4 £2.1) x 1075 . (17)

Thanks to the new KLOE data, the error on Im(é) is now completely dom-
inated by 77 states, and in particular by the the K;—ntn~ channel. The
semileptonic term contributes only to about ~ 10% of the error on Im(J).

The limits on Im(d) and Re(d), which are perfectly compatible with exact
CPT invariance, can be translated into constrains on the K%—K09 mass and
width differences by means of the relation

i(mpo — m?o) + %(FKO — F?o)

5 —
I's -1

cos pswe =Vl 4 O(e)] . (18)




G. Isidori 193

Table 1: Input values to the Bell-Steinberger relation used in Ref. [8]. For the
KLOE averages see Ref. [15].

Observable Value Source
T 0.08058 = 0.00005 ns PDG 9]
TKL 50.8440.23 ns KLOE average
mp, —ms (5.290 £ 0.016) x 10° 5! PDC [9]
BR(Kg—ntm™) 0.69186 +0.00051 KLOF average
BR(Kg—n"7") 0.30687 +0.00051 KLOE average
BR(Ks — mev) (1177 £0.15) x 104 KLOE [10]
BR(Kp—nT7m") (1.93340.021) x 1073 KLOE average
BR(Kp—n"7") (0.848 4 0.010) x 1073 KLOE average
bi (43.4£0.7)° PDC [9]
00 (43.7+£0.8)° PDC [9]
Rs.y (E, > 20MeV) (0.710 £ 0.016) x 102 E731 [11]
RYP (B, > 20MeV) (0.700 4 0.001) x 102 KLOE MC [13]
04| (2.359 £ 0.074) x 103 E773 [12]
by (43.8£4.0)° E773 [12]
BR(Kp—ntr— 7" 0.12624+0.0011 KLOF average
Ny o (—2£7)+i(-2+9)) x 1073 | CPLEAR [7]
BR(K—37") 0.1996 +0.0021 KLOE average
BR(K 5—37") <15x%10°7 at 95% CL KLOE [14]
d000 uniform from 0 to 2n
BR(Kj, — wtv) 0.6709+0.0017 KLOE average
A+ Ag (05+£1.0) x 1072 K3 average
Im(z.) (0840.7) x 102 K3 average

The allowed region in the (mgo — me), (I'go — 'o) plane is shown in the
right panel of Fig. 2. The strong correlation reflects the high precision of Im(4)
compared to Re(9).

Since the total decay widths are dominated by long-distance dynamics, in
models where CPT invariance is a pure short-distance phenomenon it is useful
to consider the limit I'o = I'jzo. In this limit (i.e. neglecting CPT-violating
effects in the decay amplitudes), the following bounds on the neutral kaon mass

difference are obtained

—53%x 107" GeV < myo —mpo <63 x 107" GeV  at 95 % CL.  (19)
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Table 2: Results of the combined (CPLEAR+KLOE+PDQG) fit of K — wlv
amplitudes [8].

Amplitude Value Correlation coefficients

Re(4) (344+28)x10°* 1

Im($é) (=1.04£0.7) x 1072 | -0.27 1

Re(z_) (—=0.07+£0.25) x 1072 | -0.23 -0.58 1

Im(z.) (0.84£0.7) x 1072 -0.35 -0.12 0.57 1

As+Ar (0.5£1.0) x 1072 -0.12 -0.62 099 054 1
X107 Imot+,- x10” Imo;

[ 95% CL 05 L [ 95% CL
et I 659 CL I 659 CL
0105 |- °r

oLl 05
. Reot - Re oy,
0105 GRY 0115 <10° 05 0 05

Figure 1: Determination of a+,— and ayy, in the complex plane [8]. The two
ellipses represent the 68% and the 95% CL contours.

As often emphasized in the literature, this limit provide a significant constraint
on models where CPT violating effect scales linearly with the inverse of the
Plank mass (m% /mpianck ~ 1071° GeV). While this fact should not be over
emphasized (in several models the power behavior in m2 /Mplanck 1S not linear
and the proportionality coefficient is far from unity), there is no doubt that
this result is one of the most (if not the most) significant constraint on possible
violations of CPT symmetry. It would therefore be very interesting trying to
improve it in the future. To this purpose, the analysis of Ref. [8] demonstrates
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x107 Im$ AT
[0 95% CL (10-18GeV) [0 95% CL
10 |
05 | I 65% CL I 658% CL
5t
0+ 0L
5L
os AM
e Ree " (10-8GeV)
L L L - L L
0155 0.16 0.165 , -10 5 0 5
x10

Figure 2: Left: allowed region at 68% and 95% C.L. in the Re(e), Im(4) plane.
Right: allowed region at 68% and 95% C.L. in the (mgo — mzo)—(I'go —I'j0)
plane.

that this is possible with new high-precision interference measurements of the
CP-violating phases of the 77 final states.

Acknowledgments

It is a pleasure to thank all the authors of Ref. [8], and in particular Mario
Antonelli and Matteo Palutan, for interesting discussions and a fruitful collab-
oration. This work is supported in part by the EU Contract No. MRTN-CT-
2006-035482, FLAVIAnet.

References

1. G. Lueders, Annals Phys. 2 (1957) 1 [Annals Phys. 281 (2000) 1004].

2. See e.g. V. A. Kostelecky and R. Lehnert, Phys. Rev. D 63 (2001) 065008
[hep-th/0012060]; J. Bernabeu, J. Ellis, N. E. Mavromatos, D. V. Nanopou-
los and J. Papavassiliou, hep-ph/0607322; and references therein.

3. J.S.Bell and J.Steinberger, Proceedings Oxford Int. Conf. on Elementary
Particles (1965)



196

G. Isidori

4.

10.

11.

12.

13.

14.

15.

V. Weisskopf and E. P. Wigner, Z. Phys. 63 (1930) 54; T. D. Lee, R. Oehme
and C. N. Yang, Phys. Rev. 106 (1957) 340.

. G. D’Ambrosio and G. Isidori, Int. J. Mod. Phys. A 13 (1998) 1 [hep-

ph/9611284].

. L. Maiani, G. Pancheri and N. Paver, The Second DA®NE Physics Hand-

book (Frascati, 1995).

CPLEAR Collaboration, A. Angelopoulos et al., Phys. Reports 374 (2003)
165.

. F. Ambrosino et al. [KLOE Collaboration], JHEP 0612 (2006) 011

[arXiv:hep-ex/0610034].

. Particle Data Group, W.-M. Yao et al., Journal of Physics G33 (2006) 1.

KLOE Collaboration, F. Ambrosino et al., Phys. Lett. B636 (2006) 173.
E. Ramberg et al., Phys. Rev. Lett.70 (1993) 2525.

E. Ramberg et al., Phys. Rev. Lett.70 (1993) 2529.

C. Gatti, Eur. Phys. J. C45 (2005) 417, and references therein.

KLOE Collaboration, F. Ambrosino et al.; Phys. Lett. B619 (2005) 61.

KLOE Collaboration, F. Ambrosino et al., Phys. Lett. B632 (2006) 43;
Phys. Lett. B626 (2005) 15; Phys. Lett. B638 (2006) 140; hep-ex/0601025.
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Abstract

Spooky action at distance
alse for neutral kaons?
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The nonlocal property of quantum mechanics can be nicely tested in high
energy physics; in particular, the neutral kaon pairs as produced at DAPNE,
Frascati, are very well suited. The analogies of kaons as compared to polarized
photons or spinf% particles —the kaonic qubit feature— are reviewed. How-
ever, there are also fundamental differences which occur due to the kaon time
evolution and due to internal symmetries; in particular, the violation of CP
symmetry is related to the violation of Bell inequalities. Two type of Bell in-
equalities for kaons are presented, one for the variation of the “quasi—spin” and
the other for different detection times of the kaon.

1 Introduction

The nonlocality feature of quantum mechanics (QM), as discovered by John Bell
in his work “On the Einstein—Podolsky—Rosen Paradox” (EPR) 1)7 does not
conflict with Einstein’s relativity, thus it cannot be used for superluminal com-

munication. Nevertheless, Bell’s celebrated work 1, 2) initiated new physics,

like quantum cryptography 3, 4,5, 6) and quantum teleportation 7 8)7 and
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it triggered a new technology: quantum information and quantum communi-
cation % 10). More about “from Bell to quantum information” can be found
in the book 11).

Of course, it is of great interest to investigate the EPR—Bell correlations
of measurements also for massive systems in particle physics (for a review see,
e.g., Ref. 12)). One of the most exciting systems is the “strange” K°KY system
inaJPC =1~ state 13 14, 15, 16)7 where the quantum number strangeness
S = +, — plays the role of spin {} and |} of spinf% particles or of polarization
V and H of photons. In fact, in comparison to quantum information the
kaon can be considered as a “kaonic qubit” 17) but due to its specific internal
particle properties (particle—antiparticle oscillation and decay characteristics,
symmetry violation) additional fundamental quantum features —not occurring
in photon systems— are seen.

Several authors 18> 19, 20, 21, 22, 23, 24, 25, 26)

suggested already to
investigate the K°K" pairs which are produced at the & resonance, for in-
stance in the e e —machine DA®NE at Frascati. There is the great chance to
test many different aspects of QM, for instance, Bell inequalities and decoher-

ence models (see, e.g., Ref. 12))7 the quantum eraser phenomenon 27, 28, 29)

30)

and symmetry violation . In particular, local realistic theories (LRT) have

been constructed, which describe the K°K" pairs, as tests versus quantum

mechanics 31, 32, 33, 34)

. However, a general test of LRT versus QM is usu-
ally performed via Bell inequalities, where —as we shall see— we have more
options. We may choose either different “quasi—spins” of the kaon or different
kaon detection times (or both); they play the role of the different angles in the
photon or spinf% case. Due to the kaon decay we have in addition to the active
measurement procedure the passive measurement. Furthermore, an interest-
ing feature of kaons is C'P violation in the mixing of particle—antiparticle and
indeed it is related to the violation of Bell inequalities.

Besides the kaon system which is an ideal tool to test the amazing features
of QM, there is the BB system which is produced to an enormous amount at
the asymmetric B—factories at KEK-B 35) and at PEP-1136). A Bell inequality
(BI) for this system 37) faces, however, with difficulties so that it cannot be
considered as a Bell test refuting local realism. The two main drawbacks are:
Firstly, “active” measurements —a nhecessary requirement for the validity of
a BI— are missing, therefore one can construct a local realistic model; and
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secondly, the unitary time evolution of the unstable quantum state —the decay
property of the meson, which is part of its nature— has been ignored (for more
detailed criticism, see Refs. 38, 39, 40)). Nevertheless, the BYBY events, the
asymmetry of like— and unlike—flavor events for several different times, at KEK-
B 41) are ideal to test the validity of the quantum mechanical wavefunction or
to confirm the corresponding time dependence of possible decoherence effects,
see Refs. 12, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51)

Finally, we want to mention quite different attempts to test QM versus
LRT, these are the positron annihilation experiments 52, 53, 54, 55, 56, 57)7
the proton—proton scattering experiments 58) and the AA 59 60) and 717

61, 62)

pair productions Unfortunately, all these reactions suffer by loopholes

and are not conclusive as Bell tests (for a detailed discussion, see Ref. 32)).

2 Kaons as qubits

Kaons are fantastic quantum systems, we could even say they are selected by
Nature to demonstrate fundamental quantum principles such as:

e superposition principle
¢ oscillation and decay property
e quasi-spin property.

Let us focus on the quantum features which we need in our discussion.

2.1 Quantum states of kaons

Quantum—mechanically we can describe the kaons in the following way. Kaons
are characterized by their strangeness quantum number +1, —1

SIK®) = +|K®%,  S|K%) = —|K"), (1)
and the combined operation CP gives
CPIK% = —|K",  CPIK% =—|K"). (2)
It is straightforward to construct the CP eigenstates

|KY) = K%}, 1K) =

) -
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a quantum number conserved in strong interactions
CP|K{) = +|K{),  CP|K3)=—|Ky). (4)

However, due to weak interactions C P symmetry is violated and the kaons
decay in physical states, the short— and long—lived states, |Kgs), |K 1), which
differ slightly in mass, Am = my — mg = 3.49 x 107° eV, but immensely in
their lifetimes and decay modes

Ks) = pIK%) —alK%} 1K) = <KD 1K) ()

The weights p = 1+¢, ¢ = 1—¢, with N? = |p|> +|q|? contain the complex C P
violating parameter £ with |g| ~ 1073, CPT invariance is assumed. The short—
lived K—meson decays dominantly into Kg — 27 with a width or lifetime
Fgl ~ 7g = 0.89 x 10719 5 and the long-lived K-meson decays dominantly into
K7 — 37 with Fgl ~ 7L =517T%x 1078 s. However, due to CP violation we
observe a small amount Ky — 27 .

In this description the superpositions (3) and (5) —or quite generally any
vector in the 2—dimensional complex Hilbert space of kaons— represent kaonic
qubit states in analogy to the qubit states in quantum information.

2.2 Strangeness oscillation

Kg, K1, are eigenstates of a non—Hermitian “effective mass” Hamiltonian

H:M—%F (6)

satisfying
i
2

Both mesons K and K° have transitions to common states (due to weak

H|KS7L> = )\S,L |KS,L> With )\S,L = mS7L — FS,L . (7)

interactions) therefore they mix, that means they oscillate between K° and K°
before decaying. Since the decaying states evolve —according to the Wigner—
Weisskopf approximation— exponentially in time

|Ks,1(t)) = e 52 Ks 1), (8)
the subsequent time evolution for K° and K° is given by

[K°(8)) = g+ ()| K°) + %gf(t)lf(% . 1K) = ggf(t)lK% +a+IK) (9)
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with

1 . .
g+(t) = 5 R L (10)

Supposing that a K° beam is produced at t = 0, e.g. by strong interactions,
then the probability for finding a K° or K° in the beam is calculated to be

‘(KO|KO(t)>‘2 = i{eilﬂsthe*FLtJFZe*Ft(zos(Amt)}7

1 gl

- 2
(OB = G

{etstpe et —2¢ Meos(Amt)},  (11)
with Am = my —mg and I' = %(FL —+ Fs).

The K beam oscillates with frequency Am/2m, where Am7g = 0.47.
The oscillation is clearly visible at times of the order of a few 74, before all
Kg’s have died out leaving only the K;’s in the beam. So in a beam which
contains only K° mesons at the beginning ¢ = 0 there will occur K° far from
the production source through its presence in the K, meson.

2.3 Quasi—spin of kaons and analogy to photons

In comparison with spinf% particles, or with photons having the polarization
directions V (vertical) and H (horizontal), it is very instructive to characterize
the kaons by a quasi—spin (for details see Ref. 63)). We can regard the two
states |K") and |K°) as the quasi-spin states up |{) and down ||) and can
express the operators acting in this quasi—spin space by Pauli matrices. So we
identify the strangeness operator S with the Pauli matrix o3, the C'P operator
with (—o1) and for describing C'P violation we also need o5. In fact, the
Hamiltonian (6) then has the form

H=a-1+b-¢, (12)
with
by =bcosa, byg=bsina, b3=0,
a:%()‘L+)\S)7 b:%(AL—)\s% (13)

and the angle « is related to the C'P violating parameter £ by

. 1—¢
e . 14
e T (14)




202 R. A. Bertlmann and B. C. Hiesmayr

Summarizing, we have the following kaonic—photonic analogy:

neutral kaon | quasi-spin photon
|K°) | 1) V)
|K°) | 1) |H)
|KT) N | —45%) = S5(IV) — )
|K3) /) | +45%) = (V) + |H))
|Ks) | =)y L) = (V) —ilH))
|Kr) | =)y |R) = (V) +ilH))

A good optical analogy to the phenomenon of strangeness oscillation can
be achieved by using the physical effect of birefringence in optical fibers which
leads to the rotation of polarization directions. Thus H (horizontal) polarized
light is rotated after some distance into V (vertical) polarized light, and so
on. On the other hand, the decay of kaons can be simulated by polarization
dependent losses in optical fibres, where one state has lower losses than its

orthogonal state 64).

The description of kaons as qubits reveals close analogies to photons but also
deep physical differences. Kaons oscillate, they are massive, they decay and can
be characterized by symmetries like CP. Even though some kaon features, like
oscillation and decay, can be mimicked by photon experiments (see Ref. 64))7
they are inherently different since they are intrinsic properties of the kaon given
by Nature.

2.4  Measurement procedures

For neutral kaons there exist two physical alternative bases, accordingly we
have two observables for the kaons, namely the projectors to the two bases.
The first basis is the strangeness eigenstate basis {|K°),|K")}, it can be mea-
sured by inserting along the kaon trajectory a piece of ordinary matter, which
corresponds to an active measurement of strangeness. Due to strangeness con-
servation of the strong interactions the incoming state is projected either onto
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K%by K% — K*tn or onto K° by K% — AnT, K°% — An% or K% — K p.
Here nucleonic matter plays the same role as a two channel analyzer for polar-
ized photon beams.

Alternatively, the strangeness content of neutral kaons can be determined
by observing their semileptonic decay modes, eq.(23).

Obviously, the experimenter has no control of the kaon decay, neither of
the mode nor of the time. The experimenter can only sort at the end of the
day all observed events in proper decay modes and time intervals. We call
this procedure opposite to the active measurement described above a passive
measurement procedure of strangeness.

The second basis {Kg, K1} consists of the short— and long—lived states
having well defined masses m g(z) and decay widths I'g(7y. We have seen that it
is the appropriate basis to discuss the kaon propagation in free space, because
these states preserve their own identity in time, eq.(8). Due to the huge differ-
ence in the decay widths the Kg’s decay much faster than the K;’s. Thus in
order to observe if a propagating kaon is a Kg or K, at an instant time ¢, one
has to detect at which time it subsequently decays. Kaons which are observed
to decay before ~ ¢ + 4.8 7 have to be identified as Kg’s, while those surviving
after this time are assumed to be K’s. Misidentifications reduce only to a

few parts in 1072 (see Refs. 27, 28))

. Note that the experimenter doesn’t care
about the specific decay mode, she/he records only a decay event at a certain
time. We call this procedure an active measurement of lifetime.

Since the neutral kaon system violates the C'P symmetry (recall Section
2.1) the mass eigenstates are not strictly orthogonal, (Kg|K ) # 0. However,
neglecting CP violation —remember it is of the order of 1073— the Kg’s are
identified by a 27 final state and K ’s by a 37 final state. We call this proce-
dure a passive measurement of lifetime, since the kaon decay times and decay
channels used in the measurement are entirely determined by the quantum na-
ture of kaons and cannot be in any way influenced by the experimenter. It
is assumed that active and passive measurements have the same amount of
misidentifications.

The important message for testing Bell inequalities which we are going
to discuss in the next section is:

¢ The active measurement procedures are a necessary requirement for the
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validity of a BI.

3 Entangled kaons, Bell inequalities, C' P violation

Having discussed kaons as qubit states and their analogy to photons we consider
next two qubit states. A two qubit system of kaons is a general superposition
of the 4 states {|K% ® |K"), |[K°) @ |K°), |K®) ® |K°),|K% ® |K°)}.

3.1 Entanglement

Interestingly, also for strange mesons entangled states can be obtained, in anal-
ogy to the entangled spin up and down pairs, or H and V polarized pho-
ton pairs. Such states are produced by eTe —colliders through the reaction
ete™ - & — K°K", in particular at DA®NE in Frascati, or they are pro-
duced in pp—collisions, like, e.g., at LEAR at CERN 65). There, a K°K° pair
is created in a J¥¢ = 17~ quantum state and thus antisymmetric under C
and P, and is described at the time ¢ = 0 by the entangled state

ot =0) = % (K% ® |K%), — |K% @ |K°),}
= NS kg e (KL, — Ko e [Ks) ), (15)

V2

2

with Ng;, = &&= in complete analogy to the entangled photon case

m7
) = % (Vo [Hy — [Hy o [V),)
— L@ Ry, — Ry © L)) (16)

V2

The neutral kaons fly apart and are detected on the left (1) and right () hand
side of the source. Of course, during their propagation the K° K pairs oscillate
and the Kg, K, states decay. This is an important difference to the case of
photons which are stable.

Let us measure actively at time ¢; a K° meson on the left hand side and
at time ¢, a K° or a K° on the right hand side then we find an EPR-Bell
correlation analogously to the entangled photon case with polarization V-V or
V-H. Assuming for simplicity stable kaons (I's = I', = 0) then we get the
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following result for the quantum probabilities

P(K° t;; K°t,) P(KY t;;K°t,) = i{l—cos(Am(tl—tr))}7

PK° ;K" t,) =

P(K° ;K% t,) = i{l + cos(Am(t; —tr))} ,(17)

which is the analogy to the probabilities of finding simultaneously two entangled
photons along two chosen directions & and B’

P@ViEV) = P 5 H) = 1{1—cos2(a- B},
P VA H) = P@HAV) = {1 tcos2a-p)}. (8

Thus we observe a perfect analogy between times Am(t; — t,) and angles

2a—p).

Alternatively, we also can fix the time and vary the quasi—spin of the
kaon, which corresponds to a rotation in quasi—spin space analogously to the
rotation of polarization of the photon

|y =a| K% +b| K% «—— |a,¢;V)=cosa|V)+sinae?|H). (19)

Note that the weights a, b are not independent and not all kaonic super-
positions are realized in Nature in contrast to photons.

Depicting the kaonic—photonic analogy we have:

kaon propagation photon propagation
K°/Kgs ~ K°/Kp, V/L ~ H/R
N ] ) N
left  Bell state  right Alice Bell state Bob

o KYK?Y oscillation e stable
e Kg, Ky decay
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3.2 Bell inequality for quasi—spin variation

Consequently, for establishing a BI for kaons we have the option:
¢ varying the quasi—spin — fixing time
¢ fixing the quasi—spin — varying time.

Let us begin with a BI for certain quasi—spins (first option) and demon-
strate that its violation is related to a symmetry violation in particle physics.
In Ref. 66, 67) it was shown that symmetries quite generally may constrain
local realistic theories.

For a BI we need 3 different “quasi—spins” — the “Bell angles” — and we
may choose the H, S and CP eigenstates: |Kg),|K") and |K?).

Denoting the probability of measuring the short—lived state Kg on the left
hand side and the anti-kaon K on the right hand side, both at the time ¢ = 0,
by P(Ks, K"), and analogously the probabilities P(Kgs, K) and P(K{, K°)
we can easily derive under the usual hypothesis of Bell’s locality the following

Wigner—like Bell inequality 68, 69)

P(Kgs, K% < P(Ks, K%+ P(K?,K°) . (20)

BI (20) is rather formal because it involves the unphysical C P—even state |K?),
but —and this is now important — it implies an inequality on a physical quantity,
the C'P violation parameter. Inserting the quantum amplitudes

1

7 (Ks | KY?)

" +q"),
(21)
and optimizing the inequality we can convert (20) into an inequality for the

] , 1
RO| Ks) = ——L, (K| KP) — - =

complex kaon transition coefficients p, ¢

lpl < lql. (22)

It’s amazing, inequality (22) is experimentally testable! How does it work?

3.3  Semileptonic decays

Let us consider the semileptonic decays of the kaons. The strange quark s
decays weakly as constituent of K° (see Fig.1):
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U e
W= Ve

W

Figure 1: Strange quark decays weakly.

Due to the quark content K°(5d) and K°(sd) have the following decays:

K°%ds) — 7 (da) "y,  wheae 5§ — alty
K%ds) — af(du) I” p where s — w ", (23)

with [ = u,e. When studying the leptonic charge asymmetry

F(KL — 7rfl+1/l) — F(KL — 7T+l*17l)
NKyp — mlty) + KL = nti—p)

(24)

we notice that {7 and I~ tag K” and K°, respectively, in the K, state, and
the leptonic asymmetry (24) is expressed by the probabilities |p|* and |¢|? of
finding a K° and a K°, respectively, in the K, state

lp? — lqI?

= . (25)
pl* + lql?
Returning to inequality (22) we find consequently the bound
6 < 0 (26)
for the leptonic charge asymmetry which measures C'P violation.
Experimentally, however, the asymmetry is nonvanishing 70)
§=(32740.12)-1073. (27)

What we find is that bound (26), dictated by BI (20), is in contradiction to
the experimental value (27) which is definitely positive.

On the other hand, we can replace K° by K" in the BI (20) and obtain
the reversed inequality § > 0 so that respecting all possible BI's leads to strict
equality § = 0, C'P conservation, in contradiction to experiment.
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Conclusion: The premises of LRT are only compatible with strict CP
conservation in K°K° mixing. Conversely, CP violation in K°K° mixing, no
matter which sign the experimental asymmetry (24) actually has, always leads
to a wiolation of a Bl and in consequence rules out a local realistic theory for
the description of a K"K° system!

Remark: We believe that this connection between symmetry violation
and BI violation is not just accidental for the C'P symmetry case but is more
fundamental and should be observed in case of other symmetries as well.

3.4 Bell inequality for time variation

Bell inequalities by fixing the quasi—spin and varying the time we have studied

already in detail in Refs. 63, 38, 71, 72)

. As we emphasized in a unitary time
evolution also the decay states are involved, in fact, in the following way.
The complete time evolution of the kaon states is given by a wnitary

operator U(t,0) whose effect can be written as 73, 74)

Ut,0) |Ks,) = e 8 |Ksp)+ [Qs,0(t)), (28)

where |Qg 7.(£)) denotes the state of all decay products. The norm decrease of
the state | Ks 1,(¢)) must be compensated by the increase of the norm of the final
states7 1.6.7 <QS7L(t)|QS7L(t)> =1- 67FS’L ¢ and <QL(t)|Qs(t)> = <KL|K5>(1 —
cAmte ) (Ks,0]Qs(t)) = (Ks,LQL(t)) = 0.
Let us start at time ¢ = 0 with an entangled state of kaon pairs given in
the KgKj, basis choice (recall eq.15)
Nsi,

[t =0)) = W{|Ks>l<x>|KL>r—|KL>1®|KS>T}. (29)

Then we get the state at time ¢ from (29) by applying the unitary operator
U(t70) = Ul(t70) : U’r’(t70) ’ (30)

where the operators U;(¢,0) and U, (¢,0) act on the space of the left and of the
right mesons according to the time evolution (28).

For the quantum mechanical probabilities for detecting, or not detecting,
a specific quasi-spin state on the left side, say |K");, and on the right side
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| K, of the source we need the projection operators
Py(K%) = |[K°)(K°),  and Qi (K°) = 1- P, (K°). (31)

Starting from the initial state (29) the unitary time evolution (30) provides the
state at a time ¢,

[%(t)) = Ultr,0)|(t =0)) = Ui(ty,0)Ur (&, 0)|(t=0)).  (32)

Measuring now K° at ¢, on the right side means that we project onto the state

|1;(tr)> - PT(KO)|¢(tr)> ) (33)

and state (33) evolves until ¢, when we measure next a K° on the left side

|Q;(tl7tr)> - B(KO)Ul(thtr)Pr(KO)|¢(tr)> ¢ (34)

The probability of the joint measurement is given by the squared norm of the
state (34) and coincides with the norm of the state

[t t)) = PUK")P (KUt 0)U; (&, 0)[4(t = 0)) (35)

which corresponds to a factorization of the eigentimes ¢; and %,.

We calculate the quantum mechanical probability Pro go (Y,t;;Y,t,) for
finding a K° at #; on the left side and a K° at ¢, on the right side, and the
probability Pgo o (N, t;; N, ;) for finding no such kaons by the following norms
(and similarly the probability Pgo go(Y,t; N,t,))

Pgo go(Y,t5;Y,tr) = [|[P(E")P(K°)Ui(t:,0)U. (¢, 0)|o(t = 0))]I* (36)
Pgo go(N, iy Nyty) = [|Qu(K®)Qr (K°)Ui(t1, 0)Uy (£, 0)] (= 0))]*(37)
Pgo go(Yit;Nyt:) = [|P(K®)Qy (K*)Ui(te, 0)Uy (8, 0)|5p(t = 0))|[” (38)

Then the expectation value for measuring the antikaons is expressed by
Ego golti,tr) = =1+ 2 {Pgo go(Y,t; Y, t:) + Pro go(N, t1; N, )}, (39)

and with expression (39) Bell inequalities are constructed.
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For our purpose we use a Bl in the familiar expression of Clauser, Horne,
Shimony, Holt (CHSH) 75) which in terms of time variation can be formulated

in the following way 63, 74). Defining the function
S(t1,t2,t3,t4) = |Ego golti,ta) — Ego go(t1,t3)]
+|Ef(0,f(0(t47t2)+Ef(0,f(0(t47t3)|7 (40)

the CHSH—Bell inequality is given by
S(t1,to, s, tg) < 2, (41)

where the value 2 is the maximum satisfied by any LRT.

The question is now whether inequality (41) can be violated in the kaon
case. As we know 83 71, 74) the four Bell states (¢ 7 ~ KK+ K1 Kg, ¢T ~
KsKs F K1 K,) which are maximal entangled do not violate inequality (41).
The reason is that the internal physical parameters, the ratio oscillation to
decay, Am/T", is experimentally about 1 whereas for a violation a value of 2 is
necessary for the )™ states and a smaller value of about 1.7 for the ¢T states.

A recent investigation 72) of a quite general initial state
[0(0)) = i |Ks)i®|Ks)r + rae'®|Ks) ®|Kr),
+rae® KLY © |Ks)y + rac®|Kp)i® |Kr), ,  (42)

(with r} 473 4+ 73 + 75 = 1) providing the general expectation value

Ego golti,tr) = 1472 e Tsttrt) 4 2 ~Tsti—Trtr 4,2 —Tro-Tst,
2 e Tultittr) 2 (o Tsti g o ~Tstry 2 (o~ Tsti g o~ Trtr)
e e )

F2rr (1 — e*FStl)cos(Amtr + 1 — @) e Ttr

+27r1ry cos(Ami; + ¢ — d3) e Tl (1- e*FSt*)

+27r9ry cos(Ami; + ¢o — d4) e Tl (1- eiFLtT)

F2rgry (1 — e*FLtl) cos(Ami, + ¢3 — ¢4) e Ttr

+2rirgcos(Am(t; + 1) + ¢1 — dag) e DT

127913 cos(Am(ty —t,) + o — dg) e LT (43)
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shows that for a certain parameter choice the CHSH-Bell inequality (41) is
indeed wiolated!

The S—function value turns out to be S = 2.12 for the parameter choice:
all phases ¢; = 0 and ry = —0.834, r9 = r3 = 0.245 and times t; =#, =0, t3 =
ty = 5.67g; and S = 2.16 for the choice: ¢ = —0.275, 3 = ¢3 = —0.678 and
1 = —0.7827 9 = 13 — —0.146 and times tl = tg = 1.67’57 tg = t4 =0. (The
numerical optimization procedure does not guarantee a global maximum).

Conclusion: There exist initial states for kaons that —by respecting the
unitary time evolution, the decay property— violate a Bell inequality and are
therefore nonlocal, although not maximal entangled, which agrees with the

qutrit results of Refs. 76, T7)

. It shows that nonlocality and entanglement are
not the same features of QM. The question remains, however, how to produce

the initial state (42) with the parameter values given above, e.g., at DA®NE.

4 Conclusions

Kaons are ideal objects to test the fundamental principles of quantum mechan-
ics, in particular the entanglement or nonlocality properties of kaon pairs, which
are of great interest in connection with the physics of quantum communication
and quantum information. In fact, in analogy to polarized photons the kaons
can be considered as qubits as well but —due to their internal symmetries and
time evolution— they exhibit further exciting features as compared to photons.

One is that the violation of CP symmetry in the mixing of K°K° leads to
a violation of a Bell inequality for quasi—spin variation refuting in consequence
any local realistic theory.

Another feature is that Bell inequalities for time variations are —due
to the unitary time evolution which includes the decay states— much more
sophisticated than in the photon case. A CHSH—Bell inequality can be violated
for a certain initial state thus ruling out local realistic theories. This nonlocal
state is not maximally entangled and shows therefore the difference of the
conceptions nonlocality and entanglement. The interesting question is how
such a nonlocal state (where the KgKg and K K, parts dominate) can be
produced at DAPNE.

Furthermore, using the regeneration feature of the kaons other type of
Bell inequalities can be established. The analysis of all possible Bell inequalities
together with the choice of suitable initial states and experimental set—ups will
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be of great importance for testing quantum mechanics at DA®NE. Work in

this direction is in progress 78).
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Abstract

Recent proposals aiming to confront Local Realistic theories with Quantum Me-
chanics by performing Bell tests with entangled neutral kaons, such as those
produced by ¢ decays at Daphne, are reviewed. Some difficulties appear be-
cause of the reduced number of useful, non—commuting kaonic observables and
the low efficiency of the strangeness measurements. The possibilities to over-
come this and other loopholes are analyzed.

1 Introduction

A classical book by R. H. Dalitz 1) offers an accurate description of the de-
velopment of the ‘strange’ particle physics since its origin in the 1950s. The
‘strangeness’ of their behavior was associated with the fact that these particles
were copiously produced in ordinary, non—strange particle reactions always in
pairs. Present day examples of such ‘associated productions’ are the electron—
positron and the s—wave proton—antiproton annihilations into the state
1
V2

consisting of two strange, neutral kaons which, after collimation, form a left—

(1B 0By = KO K0 ] (1)

and a right—-moving beam as indicated by the subindexes. Independently, an-
other classical book by D. Bohm, ‘Quantum Theory’, appeared in 1951 2). The
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nowadays famous gedanken experiment by Einstein, Podolsky and Rosen 3) was
discussed there in its simplest form, i e., in terms of the singlet state formed
by two spin—1/2 objects which is quite similar to the two—kaon state (1). In
the Bohm singlet state, each spin—1/2 points both into any given spatial di-
rection and its opposite one; similarly, each particle in (1) is both a kaon and
an antikaon at the very same time. According to quantum mechanics, each
separate spin—1/2 particle or kaon in the two—particle states just considered
cannot be represented by a wave function or state vector; only the global sys-
tem, such as that in Eq. (1), has a definite state vector and is thus the single,
indivisible quantum. In both considered cases, apparently one has to deal with
a rather simple two—particle (bipartite) quantum state, but the entanglement
or quantum correlations between its two partners adds to the ‘strangeness’ of
kaon physics the weirdness of quantum mechanics.

Indeed, one of the most counterintuitive and subtle aspects of quantum
mechanics refers to the correlations shown by the distant parts of composite
systems like the above mentioned two. This became evident in 1935, when
Einstein, Podolsky and Rosen (EPR) 3)7 discussing a gedanken experiment
with entangled states, arrived at the conclusion that the description of physical
reality given by the quantum wave function cannot be complete. Bohr, in his
famous response 4)7 noted that EPR’s criterion of physical reality contained an
ambiguity if applied to quantum phenomena and gave rise to one of the most
important and long standing debates in physics. According to Bohr, EPR’s
assumption that a quantum system has real and well defined properties also
when does not interact with other systems (including measuring apparata) is
contradicted by the basic axioms of quantum mechanics.

For about 30 years the debate triggered by EPR and Bohr remained
basically a matter of philosophical belief. Then, in 1964, Bell 5) interpreted
EPR’s argument as the need for the introduction of additional, unobservable
variables aiming to restore completeness, relativistic causality (or locality) and
realism in quantum theory. He established a theorem which proved that any
local hidden—variable (i. e., local realistic 6)) theory is incompatible with some
statistical predictions of quantum mechanics. Since then, various forms of

Bell inequalities 7). 11)

have been the tool for an experimental discrimination
between local realism (LR) and quantum mechanics (QM).

Such a discrimination is possible only if the predictions coming from QM
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cannot be reproduced with LR models. These models allow the derivation of
Bell inequalities which necessarily relate the statistical results one has to expect
from a given entangled system when its two members are potentially subjected
to alternative joint measurements chosen by the experimenters. If such a choice
among experiments exists, we refer to them as active measurements. Each one
of these experiments projects then each measured kaon into one of the two states
of the chosen measurement basis. This is a common feature in Refs. 7)- 11) but
care has to be taken when extrapolating these considerations to unstable sys-
tems such as neutral kaons 12). Admittedly, this instability allows for different
decay modes, which effectively correspond to different quantum measurements.
But the inequalities involving these passive measurements, with no choice on
the experimenter part, are not Bell inequalities since they cannot discriminate
LR from QM, as we will discuss later on.

Many experiments confronting QM versus LR have been performed, mainly

10, 13, 14, 15, 16)

with entangled optical photons and, more recently, with

17) " All these tests obtained results in good agreement with

entangled ions
QM but, according to several authors, they do not represent a conclusive proof
against LR. The tests are affected by another type of criticisms, which are
certainly less severe than that mentioned in the preceding paragraph but have

18)  These tests only seem to show the violation

been discussed for many years
of the so called non—genuine Bell inequalities. Indeed, because of non—idealities
of the apparata and other technical problems, supplementary assumptions not
implicit in LR were needed in the interpretation of the experiments. Conse-

quently, no one of these tests has been strictly loophole free 10, 18, 19)

, 4. e,
able to test a genuine Bell inequality, which has to be a necessary consequence
of LR alone.

One of these criticisms, frequently referred to as the detection or efficiency
loophole, is particularly relevant for kaons. It has been proven 9,10, 20) ¢pat
for any bipartite and entangled state one can derive Bell inequalities without
the introduction of (plausible but not testable) supplementary assumptions
concerning undetected events. In particular, the most appropriate inequality
for confronting LR vs QM has been derived long ago by Clauser and Horne 9).
For maximally entangled (non—maximally entangled) states, if one assumes that
all detectors have the same overall detection efficiency 7, these genuine Clauser—

Horne inequalities are violated by QM only if n > 0.83 21) (n > 0.67 22)). Since
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such detection thresholds cannot be presently achieved in photon experiments,
only non—genuine inequalities have been tested experimentally.

Several of these photonic tests violated non—genuine inequalities by the
amount predicted by QM but they could not overcome the detection loophole.
Indeed, local realistic models exploiting the detector inefficiencies and repro-
ducing the experimental results can be contrived 9, 23) for these tests. Only
the recent test with entangled beryllium ions of Ref. 17)7 for which n ~ 0.97,
did close the detection loophole. On the other hand, an experiment with entan-

gled photons 14)

closed the other main existing loophole, the locality loophole.
In this test, the measurements on the two photons were carried out under strict
space—like separation conditions, thus avoiding any possible exchange of sublu-
minal signals between the two measurement event regions. But this is not the
case for the high efficiency experiment 17) with two beryllium ions separated
only by a few microns. In other words, no experiment closing simultaneously
both the detection and locality loopholes has been performed till now.
Extensions to other kind of entangled systems are thus important. Over
the past ten years or so there has been an increased interest on the possibility to

test LR vs QM in particle physics,e. ¢., by using entangled neutral kaons 24)

A1) This is also a manifestation of the desire to go beyond the usually con-
sidered spin—singlet case and to have new entangled systems made of massive
particles with peculiar quantum—mechanical properties (apart from the classi-
cal book by Dalitz 1)7 other detailed reviews of neutral kaons are 29> 42, 43)).
Entangled K"K states (1) are copiously produced in the decay of the ¢(1020)
resonance 44) and in proton—antiproton annihilation processes at rest 45, 46).
For kaons, the strong nature of hadronic interactions should contribute to close
the detection loophole, since it enhances the efficiencies to detect the prod-
ucts of kaon decays and kaon interactions with ordinary matter (pions, kaons,
nucleons, hyperons,...). Moreover, the two kaons produced in ¢ decays or pp
annihilations at rest fly apart from each other at relativistic velocities and can
fulfill the condition of space-like separation. Therefore, contrary to the experi-

ment with ion pairs of Ref. 17)

, the locality loophole could be closed with kaon
pairs by using equipments able to prepare, very rapidly, the alternative kaon
measurement settings.

In this contribution, our purpose is to review the Bell inequalities pro-

posed to test LR vs QM using K°K® entangled pairs. The proposals are
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discussed in the light of the basic requirements —specified in Section 2— nec-
essary to establish genuine Bell inequalities. Each measurement is associated
to a specific basis and the bases relevant for our discussion are studied in Sec-
tion 3. The alternative measurements one can perform on each neutral kaon at
a given time are rather reduced, as we show in Section 4. The preparation of
the two—kaon entangled state is discussed in Section 5 and can be performed
in many different ways; a given, fixed state, however, has to be used for all the
alternative measurements contemplated in a given Bell inequality. The various
forms of inequalities are derived and related in Section 6. In Section 7 the
different proposals with neutral kaons are discussed.

2 Requirements for a genuine Bell inequality

The requirements for deriving a Bell inequality from LR can be summarized as
follows:

(1) A non—factorisable or entangled state must be used. Here, as in most
cases, a two—particle (bipartite) state is considered. The simplest example
is the state (1);

(2) Alternative and mutually exclusive measurements, corresponding to non—
commuting observables, must be chosen at will and performed on both
members of that state;

(3) Each one of the different single measurements has to have dichotomic
outcomes. However, if the possibility of undetected events is considered,
they can count as a third outcome;

(4) The measurement process on each member of the two—particle state must
be space—like separated from the measurement on the other member.

At a ¢—factory, or in proton—antiproton annihilations at rest, the first re-
quirement poses no serious problems. Indeed, entanglement has been confirmed
experimentally, over macroscopic distances, for K°K° pairs at CPLEAR 45)
using active strangeness measurements and can be demonstrated at the Da®ne
¢—factory as well A7), However, care has to be taken to define the state at a
specific (proper) time 7, or specific times 7; and 7, if these are different for
the left— and right—-moving members of the entangled state. Indeed, contrary
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to what happens in photonic experiments, neutral kaons decay and oscillate in
time. Only when these times are fixed we have a well defined state to perform
Bell-tests.

Difficulties appear with requirement number (2). Indeed, among the dif-
ferences between the spin-singlet state of entangled photons and the K°K?°
entangled state (1), the most important one is that while for photons one can
measure the linear polarization along any space direction chosen at will, mea-
surements on neutral kaons essentially reduce to only two kinds: one can chose
to detect either the strangeness or the lifetime of each kaon. These are then
two useful and direct measurement choices which can be somehow enlarged by
kaon regeneration effects before the final detection (see Section 3.3). But the
problem essentially remains and complicates considerably the possibilities of
Bell-tests with neutral kaons.

Another property of neutral kaons, not shared by photons, is that the
former are unstable and decay via different modes. Each one of these modes is
associated with a specific kaon basis and the observation of a kaon decay into
a given mode represents a passive measurement 12), Indeed, the experimenter
has no control on when the kaon decays nor into which of the various channels it
decays. In general, the information thus obtained does not refer to the specific
state under consideration (because of kaon time evolution), nor to a desired
basis actively chosen by the experimenter. As a result, the inequalities that
some authors have proposed, which make use uniquely of decay—mode observa-
tions, cannot discriminate between LR and QM and, in this sense, are not Bell
inequalities. The reason is quite obvious: since the experimenter is not allowed
to exert his/her free will, a LR model can immediately be constructed which
always gives the same predictions as QM and violates the proposed inequality.
But this is an absurdity since, by definition, a Bell inequality has to contra-
dict some QM prediction. Since there are no active changes of measurements,
the LR model is constructed by just adopting the set of decay distributions
predicted by QM as the complete set of hidden—variables. This point was first

discussed in a related context by Kasday time ago 48)

but has been ignored by
many authors when deriving Bell inequalities in the domain of particle physics.
In the case of entangled B® B pairs, for which only decay mode measurements
can be performed, the situation is then more unfortunate than with kaon pairs.

Neutral kaons are then unique among pseudo—scalar mesons: the lack of active
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measurement procedures for B—mesons makes impossible the derivation of rel-

evant Bell inequalities 12, 49)

. In this review, centered in discriminating QM
from LR, we do not discuss these Bell-tests based on passive measurements,
although most of them are of clear interest showing, among other things, the
entanglement between pairs of separated particles.

The requirement (4) on locality deserve also some comments. Kaons move
at relativistic velocities and can travel macroscopic distances away from the
production point before decaying. These distances are certainly much shorter
than those involved in photonic experiments (a recent one has shown two—
photon entanglement over 144 km 50)) but much larger than those for ions
(separated only some microns in Ref. 17) ). During these survival distances each
kaon has to be submitted to either one or another measurement and this implies
changing the experimental setup, typically, by placing or removing material
pieces (kaon regenerators). Actively changing from one setup to another in
such a way that the two (left and right) distant measurement events are space—
like separated could imply serious technical difficulties. For this reason, some

authors 51)

prefer to consider static measurements setups (fixed pieces acting
as different absorbers) which, even if they will not be able to close the locality
loophole, look more feasible and still of interest.

Finally, in order to establish the feasibility of the real test, one has to
derive the detection efficiencies necessary for a meaningful quantum mechanical
violation of the considered Bell inequality. With all this in mind and in the light
of the basic requirements (1)—(4), in Section 7 we proceed to analyse various
proposals of Bell-tests with entangled kaon—antikaon pairs. Before, we present
a general discussion on measurement bases, quantum states and genuine and

non—genuine Bell inequalities for neutral kaons.

3 Bases in ‘quasi—spin’ space

Thanks to the analogy with spin—1/2 particles, neutral kaon states can be
conveniently described with the formalism of ‘quasi—spin’. The strangeness
eigenstates K and K (specified in subsection 3.1) are considered as members
of a quasi-spin doublet, with |K%) = (é) having ‘spin up’ and |K°) = (?)
having ‘spin down’. A particular superposition, with unitary norm, of these
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strangeness eigenstates together with the corresponding orthogonal state:

|Ko) = ol K°) + alK"), (2)
|Ko) = —a"|K°) + of|K°),

with (K, |K,) = (KH|KL) = |a)?> + |a]?> = 1 and (K,|K}) = 0, define the
generic basis {K,, K} along the quasi-spin axis a. Any operator acting on
the quasi-spin space can be expressed in terms of the Pauli matrices, o, oy
and o,. The formalism is appropriate for all two—level quantum systems or
‘qubits’ in the novel language of quantum information.

3.1 Strangeness basis: {K° K°}

Neutral kaons are spinless and s—wave quark—antiquark bound meson states,
K% ~ ds and K9 ~ sd. They define the ‘strangeness’ or ‘strong-interaction’
basis which consists of the two eigenstates | K°) and |K9) with strangeness S =
+1 and S = —1, respectively. This is the suitable basis to analyze S—conserving
electromagnetic and strong interaction processes, such as the creation of K°K0°
systems from non-strange initial states (e. g.., efe” — ¢(1020) — K°K0,
pp — K°K 03, and the detection of neutral kaons via strong kaon—nucleon
interactions. This ‘strangeness’ basis is orthonormal, (K°|K% = 0. In the

quasi—spin picture, the strangeness operator evidently corresponds to o :
oK% = +|K?), 0.]K") = —|K").

Weak interaction phenomena —such as K°-K9 mixing, K°~K?° oscilla-
tions and neutral kaon evolution in time—, as well as kaon propagation in a
medium —with the associated regeneration effects— introduce other relevant
bases.

3.2 Free—space basis: {Kg, K1}

The so called K—short and K-long states, |Ks) and |K), are the normalized
eigenvectors of the effective weak Hamiltonian Hpe. governing neutral kaon
time evolution in free—space:

. d A A
| Ks,0(7) = Hiseel K5, 0(7)), - Hiee = (J V ) 7 3)
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42, 52) and 7 is the

where r = (1 —¢)/(1+¢), € is the C P—violation parameter
kaon proper time.
The (complex) eigenvalues of the previous (non—hermitian) Hamiltonian

are

7
As — )\+ + A =mg — §FS7 (4)
)\L:)\+—)\, :mL—%F[”
where mg 1, are the Kg; masses and I'g ;, = 1/75 1, their decay widths, with
lifetimes 75 = (0.8953+£0.0005) x 10~ s and 77, = (5.1840.04) x 1078 s 52).
We also introduce Am = my —mg ~ 04751 and A' =1';, —I'g = —I'g, to
be used later on.
The corresponding K—short and K—long eigenstates are:

1 _

|Ks) = m [(1+ K + (1= ¢|K”], (5)
1 _

|Kp) = m [(1 + K% —(1- €)|KO>] )

or, ignoring an irrelevant global phase:
1
K =
|Ks,L) EarE

The proper time propagation of the short— and long—lived states, having

(1K) £r|K")]. (6)

well-defined masses and decay widths, shows no oscillation between these two
states and, according to Egs. (3), is simply given by

K 1(7)) = e msi7e 3Tt g | (1 = 0)) = e 507 | Kg ). (7)

The 7 = 0 states |Kg ) define a quasi-orthonormal basis with (Kg|Kg) =
<KL|KL> — 1 and

1—1|r? €+ et
KqlKp) = (K |Kg) = = ~
(Ks|Kp) = (KL|Ks) e TrE S

!

due to the smallness of the C'P—violation parameter ¢ with modulus |e¢] =~
(2.284 4 0.014) x 1072 and phase ¢ ~ 43.5° 52),
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In the quasi—spin space, the weak interaction eigenstates are indeed very
‘similar’ to the C'P eigenstates |K;) (CP = +1) and |Ky) (CP = —1):

1

|Ks) = T|6|2 [|[K1) + e|K2)], (8)
1

|K1) = TMZ [[K2) + e|K1)] .

But, while the Kg  basis is useful to discuss free-space propagation, the CP—
basis describes weak kaon decays either into two or three final pions from the
K and K> states, respectively. These two CP = & states are the eigenstates of
Ox, 0 |K1) = +]K1) and 0,|K3) = —|K>s). Thus, the limit of C P—conservation
corresponds to the invariance under quasi—spin rotations around the x axis. In
this limit one has

Ks) — |Ky) = % K% + K9], (9)
K1) — [Ka) = —— [|IK°) — |K9],

V2

and strict orthogonality between the K¢ and K, states is recovered.

3.3 Inside—matter basis: {K[, K} }

The dynamics of neutral kaons propagating inside a homogeneous medium of
nucleonic matter, which we can consider as a ‘regenerator’ and/or an ‘absorber’,
is governed by the Hamiltonian

2
Hmedium - Hfree - ﬂ fO Q b (10)
mr \ 0 fo

showing an additional, strong interaction term where myg is the mean Kg
mass, fo and fo are the forward scattering amplitudes for K° and K9 on
nucleons and v is the nucleonic density of the homogeneous medium.

The eigenvalues of Hedium are

v —
/s:)\+——mK(fo+fo)+>\7V1+4P27 (11)
Y -
AL =A = m—K(fO + fo) = AV 14407,
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and the corresponding eigenstates

AN 1 rol K
| S> — W [|KO> + p|KO>] ’ (12)
K7} = e [IK) = (0} 1K)
L+ Ir(p) |

where we have introduced the dimensionless regenerator parameter p, as well

as the auxiliary parameter p and its inverse (p) !

v fo—fo

mg As — Ap’

o= V14402420, (p) P =1+4p2 = 2p. (14)

The proper time propagation of these K ; states inside matter is given

?

p = (13)

by
|K§ (7)) = e a7 |KG 1), (15)

and shows no K§—K oscillations but a decreasing intensity in time given by
the imaginary part of XL7 s- The latter comes from weak decays, essentially as
in free—space propagation, plus absorption via strong kaon interactions with
the medium driven by the imaginary part of fo + fo. In this sense, the medium
acts as an ‘absorber’. The difference between fy and fo appearing in p is
responsible for ‘rotations’ in the quasi—spin space and transitions between Kg
and K, states. For surviving kaons, the medium acts as a ‘regenerator’, giving
rise to the well known p-dependent regeneration effects.
Again, the 7 = 0 states form a quasi—orthonormal basis,

_ 7”2 —k [ =
(K1) — (KK ¢1+1|rp||2|¢(p1 L pfr = (16)

due to the smallness of ¢ (r =~ 1), as before, and to the low efficiency of usual
7" 26, 42))

regenerators (p ~ Rep ~ 1072 and p ~ , in spite of the strong
character of the induced kaon—nucleon interactions.

Two limiting cases illustrate the relationships among the three bases we
have considered: i) for a very low density medium: v, p — 0 and p — 1 imply
|K/SL> — |Kg 1), thus recovering the states in Eq. (6) and ii) for extremely
high density media (absorbers): v, |p|, || — oo implies |K%) — |K°) and
|K7) — |K°).
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4 Dichotomic measurements on neutral kaon states

4.1 Strangeness measurements

When a kaon—nucleon reaction occurs at a given place of a medium, the dis-
tinct strong interactions of the § = +1 and S = —1 neutral kaons on the
bound nucleons inside the medium project the arbitrary state of an incom-
ing kaon into one of the two orthogonal members of the strangeness basis
{K° K% 1,29, 42)  7pe quantum number S of the incoming kaon state is
determined by identifying the products (usually pions, kaons, nucleons and
hyperons) of the strangeness conserving kaon—nucleon strong interaction. Sim-
ple examples of KO identifying reactions at low energies are K — An™,
K% — Y7 and K% — Ax®, while the lowest threshold reaction K% — K*n
identifies incoming states as K*’s. This strangeness measurement is then analo-
gous to the projective von Neumann measurements with two—channel analyzers
for polarized photons or Stern—Gerlach setups for spin—1/2 particles.
Unfortunately, the efficiency for such strangeness measurements at mod-
erate kaon energies as in ¢ — K°K” and pp — KK is certainly less than
what people have been naively expecting from the strong nature of these inter-

actions 45)

. The reason, rather than being the difficulty in detecting the final
state particles (for which one can have rather high efficiencies), stems from the
low probability in initiating the strong reaction. Indeed, the efficiency to induce
either a K9-nucleon or a K% nucleon interaction at a given time 7 turns out to
be close to 1 only for infinitely dense absorber materials or for ultrarelativistic
kaons, where, by Lorentz contraction, the absorber is seen by the incoming
kaon as extremely thin and dense (¥ — 00). In this case, kaon—nucleon strong
interactions occur and the incident kaons are immediately projected into one
member of the inside—matter or the strangeness basis which are coincident in
the present limit; ¢. e., the incident kaon is projected into either |K%) — |K0)
or |[K}) — |K®). But in ordinary cases, when a thin absorber is placed to
measure strangeness, the incident kaon likely fails to interact with a nucleon
and, although the kaon can be efficiently detected beyond the absorber, the
desired strangeness measurement has not been performed. Ordinary matter is
too transparent for kaons. This contrasts with the polarization measurements
where the low efficiency corresponds to the final detection of photons having
passed through the efficient analyzers. It would be highly desirable to identify
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very efficient kaon absorbers. Since this does not seem to be viable at present,
one has to play with small strangeness detection efficiencies, which originate
both conceptual and practical difficulties when discussing Bell-type tests for

entangled kaons 37, 38, 39, 41)

4.2 Lifetime measurements

To measure if a kaon is propagating in free—space as a Kg or K, at a given time
7, one has to allow for further propagation in free—space and then detect at
which time it subsequently decays. Kaons which show a decay vertex between
times 7 and 7+ A7 have to be identified as K g’s, while those decaying later than
7 4+ A7 have to be identified as K ,’s. Since there are no Kg—K, oscillations,
such subsequent decays do really identify the state at the desired previous time
7. The probabilities for wrong Kgs and K7, identification are then given by
exp(—T's A7) and 1 — exp(—I'y, A7), respectively. By choosing A7 = 4.8 75,
both Kg and K, misidentification probabilities reduce to ~ 0.8%, which can be
further reduced if the decay mode is also identified (see appendix of Ref. 41)).

Recall that the K g and K, states are not strictly orthogonal to each other,
(Ks|Kp) = 2Ree/(14 |e|?) # 0; thus their identification cannot be exact even
in principle. However, ¢ is so small [|e| ~ (2.284 +0.014) x 10— 52)] and the
decay probabilities of the two components so different (I's ~ 579T";,) that the
Kg vs Kj, identification can effectively work 37). Note also that, contrary to
strangeness measurements, K¢ vs K identifications are not affected by the
previous low inefficiencies: by using detectors with very large solid angles, one
can play with rather high efficiencies for the detection and proper identification

of the kaon decay products.

4.3 Active vs passive measurements

The methods described in the last two subsections to discriminate K° vs K°
and Kg vs K are fully appropriate to establish Bell inequalities and tests.
On the one hand, the two measurements correspond to complementary and
non—commuting observables with dichotomic outcomes in both cases (essen-
tially, o, and o, in quasi—spin space). On the other hand, they are clearly
active measurement procedures since they are performed by exerting the free
will of the experimenter, another crucial ingredient to establish genuine Bell
inequalities. Indeed, at the chosen measurement time 7, either one places a
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dense slab of matter or allows for free—space propagation. Needless to say, one
measurement excludes the other. In the former case, strangeness is measured
and no information is obtained on the lifetime of the observed kaon. Con-
versely, if free propagation is allowed, one identifies Kg vs Ky but nothing is
learned on the strangeness quantum number. As previously discussed, the ac-
tive strangeness measurement is monitored by strangeness conservation, while
the active lifetime measurement is possible thanks to the smallness of 'y, /T's.

Contrary to what happens with other two—level quantum systems such as
spin—1/2 particles or photons, passive measurements of lifetime and strangeness
for neutral kaons are also possible 12)7 by randomly exploiting the quantum—
mechanical dynamics of kaon decays. To this aim, one has to allow for complete
free—space propagation and observe the various kaon decay modes. By neglect-
ing the (small) C'P—violation effects (¢ — 0), non—leptonic kaon decays into
two and three pions permit the identification of Kg’s and K ’s, respectively.
Alternatively, the strangeness of a given neutral kaon state is measured by ob-
serving their semileptonic decays. These decays obey the well tested AQ = AS
rule, which allows the modes K° — 717y, and K0 — 711 1, with | = e, p,
but forbids decays into the respective charge—conjugate final states. These
procedures for the passive Kg vs K7, and K° vs K° discriminations are unam-
biguous in the approximations given by C'P—conservation and the AQ = AS
rule, respectively.

However, in passive measurement procedures the experimenter has no
control on the time when the lifetime or the strangeness measurement occurs,
nor on the basis in which the measurement is performed, in contrast with the
previous active, von Neumann projection measurements requiring the interven-
tion of the experimenter, who is free to chose between the two complementary
measurements. As discussed in sect.2, for experiments performed with passive

48, 49)

measurements only, Kasday construction is therefore possible, thus

preventing the derivation of Bell inequalities.

5 Entangled states of neutral kaon pairs

5.1 Maximally entangled states

The simplest and most often discussed two—party or bipartite states are the
spin—singlet states consisting of two spin—1/2 particles, as first proposed by
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D. Bohm 2). Let us then first consider the two kaon entangled state which

is the analogous 32, 34, 40, 53) {4 this standard Bohm state. From both ¢

resonance decays 44) or s—wave proton—antiproton annihilation 45)7 one starts
at time 7 = 0 with an initial state |¢(0)} with global spin, charge conjugation

and parity JF¢ =17:

60y = —

7
2
B \}_|11+ le] g KLy Ks)r — [Ks)i|KrL)r],

where [ and r denote the ‘left’ and ‘right’ directions of motion of the two

[ KO0 Ky — K| K°),] (17)

separating kaons. The weak, C P—violating effects enter only in the last equality.
Note that this state is antisymmetric and maximally entangled in the two
observable bases. The corresponding measurements will always lead to left—
right anticorrelated results.

After production, the left and right moving kaons evolve according to
Eq. (7) up to (proper) times 7; and 7,, respectively. Formally, this leads to the
‘two—times’ state
e~ TLm+Ts7r)/2

V2
X {|KL>l|KS>r - emm(n*m@AF(n*m/z|KS>l|KL>r}

|p(71, 7)) (18)

in the lifetime basis, with ¢ — 0. Equivalently,

1 - T T
(6, 7)) = g TenTeT (19)

> {(1 _eiAm(nfn) AT (11—7r /2) [|KO> |KO> |[’(O>l|f(0>r]
¥+ (1 +€1Am(n Tr) AF(n Tr /2) [|KO> |KO> |RO>1|KO>T]}

in the strangeness basis.
Most usually, one considers two—kaon states at a unique time 7, = 7. = 7.
One then has
1 _ _
6(r, 7)) = —me TR K ), — [KTK"), ] (20)

V2

1 — T
= —e (M +Ts)7/2 [|KL>l|KS>'r’ - |KS>l|KL>T’]7

V2

showing the same maximal entanglement and anticorreations at any time 7.
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5.2 Non—maximally entangled states

Apart from the previous maximally entangled state of kaons, other non—maxi-
mally entangled states are of interest for testing LR vs QM. To prepare these
states we start with the initial state (17). A thin, homogeneous regenerator
is fixed on the right beam (say), as close as possible to the point where the
two—kaon state originates. If the regenerator is very close to this origin and
the proper time A7 required by the right moving neutral kaon to cross the
regenerator is short enough, A7 << 75, weak decays can be ignored and the
state leaving the thin regenerator is

1
|p(At)) = 7

where the indexes [ and r referring to the kaon propagation directions are

(1K) Kp) — [Kp)|[Ks) +nlKs)|Ks) —n|Kp)|[Kr)],  (21)

omitted from now on. The complex parameter 7 characterizes the regeneration
effects and is defined by 42).

n=ip(As — AL)AT = (fo —fo)AT:i]%(fo—fo)Ch (22)

where mpg is the average neutral kaon mass, px the kaon momentum and d

.V
j—
mK

the total length of the regenerator.

The states (20) at 7 = 0 and (21) only differ in the terms linear in the
small parameter 7. Indeed, for typical regenerators and at Da®ne energies one
has || = O(1073) when d = 1 mm 26, 42)7 thus allowing to neglect higher
order terms in the state (21). To enhance that difference, we now allow the
state (21) to propagate in free space up to a proper time 7' in the wide range
T7g << T << 71, 2 57975. One thus obtains the state:

e~ TLm+Ts7)/2

lo(1)) = i ([Ks)[Kp) — [Kp) | Ks) (23)

_nefiAmTe%(stFL)T|KL>|KL>JrneiAmTeé(FLst)T|KS>|KS> 7

where the Kj K component has survived against weak decays much better
than the accompanying terms KK, and Ky Kg and has thus been enhanced.
On the contrary, the KgKg component has been strongly suppressed and can
be neglected if 1'/7¢ >> 1.

The normalization of state (23) to the surviving pairs leads then to:

1
oy = 24
[®) \/2+|RL|2+|RS|2 &)
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[Ks)|Kp) — |Kp)|Ks) + Rp|Kp)|Kr) + Rs|Ks)|Ks)],
where:

Ry = _re[fiAme%(stFL)]T? Ry = re[iAmf%(stFL)]T (25)

Note that the quantity |Rp| =~ |rle2"s7 is not necessarily small with an expo-
nential factor compensating the smallness of |r|, but we take Rg — 0 from now
on. The non—maximally entangled state & describes all kaon pairs with both
left and right partners surviving up to the common proper time 7'. Because
of the particular normalization of ®, kaon pairs showing the decay of one (or
both) member(s) before time T have to be detected and excluded. Since this
occurs prior to any measurement eventually used for a Bell-type test, ours
is a ‘pre—selection’ (as opposed to ‘post—selection’) procedure which poses no
problem when confronting LR with QM.

Once the state is prepared as in Eq. (24), alternative joint measurements
on each one of the corresponding kaon pairs have to be considered for a Bell-
type test. In Section 7 we will see how one can utilize this state for such
tests.

6 Bell inequalities with neutral kaon pairs

In the present Section, our first aim is to show how the Clauser—-Horne inequal-
ity can be derived from LR and adapted for a generic entangled state of kaon
pairs. The obtained CH inequality, equivalent to an inequality which Eberhard
proved in a different way, is a genwine Bell inequality in the sense that it follows
from LR with no need of extra assumptions. When supplementary assumptions,
not implicit in LR, are introduced, other, non—genuine Bell inequalities can be
derived which allow to design more feasible experimental tests of LR vs QM.
The potentialities of a Bell inequality derived by Clauser—Horne—Shimony—Holt
and of another simple one, due by Wigner, are thus illustrated.

6.1 Clauser—Horne inequalities

In the interpretation with hidden—variables, a generic two—kaon entangled state
corresponds to a statistical ensemble of kaon pairs specified by different values
of these additional, unobservable, deterministic or stochastic variables, which
are here globally denoted by the symbol A. In principle, A can contain the
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same information of the quantum mechanical two—kaon state or wave—function
but can be further completed, for instance to restore classical determinism
in measurement processes. Moreover, in A one could also include apparatus
random hidden—variables, which can influence, locally, the outcomes of mea-
surements. In a general hidden—variable (i. e., realistic) theory, the joint prob-
ability to observe particular kaon quasi-spin states |K,) = o|K°) + a|K") and
|Kg) = B|K°) + B|K") along the ‘left’ and ‘right’ beams, respectively —when
measurements along the o and 38 quasi—spin axes are performed— is given by:

P(Ko, K5) = / X p(N) (K oy K5I, (26)

where p()) is the hidden—variable probability distribution (normalized to unity,
Jdxp(A) = 1) and p(K,, Kg|A) the conditional probability that a joint mea-
surement produces the outcome (K,, K3) when the kaon pair (and eventually
the measuring devices) is in the state specified by A. Note that, since each kaon
pair is assumed to be emitted by the source in a way which is independent of
the ‘adjustable parameters’ a and (§ characterizing the chosen measurement
axes, the hidden—variable distribution function p(\) is independent of o and S3.

By enforcing the locality condition, the previous conditional probability
p(Ka, Kg|A) can be written in the following factorized form:

p(Ka, KglA) = p(Ka, #|A) p(x, Kg|A), (27)
where, for instance:
p(KOu *|)\) = p(Kou K’Y|)\) +p(KOz7 K#P\) +p(KOz7 U’Y|)\)7 (28)

taking values between 0 and 1, is independent of the choice of the states |K.,)
and |K7L> forming an orthogonal basis in the quasi—spin space, (K7|K7L> =0.
Note that, in particular p(x, x| A) = 1 for any A. Note also that the last term of
the previous equation takes into account eventual undetected events or events
for which the proposed measurement failed, denoted by the U, argument, due
to the various non—perfect efficiencies in measurements along the ‘axis’ -y in the
quasi—spin space. It is important to remark that in the present scheme, the
measurement fails or not depending on the values of the hidden—variables. In
other words, the possibility of performing or not the desired measurement is
correlated with the values of A. It is also important to emphasize that for fixed
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A, the single-side probabilities p(K,, *|A) and p(*, K g|\) entering equation (27)
are independent of the measurement that one chooses to perform on the other
member of the pair: the kaon quasi-spin outcome K, (Kz) observed along the
left (right) beam when measuring along the quasi—spin axis « () is independent
of the quasi—spin axis 3 () employed to detect the right (left) going kaon.
To derive the Clauser—Horne (CH) inequality, the mathematical lemma
of Ref. 9 can be used. Tt asserts that for any value between 0 and 1 of the real
numbers x1, z9, 3 and x4, the inequality x1z0 — 124 + xoxs + 2324 < 23+ 29
holds. By assigning 1 = p(Ka, *|A), 22 = p(*, Kz|A\), 23 = p(K, x|A) and
x4 = p(*, Ka/|\), using the factorisable (locality) condition (27) and integrating
over the hidden—variable A as in Eq. (26), one easily obtains the CH inequality:

-1<85 = P(K., Kpg)—P(Ka,Kp)+P(Ko,Kg)+ P(Ko, Kg) (29)
—P(Ka/7 *) —P(*7Kﬂ) < O7

with single—side probabilities given by:

P(Ko,#) = PKo,Ky)+ P(Ko, K5)+ P(Kar, Uy), (30)
P(x,Kpg) = P(Ks,Kp)+ P(K;y,Kp)+ P(Us,Kp),

for an arbitrary choice of the quasi—spin axes v and 6. As noted by Clauser
and Horne in Ref. 9)7 the right—hand side of the CH inequality, S < 0, has the
advantage of being independent of the hidden—variable normalization condition,
J dAp(X) = 1, thus canceling the influence of the size of the ensemble of detected
events.

6.2 Eberhard inequalities

If we chose v = 8 and § = a in Egs. (29), (30), the right-hand side of the CH
inequality (29) can be rewritten in the form of the following Bell-like inequality
first derived by Eberhard 22),

P(Ko,Kg) < P(Ko,Kg)+P(Ky, Kpg) (31)
+P(Ka, Kﬂ/) + P(Ko, Uﬂ) + P(Ua, Kﬂ)'
The right—hand side CH and Eberhard inequalities just introduced are

both genuine Bell inequalities in the sense discussed in Section 2. Unfortu-
nately, due to their specific form, they hardly provide feasible experimental
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21, 22)

?

tests able to discriminate between LR and QM. As explained in Refs.
the main shortcoming is originated by the existence of thresholds for the rel-
evant measurement efficiencies which have to be overcome in order to attain
violations of the considered inequalities by QM. Since in both performed (pho-
ton) and proposed (kaon) experiments such thresholds turn out to be hardly
reachable within the current experimental capabilities, additional hypotheses
beyond realism and locality must be made in order to obtain testable, but
non—genuine, inequalities.

6.3 Clauser—Horne—Shimony—Holt inequalities

We then come to an important example of experimentally testable but non—
genuine inequality which has been widely adopted in photon experiments, thus
allowing the refutation of a restricted class of LR models. Here we will not re-
peat its derivation, which is due to Clauser, Horne, Shimony and Holt (CHSH)

8, 10). Our interest is to illustrate the differences

and can be found in Refs.
with respect to the previously discussed CH inequality, especially concerning
the role played by the supplementary assumptions when testing LR.

First, the CHSH inequality refers to expectation values instead of prob-
abilities. In a local hidden—variable theory, the expectation value for a joint

kaon measurement along the quasi—spin axes « and  is defined as:

B(o, ) = / DN AN B(BIN), (32)

where the locality requirement is evident in the factorized form of the left and
right beam outcomes A(a|A) and B(8|A), for a given state A, which do not
depend on the other—side measurement axis 3 and o, respectively.

The result of each single—side measurement can take one of the three
possible outcomes, 0 or +1. For deterministic hidden—variables, we assume
that A(a|)\) takes the following values: +1 when the measurement outcome
is K., —1 when the outcome is the state K orthogonal to K, and 0 when
the particle is not projected into the {|K,),|K1)} measurement basis. This
third outcome 0 presupposes the ability of the experimenter to know when a
particular kaon fails to be measured in the chosen basis. In photon experiments
the outcome 0 correspond to undetected photons. Since in this case their
number is unknown, in 1971 Bell proposed (see Ref. 10)) to use what he called
‘event—ready’ detectors in order to enumerate the photon pairs emitted by the
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source which really reach the regions where they are then subject to Bell—
measurements. Only if these undetected or ‘unmeasured’ pairs are included in
the ensemble which defines the hidden—variable distribution p(}), one is sure
that p(A) does not depend on the measurement parameters « and 3 10, 20)
In practical cases with photons, any conceivable ‘event—ready’ detector fatally
disturb if not destroy the particles. For kaons, good ‘event-ready’ detectors
seems to be at our disposal: one has to detect kaon decays occurring along the
beams prior to the measurement times used in the Bell-test and all the initial
two—kaon pairs showing (at least one of) such decays have to be excluded from
the sample. This amounts to the previously discussed renormalization of the
states. Also, kaons which fail to initiate a kaon—nucleon interaction in a thin
absorber when trying to measure their strangeness —this is the low efficiency
measurement at our energies— can be further detected to decay as a Kg or
K7, state and be properly included in the analysis as ‘unmeasured’, outcome 0
events.

In the lack of ‘event—ready’ detectors, as in photon experiments, to be sure
that p(A) does not depend on a and /3, one can follow another approach and in-
troduce an additional assumption 8)7 not inferable in the hypothesis of realism
and locality, which is plausible but untestable. For photons, this hypothesis
amounts to require that ‘if a particle passes through a spin analyser, its prob-
ability of detection is independent of the analyser’s orientation’ 8). For kaons,
with essentially only two possible ‘orientations’ (strangeness or lifetime), the
situation is quite different: it is the low probability of inducing the initial kaon—
nucleon interaction in strangeness measurements, rather than the detection of
the final state products, what contrasts with highly efficient lifetime measure-
ments. Rather than adapting the previous CHSH additional assumption to the
kaon case, one can resort to the so—called ‘fair sampling’ hypothesis 10) 14
amounts to assume that the set of effectively measured events represent a fair
or undistorted sample of the whole set of states emitted from the source; in
other words, the kaon hidden—variables are not correlated with the efficiencies
of the measuring apparata. Under this assumption, the efficiency factors in the
Bell inequalities are assumed to be 1 and thus no undetected or unmeasured
event appears.

Coming back to Eq. (32), in the most general case of stochastic hidden—
variables, for the functions A(a|\) and B(3|\) we have the obvious constraints:
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|A(e|A)] < 1 and |B(B|A)| < 1. These last expectation values can be seen as
averages of the previous deterministic expectation values. One can thus obtain
the CHSH inequality in the form:

|E(e, B) = E(e, B) + E(d/, B) + E(o/, B')] £ 2, (33)

where, unlike the case of the right—hand side CH inequality, the hidden—variable
normalization condition, [ dAp(A) = 1, has been employed in the derivation.
In terms of joint probabilities, each expectation values can be expressed
as:
Ela,8) = P(Ya,Y3)+ P(No,Ng) — P(Y,,Ng) — P(Na, Ya), (34)

both in QM and LR, where Y,y (Yes) and N,z (No) answer to the question
whether the incoming kaon projects into the state K, (K3) or otherwise when
measuring along the quasi—spin axis a (3). To establish a complete link with the
joint probabilities entering the CH inequality (29), or the Eberhard inequality
(31), we have to specify the following relations:

P(Yo,Ys) = P(Ka, Kp), (35)
P(No, Ng) = P(K,,Kj)+ P(K,,Us)+ P(Ua, Kj) + P(Ua, Up),
P(Yo,Ng) = P(Ko, Kz)+ P(Ko,Up),

(Nmyﬂ) — P(Ky,Kg)+ P(Us, Kp),

which hold when undetected or unmeasured events, denoted by U, g, can re-
ally be identified by efficient ‘event—ready’ detectors. In such cases, the CHSH
inequality (33) is a genuine Bell inequality and is equivalent to the CH in-
equality (29). In the most common case in which ‘event-ready’ detectors are
not available, and one has to resort to the fair sampling hypothesis, all the
detection efficiencies are assumed to be 1, the right—hand sides of relations
(35) do not contain probabilities for undetected or unmeasured events and the
corresponding CHSH inequality (33) is of the non—genuine type.

6.4 Wigner inequalities

Let us now see how introducing supplementary hypotheses one can obtain
testable inequalities from the right—hand side CH inequality (29), or equiv-
alently the Eberhard inequality (31). The first is the fair sampling hypothesis,
for which the efficiency factors in the inequalities are assumed to be 1. The
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corresponding inequality takes the form of what we may call a Wigner—like
inequality, but with four instead of three terms and measurement settings:

P(Ko,Kg) < P(Ko, Kz )+ P(Ky, Kp) + P(Ka, Kgr). (36)

This Bell inequality is equivalent to the CHSH inequality (33) when the latter
is also considered together with the assumption of fair sampling.

If in addition one demands P(K7, K3) = 0, a standard (4. e., with three
terms and three different measurement settings) Wigner inequality 7) is ob-
tained. Note that this requirement restricts the derivability of the standard
Wigner inequality to deterministic local realistic theories only. On the con-
trary, the four—term Wigner inequality (36) is valid for both deterministic and
stochastic hidden—variable theories. For maximally entangled and perfectly—
anticorrelated states, P(K 57 Kjz) = 01is achieved when K, = K ﬂ{ which corre-
sponds to require perfect anticorrelation for joint measurements along the same

generic quasi—spin axis «, thus obtaining the standard Wigner inequality:

P(Ko, Kg) < P(Kor, Ko) + P(Ko, Kg). (37)

7 A review of the proposals

7.1 Assuming fair sampling and perfect anticorrelation

We start by reviewing those proposals of Bell-type tests using maximally en-
tangled two—kaon states and based on the Wigner inequality (37), which needs
three different quasi—spin measurement axes. These are non—genuine inequali-
ties since to be derived they require, in addition to the hypotheses of realism
and locality, the assumption of fair sampling and the condition of perfect anti-
correlation, as explained in Section 6.4.

7.1.1 A first proposal 27, 31)

For the maximally entangled kaon state (17), Uchiyama 27) derived the in-
equality:
P(Ks,K") < P(Ks, K1) + P(Ky, K"), (38)

which has been rediscussed in detail by Bertlmann and Hiesmayr 31). Here, the
joint probabilities are assumed to be measured at a proper time 7 = 7, = 7,
very close to the instant of the pair creation, 7 — 0. For this reason, the
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above inequality would eventually test noncontextuality rather than locality.
Inserting the quantum—mechanical probabilities into Eq. (38), one obtains the
constraint Re e < |¢|?, which is violated by the presently accepted value of the
C P—violation parameter e.

Note that the proposed inequality involves passive measurements along
the basis consisting of the two unphysical C'P eigenstates. Moreover, the small-
ness of the parameter ¢ and Eq. (8) preclude any realistic attempt of discrim-
inating between lifetime (Kg vs K1) and CP (K1 vs K3) eigenstates. In this
sense, the interest of inequality (38) reduces to that of a clear and well defined
gedanken experiment.

7.1.2 Improved proposal with strangeness detection and thin regenerators 32, 3

The authors of Refs. 32 33) based their study on the K° vs K° identification
and exploited the phenomenon of kaon regeneration to obtain the three different
quasi—spin measurement axes needed to establish a Wigner inequality. The
weak interaction eigenstates which emerge after crossing a thin, homogeneous

regenerator during a time interval A7 turn out to be 32, 33),
|Ks) = |Ks) +nlKL), |KL)=|KL)+n|Ks), (39)
where
1
n=i(As — AL) pAT = — (iAm + §AF> PAT, (40)

and p, given by Eq. (13), accounts for the (small) regeneration effects. Egs. (39)
are valid at lowest order in the regeneration parameter p.

The maximally entangled two—kaon state adopted in Refs. 32, 33) is the
one of Eq. (20), where a single time 7 is considered for simultaneous left and
right measurements. At this time 7, one kaon enters a regenerator placed on
the left hand side and the other kaon enters a right hand side regenerator. The
proper time spent by each kaon to cross the corresponding regenerator is Ar.
The regenerator parameters are chosen at will by the experimenters: in order
to derive a Wigner inequality such as (37), a regenerator is chosen between two
available options, both along the left and right beams. The Wigner inequalities
thus derived are the following ones:

P(K®,0;K" p) < P(K",0;K",2p) + P(K",2p; K, p), (41)
P(K®,0,K" p) < P(K",0,K",2p) + P(K",2p; K°, p), (42)
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where, e. g., P(K" p; K", 2p) is the probability to detect, at time 7 + A7, a
KY on the left after a thin regenerator with parameter p and a K° on the
right after a double density (2p) regenerator. The absence of a regenerator is
denoted with a 0. Note that in the present case, each regenerator is considered
as part of the corresponding measurement process.

Quantum mechanics predicts a violation of one of the two previous in-
equalities. In fact, Eq. (41) and (42) imply:

Re lip(Ar, = As)| 20 <= Ren <0, (43)
Re lip(AL — As)] €0 <= Ren >0. (44)

Therefore, inequality (41) [(42)] has to be used for an actual test if the experi-
mental value of Ren is positive (negative).

The problem using thin regenerators is that the parameter 5 is small,
typically |n| ~ 1073 1072 26) . This lowers the level of violation, by quantum
mechanics, of the inequalities to some %. Thick regenerators (say larger than a
few millimeters) worsen the detector performances and the event reconstruction
becomes more difficult because of multiple scatterings. Moreover, one is forced
to use thin regenerators since otherwise saturation effects in the regeneration
process occurs, due to inevitable Kg—decays (note that the Kg lifetime 7g
corresponds to a distance covered by a Kg coming from the decay ¢ — K°K°
of about 0.6 cm).

7.2 Assuming fair sampling

We now proceed to analyse those proposals based on the fair sampling hypoth-
esis, that is the CHSH inequality (33) or the Wigner inequality (36). Even
if these inequalities are non—genuine Bell inequalities, their use opens up the
possibility to test the family of both deterministic and stochastic local realistic
theories based on the fair sampling.

7.2.1 Proposal with strangeness detection 24)

The analogy between strangeness and linear polarization measurements has
been exploited by many authors. In the analysis by Ghirardi et al. 24) one
considers the state (19) and performs joint strangeness measurements at two
different times on the left beam (71 and 79) and at other two different times
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on the right beam (73 and 74). The detection times can be chosen at will and,
at least ideally, in accordance with the locality requirement. The proposed
inequality, incorporating the fair sampling hypothesis, is in the CHSH form:

|E(71,73) — E(71,74) + E(72,73) + E(72,74)| £ 2, (45)

where the expectation value E(7,,7,) takes the value +1 when either two K%’s
or no K%s are found in the left (7;) and right (7,) measurements, and —1
otherwise:

E(Tl77—'r’) = P(KTUKTT) +P(N7Tl§N77—r) _P(KTHNﬂ—r) _P(N7Tl;§/77—'r’)'
(46)
The probabilities entering this correlation function, where Y (Yes) and N (No)
answer the question whether a K° is detected at the considered time, can be
easily obtained in QM and one gets:

EQM(Tlﬂ}) = —eXp{—(FL +FS)(7—l + Tr)/2}COS[Am (Tl — TT)L (47)

where, having assumed fair sampling, the inefficiencies in strangeness detection
can be ignored.

Because of strangeness oscillations in free—space along both kaon paths,
choosing among four different times corresponds to four different choices of
measurement directions in the photon case. Unfortunately, the above CHSH
inequality is never violated by QM because strangeness oscillations proceed too
slowly and cannot compete with the more rapid kaon weak decays.

7.2.2 Proposals with lifetime detection and regenerators 25, 51)

An alternative option is based on Kg vs K, identification and has been first
proposed by Eberhard in Ref. 25). Here, the two—kaon state of Eq. (20) is
considered. To observe if a neutral kaon in a beam is Kg or K at a given
point (4. e., instant), a kaon detector is located far enough downstream from
this point so that the number of undecayed Kg’s reaching the detector is neg-
ligible. Since I'f, << I'g, almost all K} ’s can reach the detector, where they
manifest by strong nuclear interactions. In a complementary way, Kg’s are
identified by their decays (mainly into two—pions) not far from that point of
interest. Misidentifications and ambiguous events will certainly appear, but at
an acceptably low level, as explained in Ref. 25).
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Measurements of Kg vs K are thus performed for each one of four ex-
perimental setups. In a first setup, the two—kaon state is allowed to propagate
in free—space; its normalization is lost because of weak decays, but its perfect
antisymmetry is maintained. In the other three setups, regenerators —one thin
(4 mm), the other thick (5 cm)— are asymmetrically and alternatively located
along one beam, or along the other, or along both. The following interesting
inequality relating the number of K ’s and Kg's detected in each experimental
setup is then derived from LR:

P(Kp,p;Kr,p') < P(Kp, p; K1,,0)+ P(Ks,0; Ks,0)+ P(Kp, 0, K, p'). (48)

Again, p and p’ denote the regenerator parameters and 0 stands for the absence
of regenerators. Note that the above Bell inequality is a particular case of the
Wigner inequality (36). Due to a constructive interference effect between the
two regeneration processes, this Bell inequality turns out to be significantly
violated by QM predictions even if the above mentioned misidentifications and
ambiguous detection events are taken into account. These successful predic-
tions have some limitations, as already discussed by the author. In particular,
they are valid for asymmetric ¢—factories (where the two neutral kaon beams
form a small angle and have a velocity larger than for kaons pairs from sym-
metric ¢—factories), whose construction is not foreseen.

Fortunately, it has been recently shown that a measurable QM violation
of the previous Wigner inequality can also be achieved when the experiment
is performed at a symmetric eTe™ machine. A proposal for such a test at the
Frascati ¢—factory has been indeed put forward 51).

7.2.3 Proposal with both lifetime and strangeness detection 37)

We now discuss a way to use the non—maximally entangled state of Eqgs. (24)
and (25), which is prepared with the help of a kaon regenerator and corresponds
to a proper time T along both kaon beams. Following the approach of Ref. 37)7
for each kaon on each beam at time T we consider either a strangeness or a
lifetime measurement.

With the strategy illustrated in Section 4.2 for lifetime measurements,
requiring an extra interval time AT = 4.87g after T, care has to be taken
to choose T large enough to guarantee the space—like separation between left

and right measurements. Locality then excludes any influence from the exper-
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imental setup encountered by one member of the kaon pair at time T on the
behaviour of its other—side partner between T and T+ AT'. For kaon pairs from
¢ decays, moving with velocity  ~ 0.22, this implies T' > (1/8 — 1)AT/2 =
1.77 AT, with a considerable reduction of the total kaon sample. Indeed, for
AT = 4.875 one can choose T' = 2AT ~ 9.6 75, and only 1 in 15000 initial
events can be used, having both kaons surviving up to time T'. For faster kaons,
as in CPLEAR, the situation improves considerably.

In Ref. 37) the following CH inequalities have been derived under the
assumption of perfectly efficient experimental apparata:

—1 < P(KY% Kp)— P(K° K% + P(Kg, K°) (49)
+P(KS7KL) _P(KS7*) _P(*7KL) <0,

—1 < P(KY% Kg) — P(K° K% + P(Kp, K%
+P(Kp, Ks) — P(x,Ks) — P(Kp,*) <0,

where, for instance:
P(Kg,*) = P(Kg,K") + P(Kg,K°). (50)

In this and the other one—side probabilities, the joint probabilities for the two
possible outcomes on the other side are added to guarantee that both kaons
have survived up to time T'. This respects the particular normalization of the
state (24). Note that each one of the two previous inequalities follows from the
other by just inverting left and right measurements on the left—right asymmetric
state (24). The right—hand side CH inequalities can be rewritten as:

P(KY K1) — P(K° K% 4 P(Kg, K°) + P(Kg, K1)
P(Kg,x)+ P(x, K1)

P(KY Kg)— P(K° K% + P(Kp, K° + P(K, Ks)
P(x, Ks) — P(Ky,, *)

<1, (51)

< 1.

The CH-like inequalities (49) and (51), actually incorporating the fair
sampling hypothesis, can be easily and equivalently rewritten as four—term
Wigner inequalities. By properly writing the single—side probabilities in (51),
the result can be put in the following form:

P(Kgs,K") < P(Ks,Ks)+ P(K°, K1)+ P(K° K"), (52)
P(KY Kg) < P(K°, K°) + P(Kp, K°) + P(Ks, Ks).
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By choosing T > 9.67g, as required by locality, the complex parameter

Rg of Eq. (25) turns out to be negligible, while |Ry| = O(1). By substituting
the QM predictions in the left—hand side CH inequalities (51), one easily finds:
2—R€RL+%|RL|2 <1 2+R€RL+%|RL|2 <1

24 |Re|? - 24 |Re|? 7

whose only difference is the sign affecting the linear term in Re Ry. According

(53)

to the sign of Re Ry, one of these two inequalities is violated if |Re Ry| >
3|Rr|?/4. The greatest violation occurs for a purely real value of Ry, |Rp| ~
0.56, for which one of the two ratios in Eq. (53) reaches the value 1.14. This
14 % violating effect predicted by QM opens up the possibility for a meaningful
Bell-type test with neutral kaons which could refute those LR models based
on the fair sampling hypothesis.

Values for the parameter Rj, satisfying Zm Rj;, = 0 and |Re Rp| = 0.56,
as required, are not difficult to obtain. Indeed, for kaon pairs from ¢ decays
and according to the values of the regeneration parameters 26)7 onhe can use
a thin beryllium regenerator 1.55 mm thick to prepare the state (21), which
then converts into the state (24) with the desired value of Rj, by propagating
in free—space up to 7'~ 11.1 75.

7.3 An attempt of genuine test 38, 41)

We conclude our review by discussing a proposal which does not assume hy-
potheses which go beyond the reality and locality requirements. In our opinion,
it represent an interesting attempt for a loophole—free test of LR vs QM with
neutral kaons.

Hardy’s proof without inequalities of Bell’s theorem 55) has been applied
in Ref. 38) to the non—maximally entangled state of Eqs. (24) and (25). This
considerably improved the analysis of Ref. 37) . In such an approach, alternative
measurements of strangeness or lifetime are considered, at time T, on each one
of the kaon pairs, according to the strategies for active measurement procedures
illustrated in Section 4. Hardy’s proof is then translated into an Eberhard

inequality A1)

, Which could discriminate between LR and QM conditionally on
the detection efficiencies for strangeness and lifetime measurements at disposal
in the actual test.

Let us first concentrate on the ‘non—locality without inequalities’ proof of

Ref. 38). Neglecting C P—violation and K;—Kg misidentification effects, from
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state (24) with Rg = 0 and R;, = —1 (called Hardy’s state) one obtains the
following QM predictions:

Pou(K°, K%)= ni/12, (54)
Pou(K°, Ki) = 0, (55)
Pou(Kr, K% = o, (56)
Pou(Ks, Ks) = 0, (57)

where 1 (7) is the overall efficiency for K° (K°) detection. We note that the
values Rg = 0 and Ry = —1 can be obtained by using, for instance, a beryllium
(carbon) regenerator with thickness d = 2.83 mm (d = 0.78 mm), a detection
time T' = 11.17s (T'= 11.375) and kaon pairs created at a ¢—factory (proton—
antiproton machine). It is found that the necessity to reproduce, under LR,
equalities (54)—(56) requires:

Pir(Ks,Ks) > Pur(K° K°) = nn/12 > 0, (58)

which contradicts Eq. (57). In principle, this allows for an ‘all-or—nothing’,
Hardy-like test of LR vs QM. In Ref. 38) it was concluded that, by requiring
a perfect discrimination between Kg and K, states, an experiment measuring
the joint probabilities of Eqgs. (54)—(57) closes the efficiency loophole even for
infinitesimal values of the strangeness detection efficiencies n and 7. However,
since K, and K g misidentifications (due to the finite value of I's/T'y, = 579) do
not permit an ideal lifetime measurement even when the detection efficiency 7,
for the kaon decay products is 100%, the original proposal must be reanalysed
paying attention to the inefficiencies involved in the real test A1),

Retaining the effects due to Ks—K7, misidentifications, for Hardy’s state
one obtains (see the Appendix of Ref. A1) for details):

Pou(K", K%)= /12, (59)
Pom(K° K) = 6.77x 10 "y, (60)
Pou(Kp,K°) = 6.77x10 *qn;, (61)
Pom(Ks, Ks) = 1.19x 107292, (62)

which replace the results of Eqgs. (54)—(57). In the standard Hardy’s proof of
non—locality 55)7 the probabilities corresponding to our (60), (61) and (62) are
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perfectly vanishing. In our case they are very small but not zero. Nevertheless,
this does not prevent us from deriving a contradiction between LR and QM.
Indeed, as proved in Ref. 56)7 the well known criterion of physical reality of
Einstein, Podolsky and Rosen 3) can be generalized to include predictions
made with almost certainty, as it is required in the present case due to the
nonvanishing values of probabilities (60)—(62).

According to this generalization, the following Eberhard inequality must

be used to demonstrate the incompatibility between LR and QM:

H= P(K?, K°) <1
" P(K°, Kp)+ P(Ks,Kg)+ P(Kp, K% + P(K°, Upis) + P(ULi, K°) —
(63)
Essentially, it is a different writing of the CH inequality:
P(Ks,K%) — P(Kg, K, P(K° K+ P(K" K
QE ( S ) ( S S)+ ( ; )+ ( ; S)<1 (64)

P(K, %) + P(x, K°) —

and the argument Ut;s refers to failures in lifetime detection. The QM expres-
sion for the probabilities containing lifetime undetection are:

1 _ 1
Pou(K®, ULie) = 577(1 — ). Pou(Uis, K°) = 577(1 — 7). (65)

Note that the use of an inequality 57) allows for deviations, existing in real
experiments, in the values of Rg and Ry, required to prepare Hardy’s state and,
in addition, takes care of the difficulties associated to ‘almost null’ measure-
ments, as is the case of probabilities (60)—(62). Both previous inequalities are
actually derivable from LR for any value of Rg and Rj. However, Hardy’s proof
leads to inequality (63) only for Hardy’s state (Rs = 0 and R, = —1). It is
important to stress that the previous Eberhard and CH inequalities have been
obtained without invoking supplementary assumptions on undetected events.
They are both genuine Bell inequalities and provide the same restrictions on
the efficiencies 7, 7 and 7, required for a detection loophole free experiment.
In order to discuss the feasibility of such an experiment, let us start
considering a few ideal cases. Assume first that perfect discrimination between
Kg and K, were always possible (5, = 1 and p;, = ps = 1; see appendix of
Ref. 41)); one could then make a conclusive test of LR for any nonvanishing
values of  and 7: Hg’M:pL:pszl — 00, V1,7 # 0. In a second ideal case with
no undetected events, i. e. with 7 =7 = n, = 1, the inequalities are strongly
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Figure 1: The four curves (corresponding to n, = 1, n, = 0.99, n, = 0.98 and
1 = 0.97) provide the values of n and 7 for which Hom = Qqm = 1 using
Hardy’s state. QM wviolates inequalities (63) and (64) for values of 1 and 7
situated above the corresponding curve.

violated by QM, Hgi/[ﬁ:"*zl ~ 60.0 and Qg}ﬁ:"’zl ~ 1.25, even if one allows
for unavoidable K¢ and K misidentifications. Finally, assuming that only
the detection efficiency of kaon decay products is ideal (n, = 1), for n = 7
(n = 71/2) Eberhard and CH inequalities are contradicted by QM whenever
n > 0.023 (n > 0.017).

Let us now consider more realistic situations with small and possibly
achievable values of  and 7. This implies that we have to consider large
decay—product detection efficiencies such as n, = 0.97, 0.98, 0.99 and, ideally,
1. For each 7., the values of n and 7 that permit a detection loophole free
test (Houm, Qqm > 1) lie above the corresponding curve plotted in Fig. 1. As
expected, when 7, decreases, the region of n and 5 values which permits a
conclusive test diminishes and larger values of i and 7 are required.
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Note, however, that the strangeness detection efficiencies required for a
conclusive test of LR vs QM with neutral kaons are considerably smaller than
the limit (7o = 0.67) deduced by Eberhard 22) for non—maximally entangled
photon states.

8 Conclusions

A series of proposals aiming to perform Bell inequality tests with entangled
neutral kaon pairs has been reviewed. The relativistic velocities of these kaons
and their strong interactions seem to offer the possibility of simultaneously
closing the so—called locality and detection loopholes which affect analogous
experiments performed with photons and ions. The real situation, however, is
not a simple one.

All the proposal we discussed suffer from difficulties coming from the fact
that the number of different complementary measurements on neutral kaons
one can use for a Bell-test is reduced. Essentially, only strangeness and life-
time measurements are possible. The situation can be improved if the well
known effects of kaon regeneration are taken into account. On the one hand,
this amounts to an effective increase in the number of non—compatible mea-
surements one can perform. On the other hand, by changing or removing the
regenerators, the active presence of the experimenter is guaranteed. A final
difficulty could still remain: the rather low efficiency of some of these neutral
kaon measurements. A detailed analysis suggests that a Bell-test with neutral
kaons free from the detection loophole would require a few % strangeness de-
tection efficiencies and very high efficiencies for the detection of the kaon decay
products.
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Abstract

Neutral kaons are unique quantum systems to show some of the most puzzling
peculiarities of quantum mechanics. Here we focus on a quantitative version
of Bohr’s complementary principle and on quantum marking and eraser con-
cepts. In detail we show that neutral kaons (1) are kind of double slit devices
encapsulating Bohr’s complementarity principle in a simple and transparent
way, and (2) offer marking and eraser options which are not afforded by other
quantum systems and which can be performed at the DAPNE machine.

1 Introduction

During the last fifteen years or so we have witnessed an interesting revival of
the research concerning some fundamental issues of quantum mechanics. A
very positive aspect of this revival is that it has been driven by a series of
impressive results which have been possible thanks to improved experimen-
tal techniques and skillful ideas of several experimental groups. As a result,
some of the Gedankenerperimente proposed and discussed in the earlier days
of quantum mechanics, or slight modifications of these proposals, have been
finally performed in the laboratory. Most of these experiments belong to the
fields of quantum optics and photonics; others make use of (single) atomic or
ion states.

Among these kinds of experiments we concentrate on two types. The
first type concerns the old complementarity principle of Niels Bohr for which a
quantitative version became available in recent years. This ‘quantitative com-
plementarity’ represents a major improvement over older treatments and can be
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tested for rather simple quantum systems. The second type of experiments re-
quires more complex states consisting of entangled two—particle systems. With
these bipartite states at hand one can test much more subtle quantum phe-
nomena such as the so called ‘quantum eraser’, which adds puzzling space—time
considerations to the previous, Bohr’s complementarity issue.

The aim of our contribution is to analyze the role that neutral kaons can
play in this two types of experiments. A copious source of entangled neutral
meson pairs, such as those produced in the Daphne ete™ machine, can be
shown to be extremely useful for this purpose.

2 Kaons as double slits

The famous statement about quantum mechanics “the double slit contains the
only mystery” of Richard Feynman is well known, his statement about neutral
kaons is not less to the point: “If there is any place where we have a chance
to test the main principles of quantum mechanics in the purest way —does the
superposition of amplitudes work or doesn’t it?— this is it” 1) n this section
we argue that single neutral kaons can be considered as double slits as well.
Bohr’s complementarity principle and the closely related concept of du-
ality in interferometric or double—slit like devices are at the heart of quantum
mechanics. The well-known qualitative statement that “the observation of an
interference pattern and the acquisition of which—way information are mutually

exclusive” has only recently been rephrased to a quantitative statement 2, 3)

P y)+Vi(y) <1, (1)

where the equality is valid for pure quantum states and the inequality for
mixed ones. Vy(y) is the fringe visibility, which quantifies the sharpness or
contrast of the interference pattern (the “wave-like” property), whereas P(y)
denotes the path predictability, i.e., the a priori knowledge one can have on
the path taken by the interfering system (the “particle-like” property). The
path predictability is defined by 2)

Ply) = Ipi(y) — prr(y)l (2)

where p;(y) and pyr(y) are the probabilities for taking each path (p;(y) +
prr(y) = 1). Both Vo(y) and P(y) depend on the same parameter y related
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somehow to the geometry of the interferometric setup. It is often too idealized
to assume that the predictability and visibility are independent of this external
parameter y. For example, consider a usual experiment with a vertical screen
having a higher and a lower slit. Then the intensity is generally given by

I(y) = Fly) (1+Vo(y)cos(o(y)) , (3)

where F(y) is specific for each setup and ¢(y) is the phase—difference between
the two paths. The variable y characterizes in this case the position of the detec-
tor scanning a vertical plane beyond the double—slit. An accurate description
of the interference pattern, whose contrast along a wide scanned region can
hardly be constant, thus requires to consider the y—dependence of visibility
and predictability.

In Ref. 4) the authors investigated physical situations for which the ex-
pressions of Vo(y), P(y) and ¢(y) can be calculated analytically. This included
interference patterns of various types of double slit experiments (y is linked to
position), as well as Mott scattering experiments of identical particles or nuclei
(y is linked to a scattering angle). But it also included particle—antiparticle os-
cillations in time due to particle mixing, as in the neutral kaon system. In this
case, y is a time variable indirectly linked to the position of the kaon detector
or the kaon decay vertex. Remarkably, all these two—state systems, belonging
to quite distinct fields of physics, can then be treated via the generalized com-
plementarity relation (1) in a unified way. Even for specific thermodynamical
systems, Bohr’s complementarity can manifest itself, see Ref. 5). Here we
investigate the neutral kaon case.

The time evolution of an initial K° state is given by

1

—impt— 1L iAmt+ AL
Kw) = s A S K K ()

where (here and in the following) inessential C' P violation effects are safely
neglected. In our notation Am = my, — mg is the (small) mass difference
between the long— and short-lived kaon components whose time evolution is
simply given by

[Ks(t)) = e mste 2Tt Ky |Kp(t)) = e mrte 20t K ) (5)
Note that there are no oscillations in time between these two states and that

their decay rates are remarkably different, I'g¢ ~ 579I';, so that we can write
Al'=Ty - Tg=-Tg=—-21Am < 0.
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State (4) can be interpreted as follows. The two mass eigenstates |Kg)
and |K), i.e. the two terms in the right hand side of eq. (4), represent the
two slits. At time ¢ = 0 both terms (slits) have the same weight (width)
and constructively interfere with a common phase. As time evolves, the Kg
component decreases faster than the other one and this can be interpreted as a
relative shrinkage of the K g—slit making more likely the ‘passage’ through the
K—slit. In addition, the norm of eq. (4) decreases with time as a consequence of
both K5 and K, decays, an effect which could be mimicked by an hypothetical
shrinkage of both slit widths in real double—slit experiments. The analogy gets
more obvious if we eliminate this latter effect by restricting to kaons which
survive up to a certain time ¢ and are thus described by renormalizing the
state (4):

1 .
KO(0) = —ee e S K KL (6)
2 cosh(4L't)

The probabilities for detecting on this state either a K° or a K are given

by
B 2 1 cos(Amt)
Pucty = Jueio)” = 5{1e S|
= N = 2 1 cos(Amt)
I L R e ]

showing the well-known strangeness oscillations. We observe that the oscillat-
ing phase is given by ¢(¢) = Amt and the time dependent visibility by

1

olt) = cosh(&Lt)
2

(8)

The path predictability P(¢), which in our kaonic case corresponds to a “which
width” information, can be directly calculated from eq. (6)

P(t) = |P(Ks,t) — P(Kp,t)| =

tanh (%t)‘ . (9)

The expressions for predictability (9) and visibility (19) satisfy the com-

plementary relation (1) for all times ¢

AT’ 1
2 2 — 2 =
P2(t) + V5(t) = tanh® ( 5 t) + coshZ(AQFt) 1. (10)
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For time ¢ = 0 there is full interference, the visibility is maximal, Vy(t = 0) = 1,
and we have no information about the lifetime, P(t = 0) = 0. This corresponds
to the central part (around the zero—order maximum) of the interference pat-
tern in a usual double slit scenario. For very large times, i.e. ¢ > 1/I'g, the
surviving kaon is most probably in a long lived state K, and no interference is
observed since we have almost perfect information on “which width” is actu-
ally propagating. For times between these two extremes and due to the natural
instability of the kaons, we obtain partial “which width” information and the
expected interference contrast is thus smaller than one. However, the full in-
formation on the system is contained in eq. (1) and is always maximal for pure
states.

The complementarity principle was proposed by Niels Bohr in an attempt
to express the most fundamental difference between classical and quantum
physics. According to this principle, and in sharp contrast to classical physics,
in quantum physics we cannot capture all aspects of reality simultaneously and
the available information on complementary aspects is always limited. Neu-
tral kaons encapsulate indeed this peculiar feature in the very same way as a
particle having passed through a double slit. But kaons are double slit devices
automatically provided by Nature for free!

3 Kaonic quantum eraser

Two hundred years ago Thomas Young taught us how to observe interference
phenomena with light beams. Much more later, interference effects of light have
been observed at the single photon level. Nowadays also experiments with very
massive particles, like fullerene molecules, have impressively demonstrated that
fundamental feature of quantum mechanics 6). Tt seems that there is no phys-
ical reason why not even heavier particles should interfere except for technical
ones. In the previous section we have shown that interference effects disappear
if it is possible to know the path through the double slit. The ‘quantum eraser’,
a gedanken experiment proposed by Scully and Driihl in 1982 7)7 surprised
the physics community: if that knowledge on the path of the particle is erased,
interference can be brought back again.

Since that work many different types of quantum erasers have been an-

alyzed and experiments have been performed with atom interferometers 8)

9, 10, 12, 13, 14, 15)

and with entangled photon pairs . In most of them, the
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quantum erasure is performed in the so-called “delayed choice” mode which best
captures the essence and the most subtle aspects of the eraser phenomenon. In
this case the meter, the quantum system which carries the mark on the path
taken, is a system spatially separated from the interfering system which is gen-
erally called the object system. The decision to erase or not the mark of the
meter system —and therefore the possibility to observe or not interference—
can be taken long after the measurement on the object system has been com-
pleted. This was nicely phrased by Aharonov and Zubairy in the title of their

16)

review article as “erasing the past and impacting the future”.

Here we want to present four conceptually different types of quantum

erasers for neutral kaons, Refs. 17, 18)

. Two of them are analogous to erasure
experiments already performed with entangled photons, e.g. Refs. 9, 10). For
convenience of the reader we added two figures sketching the setups of these
experiments, Fig. 1 and Fig. 2. In the first experiment the erasure operation
was carried out “actively”, i.e., by exerting the free will of the experimenter,
whereas in the latter experiment the erasure operation was carried out “par-
tially actively”, i.e., the mark of the meter system was erased or not by a well
known probabilistic law: photon reflection or transmission in a beam splitter.
However, different to photons the kaons can be measured by an active or a com-
pletely passive procedure. This offers new quantum erasure possibilities and
proves the underlying working principle of a quantum eraser, namely, sorting
events according to the acquired information.

For neutral kaons there exist two relevant alternative physical bases. The
first basis is the strangeness eigenstate basis {|K"), |K°)}. The strangeness S of
an incoming neutral kaon at a given time ¢ can be measured by inserting at the
appropriate point of the kaon trajectory a thin piece of high—density matter.
Due to strangeness conservation of the strong interactions between kaons and
nucleons, the incoming state is projected either onto K°, by a reaction like
K% — K*n, or onto K, by other reactions such as K% — AnT, K% — Ax®
or K%n — K~ p. Here the nucleonic matter plays the same role as a two channel
analyzer for polarized photon beams. We refer to this kind of strangeness
measurement, which requires the insertion of that piece of matter, as an active
measurement.

Alternatively, the strangeness content of neutral kaons can be determined
by observing their semileptonic decay modes. Indeed, these semileptonic decays
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obey the well tested AS = AQ rule which allows the modes

KO5d) = (ad) + 1T + v, K°sd)— 7" (ud) + I + B, (11)

where [ stands for e or p, but forbids decays into the respective charge conju-
gated modes. Obviously, the experimenter has no control on the kaon decay,
neither on the mode nor on the time. The experimenter can only sort the set
of all observed events in proper decay modes and time intervals. We call this
procedure, opposite to the active measurement procedure described above, a
passive strangeness measurement.

The second basis {Kg, K1} consists of the short— and long—lived states
having well defined masses mgry and decay widths I'(g),. We have seen that it
is the appropriate basis to discuss the kaon propagation in free space because
these states preserve their own identity in time, eq. (5). Due to the huge
difference in the decay widths, the Kg’s decay much faster than the Kp’s.
Thus in order to observe if a propagating kaon is a Kg or K at an instant
time t, one has to detect at which time it subsequently decays. Kaons which are
observed to decay before ~ t + 4.8 75 have to be identified as Kg’s, while those
surviving after this time are assumed to be K’s. Misidentifications reduce
only to a few parts in 1072, see also Refs. 17, 18) Note that the experimenter
doesn’t care about the specific decay mode, he has to allow for free propagation
and to record only the time of each decay event. We call this procedure an
active measurement of lifetime. Indeed, it is by actively placing or removing an
appropriate piece of matter that the strangeness (as previously discussed) or
the lifetime of a given kaon can be measured. Since one measurement excludes
the other, the experimenter has to decide which one is actually performed and
the kind of information thus obtained.

On the other hand, neglecting C'P violation effects —recall that they are
of the order of 1073, like the just mentioned Kg, K; misidentifications— the
Kg’s can be also identified by their specific decay into 27 final states (CP = +),
while 37 final states (CP = —) have to be associated with K, decays. As
before, we call this procedure a passive measurement of lifetime, since the kaon
decay times and decay channels (two vs three pions) used in the measurement
are entirely determined by the quantum nature of kaons and cannot be in any
way influenced by the experimenter.
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(a) Active eraser with active measurements

Let us first discuss the quantum eraser experiments performed with photon
pairs in Ref. 9). In this experiment (see Fig. 1) two interfering two—photon
amplitudes are prepared by forcing a pump beam to cross twice the same
nonlinear crystal. Idler and signal photons from the first down conversion are
marked by subsequently rotating their polarization by 90° and then superposed
to the idler (i) and signal (s) photons emerging from the second passage of
the beam through the same crystal. If type—II spontaneous parametric down
conversion were used, we would had the two—photon state

_ 1 , _ i8R,
W) = ﬁ{ VYIH). |H>l|V>s}7 (12)

second passage first passage
where H and V refer to horizontal and vertical polarizations. The first and
second terms in Eq. (12) correspond to pair production at the second and first
passage of the pump beam. Their relative phase A¢, which depends on the
difference between the paths, is thus under control by the experimenter. The
signal photon, the object system, is always measured by means of a two—channel
polarization analyzer aligned at +45°. Due to entanglement, the vertical or
horizontal idler polarization supplies full which way information for the signal
system, i.e., whether it was produced at the first or second passage. In this
first experimental setup, where nothing is made to erase the polarization marks,
no interference can be observed in the signal-idler joint detections. To erase
this information, the idler photon has to be detected also in the +45°/ — 45°
basis. This is simply achieved in a second setup by changing the orientation of
the half—-wave plate in the meter path. Interference fringes or, more precisely,
fringes and anti—fringes can then be observed in each one of the two channels
when the relative phase A¢ is modified.
In the case of entangled kaons produced by ¢ resonance decays one starts
with the state

16(0)) = % KO E®), — KO [K0),] ~

1

7 KL)i|Ks)r — [Ks)|KL)r],

(13)

IThe authors of Ref. ?) used type—I crystals in their experiment but this
doesn’t affect the present discussion.
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object system
a Pol. at +45°

‘\I\ QWP

A
Y

meter system QWP

HWP oriented at 0°/90°
‘ or +45%/-45°

Figure 1: Sketched setup for an active eraser. A pump beam transverses twice
a non—linear crystal producing photon pairs by (type 1I) parametric down—
conwersion. The pairs produced in the first passage through the crystal (from
left to right) cross two times twice a quarter—wave plate (QWP) which trans-
forms an original horizontal polarized photon into a vertical one and vice versa.
The pairs produced in the second passage through the crystal (from right to left)
are superposed to the previous ones and directed to the measurement devices.
The signal or object photon is always detected after crossing a polarization an-
alyzer aligned at +45°. The idler or meter photon crosses a half-wave plate
(HWP) oriented at 0°,90° (first setup) or at £45° (second setup) and is then
analyzed by a polarization beam splitter. In the first setup —the meter photon
is measured in the H/V basis— one has full which way information, namely,
one knows that the pair was produced at the first or second passage. In the
second setup —the meter photon is measured in the +45°/ — 45° basis— the
information on the first or second passage is erased. One then observes fringes
for one—half of the joint detections and the complemeniary (anti-)fringes for
the other half.
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where the [ and r subscripts denote the “left” and “right” directions of motion
of the two separating kaons and, as before, CP—violating effects are neglected
in the last equality. Kaons evolve in time in such a way that the relevant state
turns out to depend on the two measurement times, ¢; and ¢,, on the left and
the right hand side, respectively. More conveniently, this two—kaon state can

be made to depend only on At = ¢; — ¢, by normalizing to surviving kaon
2

pairs
1 ; 1 .
|o(AL)) = W{WLMKS%—emmme%MAﬂKsMKL}T} (14
1

iAm i P P
= W{(l—eA Bz BIAO KON K ), — [K)|K®), )

+(1 T eiAmAteéAFAt)ﬂKOhu’(O% _ |RO>1|KO>T}}

We note that the phase AmAt introduces automatically a time dependent
relative phase between the two amplitudes. Moreover, there is a complete
analogy between the photonic state (12) and the two—kaon state written in the
lifetime basis, first eq. (14).

The marking and erasure operations can be performed on entangled kaon
pairs (14) as in the optical case discussed above. The object kaon flying to
the left hand side is measured always actively in the strangeness basis, see
Fig. 3(a). This active measurement is performed by placing the strangeness
detector at different points of the left trajectory, thus searching for oscillations
along a certain #; range. As in the optical version, the kaon flying to the
right hand side, the meter kaon, is always measured actively at a fixed time
0. But one chooses to make this measurement either in the strangeness basis
by placing a piece of matter in the beam or in the lifetime basis by removing
the piece of matter. Both measurements are thus performed actively. In the
latter case we obtain full information about the lifetime of the meter kaon and,
thanks to the entanglement, which width the object kaon has. Consequently,
no interference in the meter—object joint detections can be observed. This can
be immediately seen from eq. (14) once the left and right kaon kets are written

2Thanks to this normalization, we work with bipartite two-level quantum
systems like polarization entangled photons or entangled spin—1/2 particles.
For an accurate description of the time evolution of kaons and its implementa-

tion consult Ref. 11).
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in the strangeness and lifetime bases, respectively. Indeed, one obtains

_ 1
PK°t), Ks(t,)] = P [K°(t), Ks(t,)] = = 15
[ ( l)? S( )] [ ( l)? S( )] 2(1 +€AFAt)7 ( )
_ 1
PIK°#), Kr(t,)] = P [K°(t), Kp(t,)] = =5 (16
[ ( l)7 L( )] [ ( l)7 L( )] 2(1 +67AFAt)7 ( )
showing no oscillations in time. But interferences are recovered by joint strangene
measurements on both kaons. From the last eq. (14) one gets the following

probabilities to observe like— or unlike—strangeness events on both sides
PE (1), K°t)) = P [K°(0), K°(1,)] = 1 [1 = V(At) cos(Am Af)], - (17)
0 70 70 0 1
P [K ), K (tr)] =P [K ), K (tr)] =1 [1 4+ V(AL) cos(Am AT)], (18)
with a visibility

1

V(at) = cosh(ATA¢/2)

(19)

(b) Partially passive quantum eraser with active measurements

In Fig. 2 a setup is sketched where an entangled photon pair is produced having
a common origin in a region of points including, e.g., points A and B. The

experiment, realized in Ref. 10)

to which we refer for details, comprises a double
slit affecting the right moving object photon and a series of static beam splitters
and mirrors along the paths possibly followed by the meter photon. A look at
Fig. 2 immediately shows that “clicks” on detector D1 or D4 provide “which
way” information on this meter photon, which translates into the corresponding
information for its entangled, object partner. Joint detection of these photon
pairs shows therefore no interference. By contrast, “clicks” on detector D2
or D3, which require the cancelation of that “which way” information when
the two possible paths coincide on the central beam splitter BS in Fig. 2,
lead to the expected, complementary interference patterns for jointly detected
two—photon events 10)

For neutral kaons, a piece of matter is permanently inserted into both
beams. The one for the object kaon has to be moved along the left hand
path in order to scan a certain ¢;—range. The other strangeness detector for
the meter system is fixed on the right hand path point corresponding to a

fix t!, see Fig. 3(b). The experimenter has to observe the region from the
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source to this piece of matter at the right hand side. In this way the kaon
moving to the right —the meter system— takes the choice to show either
“which width” information if it decays during its free propagation before t? or
not. In this latter case, it can be absorbed at time ¢7 by the piece of matter.
Therefore the lifetime or strangeness of the meter kaon are measured actively,
i.e., distinguishing prompt and late decay events or S = 41 kaon—nucleon
interactions in matter. The choice whether the “wave-like” property or the
“particle-like” property is observed on the meter kaon is naturally given by
the instability of the kaons. It is “partially active”, because the experimenter
can choose at which fixed time ¢! the piece of matter is inserted thus making
more or less likely the measurement of lifetime or strangeness. This is analogous
to the optical case where the experimenter can choose the transmittivity of the
two beam-—splitters BSA and BSB in Fig. 2. Note that it is not necessary
to identify Kg versus Ky for demonstrating the quantum marking principle.
The fact that this information is somehow available is enough to prevent any
interference effects. These are recovered and oscillations reappear if this lifetime
mark is erased and joint events are properly classified according to the measured
strangeness of each kaon.

(c) Passive eraser with “passive” measurements on the meter

Next we consider the setup in Fig. 3(c). We take advantage —and this is specific
for kaons— of the passive measurement. Again the strangeness content of the
object system —the kaon moving to the left hand side— is actively measured by
inserting a piece of matter into the beam and thus scanning a given ¢; interval.
In the beam of the meter no material piece is inserted and the kaon moving to
the right propagates freely in space. This corresponds to a passive measurement
of either strangeness or lifetime on the meter by recording the different decay
modes of neutral kaons. If a semileptonic decay mode is found, the strangeness
content is measured and the lifetime mark is erased. The distributions of
the jointly detected events will show the characteristic interference fringes and
antifringes. By contrast, if a 77 or a mw7m decay is observed, the lifetime is
measured and thus “which width” information on the object system is obtained
and no interference is seen in the joint events. Clearly we have a completely
passive erasing operation on the meter, the experimenter has no control whether
the lifetime mark is going to be read out or not.
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Figure 2: Sketched setup of a ‘partially active’ quantum eraser. An entangled
photon pair can be produced either in region A or in region B. If the detectors
D1 or D4 click, one knows the production region A or B, i.e. one has full
which way information also for its photon partner. Clicks of the detectors D2
or D3 cannot contain this information which has been erased at the central
beam splitter. Interference is observed only in this latter case. It is a ‘partially
active’ eraser, because the mark is erased by a probabilistic law, however, the
erperimenter has still partially control over the erasure, he can choose the ratio
of transmittivity to reflectivity of the beam splitter BSA and BSB.

This experiment is conceptually different from any other considered two—
level quantum system.

(d) Passive eraser with “passive” measurements

Fig. 3(d) sketches a setup where both kaons evolve freely in space and the ex-
perimenter observes passively their decay modes and times. The experimenter
has no control over individual pairs neither on which of the two complementary
observables is measured on each kaon, nor when it is measured.

This setup is totally symmetric, thus it is not clear which side plays
the role of the meter. In this sense, one could claim that this experiment
should not be considered as a quantum eraser. But one could also claim that
this experiment reveals the true essence of the erasure phenomenon: until the
two measurements (one in each side) are completed, the factual situation is
undefined; once one has the measurement results on both sides, the whole set of
joint events can be classified in two subsets according to the kind of information
(on strangeness or on lifetime) that has been obtained. The lifetime subset
shows no interference, whereas fringes and antifringes appear when sorting the
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strangeness subset events according to the outcome, K° or K, of the meter
kaon.

Summarizing, we have discussed four experimental setups combining ac-
tive and passive measurement procedures which lead to the same observable
probabilities. This is even true regardless of the temporal ordering of the
measurements, as follows immediately from the fact that the Ai—dependent
functions in eq.(17), eq.(18) and in eq.(19), which govern the shape of the in-
terference pattern, are even in this variable At = ¢; — t,. Thus kaonic erasers
can also be operated in the “delayed choice” mode as already described in
Ref. 18). In our view this adds further light to the very nature of the quantum
eraser working principle: the way in which joint detected events are classified
according to the available information. In the ‘delayed choice’ mode, a series of
strangeness measurements is performed at different times ¢; on the object kaons
and the corresponding outcomes are recorded. Later one can measure either
lifetime or strangeness on the corresponding meter partner and, only now, full
information allowing for a definite sorting of each pair is available. If we choose
to perform strangeness measurements on the meter kaons and classify the joint
events according the K° or K outcomes, we complete the information on each
pair in such a way that oscillations and complementary anti—oscillations appear
in the corresponding subsets. The alternative choice of lifetime measurements
on meter kaons, instead, does not give the suitable information to classify the
events in oscillatory subsets as before.

4 Conclusions

We have discussed the possibilities offered by neutral kaon states, such as those
copiously produced by ¢—resonance decays at the DA®NE machine, to investi-
gate two fundamental issues of quantum mechanics: quantitative Bohr’s com-
plementarity and quantum eraser phenomena. In both cases, the use of neutral
kaons allows for a clear conceptual simplification and to obtain the relevant
formulae in a transparent and non—controversial way.

A key point is that neutral kaon propagation through the Ks and Kj,
components automatically parallels most of the effects of double slit devices.
Thanks to this, Bohr’s complementarity principle can be quantitatively dis-
cussed in the most simple and transparent way. Similarly, the relevant aspects
of quantum marking and the quantum eraser admit a more clear treatment
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Kaonic quantum erasers

(a) Active eraser with aclive measurements (s: active/active; T: active)

object system
Source

<s:t> meter system S, 1,0

I

(b) Partially active eraser with active measurements (s: active/active; T: active)

object system

D Source

> T meter system S, t,.0

(c) Passive eraser with passive measurements on the meter (s: active/passive; T:

passive)

object system

D Source
T

T
<S:t> S meter system

(d) Passive eraser with passwe measurements (S: passive/passive; T: passive/passive)
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Figure 3: The figure shows four different setups for a quantum marking and
quantum erasing experiment. The first three, (a), (b) and (c), have the object
system on the left hand side on which the strangeness is always actively mea-
sured at time t;. The setups (a) and (b) are analogous to existing quantum
eraser experiments with entangled photons, see Fig. 1 and Fig. 2. The setup
(¢) has no analog, because only for kaons a passive measurement is possible.
For the last setup, (d), it is not so clear which side plays the meter/object role
as it is totally symmetric and it involves only passive measurements.
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with neutral kaons than with other physical systems. This is particularly true
when the eraser is operated in the ‘delayed choice’ mode and contributes to
clarify the eraser’s working principle. Moreover, the possibility of performing
passive measurements, a specific feature of neutral kaons not shared by other
systems, has been shown to open new options for the quantum eraser. In short,
we have seen that, once the appropriate neutral kaon states are provided as in
the DAPNE machine, most of the additional requirements to investigate fun-
damental aspects of quantum mechanics are automatically offered by Nature
for free.

The CPLEAR experiment 19) did only part of the job (active strangeness—
strangeness measurements), but the KLOE 2 experiment could do the full pro-
gram!
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KAON INTERFEROMETRY AT CPLEAR
Apollo Go

National Central University
Chung-Li, Taiwan

Abstract

The CPLEAR result of the possible loss of quantum coherence and the non-
separability of the neutral kaon pair wave function are discussed. In addition,
a new idea of testing Bell’s Inequality with two regenerators at KLOE2 is
proposed.

1 Introduction

Neutral kaon has several remarkable properties (strangeness oscillation, small
mass difference between K, and Kg, CP non-conservation etc) that provides
a unique opportunity for testing fundamental physical laws. In this paper, we
will summarise two important contribution of CPLEAR to these fundamental
measurements: possible loss of quantum coherence and the non-separability of
the neutral kaon pair’s wave function.

2 CPLEAR experiment

The CPLEAR detector 1) (fig.1) is located at the Low Energy Antiproton
Ring (LEAR) at CERN. The continue and intense (10%p/s) 200MeV antipro-
ton beam is extracted from LEAR and stopped inside a 27-bar hydrogen gas
target. A cylindrical tracking detector was located inside a solenoid (1m radius,
3.6m long) providing a 0.44T magnetic field parallel to the beam. It consisted
of two layers of MWPCs (PC1, PC2), six layers of drift chambers and two
layers of streamer tubes. A hodoscope of 32 threshold Cherenkov counters
sandwiched between two swecintillator hodoscopes (S1, S2) provided charged
particle identification (Cherenkov light, time of flight and energy loss). The
cylindrical target (11mm radius) was surrounded by a small cylindrical pro-
portional chamber PCO (15mm radius, Imm pitch, > 99.5% efficiency). A thin
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Figure 1: CPLEAR detector: (a) longitudinal view, and (b) transverse view
and display on an event pp — K w7 K with the neutral kaon decaying into

ntr.

silicon detector in front of the target entrance window ensured the presence

of an incoming antiproton, thus rejecting background events resulting from in-

teractions in the target support structure. A multi-level trigger optimized to

select the initial K° or K° via reactions

pp — K 7t K°

pp — Ktn K°

(each having a branching ratio of 2 2 x 1072). By reconstructing the charged

kaon and the opposite charged pion, the production point, the momentum and

the initial strangeness of the neutral kaon can be measured. This detector was

originally design to measure CP and T violation parameters in the neutral kaon

system but it is capable of doing many other physics. The summary of the all

physics output of CPLEAR. experiment can be found elsewhere 2).

3 Loss of quantum coherence

The formalism of time evolution of the kaon normally used is according to a

QM closed system description. Some approaches to quantum gravity

3)

suggest

that topologically non-trivial space-time fluctuations (space-time foam) entail

an intrinsic, fundamental information loss, and therefore transitions from pure
to mixed state 4). The K° — K° system is then described by a 2x2 density

matrix p, which obeys

p=—i[Ap— pAT] + fAp,

(1)
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where A is the time-dependent 2x2 matrix (A = M — %R the mass and decay
matrices) and the term §A p induces a loss of quantum coherence in the observed
system. In this context, the time evolution of the K° — K system allows for
another 9 parameters, in addition to the usual seven. The CPLEAR experiment
has measured 3 («, 8 and v) of the 9 parameters (the rest 6 are assumed to be
zero). If different from zero, «, 3 and ~ would point to a loss of coherence of
the wave function (and also to CPT violation). The decay-rate asymmetries
from the 777~ decay channel,

Ng -(r)—N -
AQA,T(T) _ leoﬂﬂ'*»ﬂ' (7—) KO—ntw (7—)7 (2)
KO —ntmg— (7—) + NK0~>7T+7T* (7—)
and for erv decay channel,
[Nf(oﬂefﬂ"H?(T) + NK0~>5+7T*V(T)] - [NROHE‘F‘IT*V(T) + NK°~>@*7r+l7(T)]
[Nf(oﬂefﬂ"H?(T) + NK0~>5+7T*V(T)] + [NRO*@«#”—V(T) + NK°~>@*7r+l7(T)]
(3)
were fitted to data with the constrait of | _| and ¢ measured at long lifetimes
(fig.2). It was obtained from the fit, as 90% CL limit 5),

?

Aam(7) =

o <4.0x10717GeV,

5 <23%x10 19GeV,
o < 3.7x107%1GeV,
to be compared with a possible order of magnitude of

O(m%/mplanck) =92 x 107 20GeV

for such effects. The result was consistent with no loss of quantum coherence.

4 Non-separability of the K°K° wave function

The strangeness of the pair of K°K° produced in the pp annihilation, pp —
K°KYin JFY = 1"~ state (92.6% of the case in CPLEAR 6)) is entangled:
1
V2

to the polarization in a two-photon system, more com-

%) K% e ® K% — |K e @ [K )y, (4)

This is analogous 7)
monly used in EPR-~type experiments 8). Even though due to K° — K° oscilla-
tions the individual kaon’s strangeness varies with time, the measurement of the
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Figure 2: The measured decay-rate asymmelries (a) Asr and (b) Anm, analysed
for a possible loss of coherence. The solid lines are the result of the fit. The
dashed lines represent the expected asymmetries with positive values of o, 3.,
which are 10 times larger than the limits obtained.

strangeness of one kaon at a given time predicts with certainty the strangeness
state of the other unmeasured kaon at equal proper time. There is a perfect
strangeness anti-correlation at a distance. The expected QM intensities for the
like-strangeness (K°K° or K°K°) and unlike-strangeness (K°K° or K°K")
final states a and b, observed at times ¢, and ¢, respectively are:

Like (tmtb) _ é[emetafmstb + e~ sta=ivity _ 9 — ’YS‘g’YL (tatty) cos(AmAt)L
. (5)
) ) ) ) +
Luntie (ta, ty) = gle™ M1 7050 7SI 4 2e~ T (e th) cos( AmAL)]

(6)

where Am = my — mg and At = t, —t;. They are shown in fig. 3a. For an

experiment, it is easier to measure the asymmetry:

Luntite(ta, ) — Tige(tar ts) 265 00et10) cos( AmAL)

A(ta,tb) B Luntike (tm tb) + Liike (tm tb) a e~ ta=ivsty 4 e—ivsta—ivLlp ’ (7)

as shown in fig. 3b.

The strangeness was identified by product of the strong interaction in
two absorbers near the target, fig. 4a, via the observation in the same event,
at two different times, of a A and a KT (unlike strangeness) or a A and a

9)

K~ (like strangeness) The asymmetries for unlike- and like-strangeness



A. Go 277

4 ) z N
35k a) — Like £ |
sk I unike | 508
25| ‘,-" i < osf

04}

Intensity larbitrary units 1

_170\ Ll \_5\ Ll \O\ L L \5\ Ll \"O
to—t, [7,]

Figure 3: QM prediction for (a) intensity of the like- and unlike-strangeness as
a function of At and (b) the asymmetry

events (AKT and AK ™) were measured for two experimental configurations
C(0) and C(5) (fig.4b) corresponding to At = 0 and At =~ 1.27g proper time
differences between the two strangeness measurements, or path difference Al
of ~ 0 and 5cm. As shown in fig. 5, these asymmetries are consistent with the
values predicted from QM, and therefore consistent with the non-separability
hypothesis of the K°K° wave funtion. The non-separability hypothesis is also
strongly favoured by the yield of AA events. The probability of satisfying the
separability hypothesis of Furry is < 107%.

If after the production of the K°K" pair, a spontaneous decoherence
takes place, i.e. a fraction of the two neutral kaon are separated and evolve
independently, then the asymmetry above would be different. This can be
parametrized by a factor (1 — ¢), which multiphy the QM interference term in
equations (5) and (6). This decoherence could happen either in the K;, — Kg
basis or in the K — K° basis. Bertlmann, Grimus and Hiesmayr 10) pas
measured this decoherence based on the CPLEAR result (fig. 5) and the result
is 0.1370-1% and 0.4 4 0.7 respectively. An improved measurement was done at

KLOE 11).

5 Testing Bell Inequality at KLOE2

Having shown that the neutral kaon pair wave function is entangled, a more

12)

interesting measurement would be to test the Bell Inequality However,
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Figure 4: (a) Central region of the CPLEAR detector with the two absorbers
and (b) conceptual sketch of the experiment with a AK event.
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Figure 5: Asymmetry of the measured AK= for the two experimental configu-
rations. The solid curve is the QM prediction. The dashed line is the prediction
for a separate wave function hypothesis by Furry.
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Figure 6: Tranverse view of the proposed two thin regenerator position for the
4 possible configurations to be placed near interation point at KLOE2 detector.

it was proven that due to the rapid decay of the kaon wavefunction, it is not
possible to violate Bell Inequality in the K°K° maximally entangle state 13),
Nevertherless, Bell Inequality can be violated in the non-maximally entangled

state 14).

Coherent regeneration in a thin material could be used to create
such state from the initial K°K° pair.

Following the idea by Eberhard 15)7 originally proposed for asymmetric
kaon factory, 4 set-ups with 2 regenerators are used. Translating into a sym-
metric machine, we proposse to have two partial rings of regenerators which
correspond to 4 possible configuration: [0,0°], [%,0], [0,%] and [%,%7] (fig. 6).
Measuring 4 K, K;, probabilities (by the interation in the calorimeter), the
Wigner’s form of Bell Inequality can be used:

PKL7KL (27 E/) > PKL7KL (07 O/) + PKL7KL (27 O/) + PKL7KL (07 E/)' (8)

Back of envelop calculations using the regeneration parameters from Di Domenicc
show that for configuraion [3,0’] and [0,3], a statistics of 114 events/fb~! and
100 events/fb~! respectively can be achieved at KLOE2. Alternatively, one
can also measure KgKg decays (into 777 ™), this gives more statistics of 218
events/fb~! and 346 events/fb~!. Therefore, only around < 5fb~! of data are
needed, certainly feasible at the new proposed KLOE2 detector with minor
modification of introducing two regenerators.
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6

Conclusion

Neutral Kaon is a rich system to testing fundamental QM issues. Here we have

presented the test of coherence loss due to quantum gravity and a test of EPR

entangled kaon pair. A further test of Bell Inequality should be possible at
KLOE2.
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