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A first measurement of time-reversal (T) asymmetries that are not also CP asymmetries has been
recently achieved by the BABAR collaboration. We analyze the measured asymmetries in the presence of
direct CP violation, CPTviolation, wrong strangeness decays and wrong sign semileptonic decays. We
note that the commonly used SψK and CψK parameters are CP-odd, but have a T-odd CPT-even part and a
T-even CPT-odd part. We introduce parameters that have well-defined transformation properties under CP,
T and CPT. We identify contributions to the measured asymmetries that are T conserving. We explain why,
in order that the measured asymmetries would be purely odd under time-reversal, there is no need to assume
the absence of direct CP violation. Instead, one needs to assume (i) the absence of CPT violation in
strangeness changing decays, and (ii) the absence of wrong sign decays.
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I. INTRODUCTION

TheBABAR collaboration has recently announced the first
direct observation of time-reversal violation in the neutral B
meson system [1]. The basic idea is to compare the time-
dependent rates of two processes that differ by exchange of
initial and final states. The measurement makes use of the
Einstein-Podolsky-Rosen (EPR) effect in the entangled B
mesons produced in ϒð4SÞ decays [2–6]. For example, one
rate,ΓðψKLÞ⊥;l−X, involves the decay of one of the neutralB’s
intoaψKL state, and, after time t, thedecayof theotherB into
l−X. The other rate,ΓðlþXÞ⊥;ψKS

, involves the decayof oneof
the neutral B’s into lþX, and, after time t, the decay of the
other B into ψKS. Under certain assumptions, to be spelled
out below, this is a comparisonbetween the rates ofB− → B̄0

and B̄0 → B−, where B̄0 has a well-defined flavor content
(bd̄) and B− is a CP-odd state. The asymmetry is defined as
follows:

AT ≡ ΓðψKLÞ⊥;l−X − ΓðlþXÞ⊥;ψKS

ΓðψKLÞ⊥;l−X þ ΓðlþXÞ⊥;ψKS

: (1)

BABAR take the time dependence of the asymmetry to be of
the form

AT ¼ ΔSþT
2

sinðΔmtÞ þ ΔCþ
T

2
cosðΔmtÞ: (2)

(Amore accurate description of theBABAR analysis is given
in Sec. III.) They obtain

ΔSþT ¼ −1.37� 0.15; ΔCþ
T ¼ þ0.10� 0.16: (3)

The fact thatΔSþT ≠ 0 constitutes their direct demonstration
of time reversal violation.
Time reversal violation had been observed earlier in the

neutral K meson system by the CPLEAR collaboration [7].
The measurement involves the processes pp̄ → K−πþK0

and pp̄ → Kþπ−K̄0. Again, one aims to compare rates of
processes that are related by exchange of initial and final
states. One rate, ΓK−;e− , involves a production of K− and a
neutral K that after time t decay into e−πþν̄. The other rate,
ΓKþ;lþ , involves the production of Kþ and a neutral K̄ that
after time t decay into eþπ−ν. Under certain assumptions,
this is a comparison between the rates of K0 → K̄0 and
K̄0 → K0 [8]. The time dependent asymmetry is defined as
follows:

AT;K ≡ ΓKþ;eþ − ΓK−;e−

ΓKþ;eþ þ ΓK−;e−
: (4)

CPLEAR integrate the rates over times τS ≤ t ≤ 20τS (τS is
the lifetime of KS), and obtain

hAT;Kið1−20ÞτS ¼ ð6.6� 1.6Þ × 10−3: (5)

The CPLEAR asymmetry is also a CP asymmetry, since
the initial and final states are CP-conjugate. In contrast, the
BABAR asymmetry is not a CP asymmetry.
In this work, we examine the analysis of AT , with the aim

of answering the following two related questions:
(i) Would it vanish in the T-symmetry limit?
(ii) Is the initial state in each of the two processes the

T-conjugate of the final state in the other?
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To answer these questions, it is helpful to use only
parameters that have well-defined transformation properties
under all three relevant symmetries: CP, T and CPT. In
most of the related literature,CPT conservation is assumed,
and then parameters that are CP-odd or CP-even are used.
For example, the parameters ΔSþT and ΔCþ

T of Eq. (2) are
both CP-odd. However, when aiming to demonstrate that
time-reversal is violated, one needs to allow for CPT
violation [9,10]. (Otherwise, T violation follows from CP
violation.) In this case, most of the parameters used in the
literature do not have well-defined transformation under T
and CPT. In particular, ΔSþT and ΔCþ

T have, apart from a
T-odd CPT-even part, also a T-even CPT-odd part.
In Sec. II we present our formalism and, in particular,

introduce parameters with well-defined transformation
properties under CP, T and CPT. In Sec. III we derive
expressions for the asymmetries measured by BABAR in
terms of these parameters. The results allow us to answer
the first question and to clearly formulate the assumptions
one needs to make in order to identify the asymmetries
measured by BABAR with time reversal violation. In
Sec. III C we comment on the time-dependence of the
asymmetry under various approximations. As concerns the
second question, for two processes to be related by time-
reversal, the initial state in each of them should be the time-
reversal conjugate of the final state in the other. The
subtleties related to this requirement, in the context of
the BABAR measurements, are clarified in Sec. IV. We
conclude in Sec. V. In Appendix A we compile relevant
experimental constraints on CP violation in mixing and in
decay, on CPT violation, and on wrong-strangeness and
wrong-sign B decays. In Appendix B we present combi-
nations of measurements that allow us to isolate various
parameters of interest. Appendix C contains the full
expressions for all the asymmetries measured at BABAR.
In Appendix D we define “theoretical asymmetries” (or,
equivalently, gedanken experiments) involving inverse
decays, which provide another way to shed light on the
subtleties of experimentally demonstrating time reversal
violation. In Appendix E we show how CPT violation
affects the EPR entanglement of the initial B meson state.

II. DEFINITIONS AND NOTATIONS

We use a formalism that allows for CPT violation.
Similar to Ref. [11], we use in and out states defined by the
reciprocal basis [12]. Translating our notations to those of
Ref. [13] is straightforward.

A. B0 − B̄0 mixing

The effective HamiltonianH ¼ M − iΓ=2 describing the
evolution of the oscillating system is non-Hermitian. It is
thus diagonalized by a general similarity transformation,

X−1HX ¼ diagðωH;ωLÞ; (6)

where

X ¼
�

p
ffiffiffiffiffiffiffiffiffiffiffi
1þ z

p
p

ffiffiffiffiffiffiffiffiffiffiffi
1 − z

p

−q ffiffiffiffiffiffiffiffiffiffiffi
1 − z

p
q

ffiffiffiffiffiffiffiffiffiffiffi
1þ z

p
�
; (7)

with jpj2 þ jqj2 ¼ 1. The complex parameter z≡ zR þ izI

represents CP and CPT violation in mixing. We define a
real parameter, RM, representing T and CP violation in
mixing:

RM ≡ 1 − jq=pj2
1þ jq=pj2 : (8)

In Eq. (7) we omitted normalization factors that deviate
from unity only in OðRMz; z2Þ.
For the mass and width eigenvalues, we use

ωH;L ¼mH;L− i
2
ΓH;L; m¼mLþmH

2
; Γ¼ ΓLþΓH

2
;

x¼mH −mL

Γ
; y¼ ΓH −ΓL

2Γ
: (9)

The incoming mass eigenstates are

jBin
Hi ¼ p

ffiffiffiffiffiffiffiffiffiffiffi
1þ z

p jB0i − q
ffiffiffiffiffiffiffiffiffiffiffi
1 − z

p jB̄0i;
jBin

L i ¼ p
ffiffiffiffiffiffiffiffiffiffiffi
1 − z

p jB0i þ q
ffiffiffiffiffiffiffiffiffiffiffi
1þ z

p jB̄0i: (10)

Their time evolution is given by

jBin
H;LðtÞi ¼ e−iωH;LtjBin

H;Li: (11)

The outgoing states are

hBout
H j ¼ 1

2pq
ðq ffiffiffiffiffiffiffiffiffiffiffi

1þ z
p hB0j − p

ffiffiffiffiffiffiffiffiffiffiffi
1 − z

p hB̄0jÞ;

hBout
L j ¼ 1

2pq
ðq ffiffiffiffiffiffiffiffiffiffiffi

1 − z
p hB0j þ p

ffiffiffiffiffiffiffiffiffiffiffi
1þ z

p hB̄0jÞ: (12)

B. B decay amplitudes

We define decay amplitudes,

Af ≡ AðB0 → fÞ ¼ hfjTjB0i;
Āf ≡ AðB̄0 → fÞ ¼ hfjTjB̄0i; (13)

and the inverse-decay amplitudes,

AID
f ≡ AðfT → B0Þ ¼ hB0jTjfTi;

ĀID
f ≡ AðfT → B̄0Þ ¼ hB̄0jTjfTi; (14)

where fT is T-conjugate (i.e. reversed spins and momenta)
to f. CP violation in decay and in inverse decay is manifest
in the direct asymmetries
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Af ≡ jĀf̄j2 − jAfj2
jĀf̄j2 þ jAfj2

; AID
f ≡ jAID

f j2 − jĀID
f̄
j2

jAID
f j2 þ jĀID

f̄
j2 ; (15)

where f̄ is CP-conjugate to f.
We define complex parameters, θf, representing CPT

violation in the decay:

θf ¼ θRf þ iθIf ≡
AID
f̄
=ĀID

f̄
− Āf=Af

AID
f̄
=ĀID

f̄
þ Āf=Af

: (16)

Under CP, θf → −θf̄, while under T, θf → θf̄. Thus, for
final CP eigenstates, θf ≠ 0 breaksCPT and CP, but not T.
We further define the phase convention independent

combination of amplitudes and mixing parameters,

λf ≡ q
p

Āf

Af

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ θf
1 − θf

s
¼ q

p

AID
f̄

ĀID
f̄

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − θf
1þ θf

s
: (17)

In the CPT limit z ¼ θf ¼ 0 and the standard definition of
λf is recovered. It is convenient to introduce the following
functions of λf:

Cf≡1− jλfj2
1þjλfj2

; Sf≡2ImðλfÞ
1þjλfj2

; Gf≡2ReðλfÞ
1þjλfj2

; (18)

with C2
f þ G2

f þ S2f ¼ 1.
We emphasize that the definition of λf in Eq. (17) and,

consequently, the definitions of Sf, Cf and Gf in Eq. (18)
differ from the standard definitions of these parameters in
the literature. Our definition lends itself straightforwardly
to the theoretical analysis that we are doing. The standard
definition lends itself straightforwardly to the description of
the experimentally measured rates. The relation between
the two will be further clarified in the next subsection. The
distinction between the two is crucial for understanding the
subtleties in the interpretation of the BABARmeasurements.
Of course, in the absence of CPT violation, the two sets of
definitions coincide.

C. T, CP and CPT transformations

The transformation rules for the parameters defined in
the previous subsection under T, CP and CPT, are
summarized in Table I.
As explained above, it is very convenient for our

purposes to use parameters that are either even or odd
under all three transformations. Using superscript þ for
T-even, and − for T-odd, we define the following
combinations:

C−
f ¼ 1

2
ðCf þ Cf̄Þ; Cþ

f ¼ 1

2
ðCf − Cf̄Þ;

S−f ¼ 1

2
ðSf þ Sf̄Þ; Sþf ¼ 1

2
ðSf − Sf̄Þ;

G−
f ¼ 1

2
ðGf −Gf̄Þ; Gþ

f ¼ 1

2
ðGf þ Gf̄Þ;

θ−f ¼ 1

2
ðθf − θf̄Þ; θþf ¼ 1

2
ðθf þ θf̄Þ: (19)

We further define

A−
f ¼AfþAID

f

2
¼RM−CfCP; Aþ

f ¼Af−AID
f

2
¼−θþ;R

fCP
;

(20)

where the last step in each equation is relevant only for CP
eigenstates and we expand to linear order in CfCP , RM and
θfCP . A summary of the transformation properties of these
parameters is provided in Table II. For final CP eigenstates,
such as f ¼ ψKS;L, Sf and Cf are T-odd, while Gf and θf
are T-even, so that Sþf ¼ Cþ

f ¼ G−
f ¼ θ−f ¼ 0. We sum-

marize the transformation properties for final CP eigen-
states also in Table II.
In practice, inverse decays are not accessible to the

experiments. In particular, experiments are not sensitive to
λf, as defined in Eq. (17), but to the related observable λef,
defined via

TABLE I. Transformation rules of the various parameters under
T, CP and CPT.

Parameter T CP CPT

RM −RM −RM RM
z z −z −z
λf 1=λf̄ 1=λf̄ λf
Sf −Sf̄ −Sf̄ Sf
Cf −Cf̄ −Cf̄ Cf

Gf Gf̄ Gf̄ Gf

Af −AID
f −Af AID

f

θf θf̄ −θf̄ −θf

TABLE II. Eigenvalues of the various parameters under T, CP
and CPT.

Parameter T CP CPT

RM, S−f , C−
f , G

−
f , A

−
f − − þ

z, θþf , A
þ
f þ − −

θ−f − þ −
Sþf , C

þ
f , G

þ
f þ þ þ

SfCP , CfCP − − þ
θfCP þ − −
GfCP þ þ þ
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λef ≡ q
p

Āf

Af
¼ λfð1 − θfÞ; (21)

where the second equation holds to first order in θf.
Accordingly, the experiments are sensitive to the following
parameters:

Ce
f ¼ Cf þ ð1 − C2

fÞθRf ;
Sef ¼ Sfð1 − Cfθ

R
f Þ −Gfθ

I
f;

Ge
f ¼ Gfð1 − Cfθ

R
f Þ þ SfθIf: (22)

D. Wrong-strangeness and wrong-sign decays

Among the final CP eigenstates, we focus on decays
into the final ψKS;L states (neglecting effects of ϵK). We
distinguish between the right strangeness decays,

AK0 ¼ AðB0 → K0Þ; ĀK̄0 ¼ AðB̄0 → K̄0Þ; (23)

and the wrong strangeness decays,

ĀK0 ¼ AðB̄0 → K0Þ; AK̄0 ¼ AðB0 → K̄0Þ: (24)

We define

ĈψK ≡ 1

2
ðCψKS

þCψKL
Þ; ΔCψK ≡ 1

2
ðCψKS

−CψKL
Þ;

ŜψK ≡ 1

2
ðSψKS

− SψKL
Þ; ΔSψK ≡ 1

2
ðSψKS

þ SψKL
Þ;

ĜψK ≡ 1

2
ðGψKS

−GψKL
Þ; ΔGψK ≡ 1

2
ðGψKS

þGψKL
Þ;

(25)

and

θ̂ψK ≡ 1

2
ðθψKL

þ θψKS
Þ; ΔθψK ≡ 1

2
ðθψKS

− θψKL
Þ:
(26)

In the limit of no wrong strangeness decay, λψKS
¼ −λψKL

[14] (Ref. [14] assumes CPT conservation, but this is not a

necessary assumption) and, consequently, ΔCψK, ΔGψK ,
ΔSψK and ΔθψK vanish.
Among the flavor specific final states, we focus on

decays into final l�X states. Here we distinguish between
the right sign decays,

Alþ ¼ AðB0 → lþXÞ; Āl− ¼ AðB̄0 → l−XÞ; (27)

and the wrong sign decays,

Al− ¼ AðB0 → l−XÞ; Ālþ ¼ AðB̄0 → lþXÞ: (28)

We define C�
l , S

�
l and G�

l according to Eq. (19), with
f ¼ lþ, and a super-index þ (−) denoting a T conserving
(violating) combination. Taking the wrong sign decays to
be much smaller in magnitude than the right sign decays,
we have jλlþj ≪ 1 and jλ−1l− j ≪ 1. We will work to first
order in jλlþj and in jλ−1l− j, which means that we set Cþ

l ¼ 1

and C−
l ¼ 0. On the other hand, the four other relevant

parameters are linear in jλlþj and in jλ−1l− j:

S�l ≃ Imðλlþ � λ−1l− Þ; G�
l ≃Reðλlþ � λ−1l− Þ: (29)

III. TIME-REVERSAL ASYMMETRIES

A. The master formula

Consider a pair of B-mesons produced in ϒð4SÞ decay,
where one of the B-mesons decays at time t1 to a final state
f1, and the other B-meson decays at a later time,
t2 ¼ t1 þ t, to a final state f2. The time dependent rate
for this process, to linear order in RM, z and θ, is given by

Γðf1Þ⊥;f2 ¼ Nð1Þ⊥;2e
−Γðt1þt2Þ½κð1Þ⊥;2 coshðyΓtÞ

þ σð1Þ⊥;2 sinhðyΓtÞ þ Cð1Þ⊥;2 cosðxΓtÞ
þ Sð1Þ⊥;2 sinðxΓtÞ�: (30)

where

Nð1Þ⊥;2¼ ½1þðC1þC2ÞðRM− zRÞ�N 1N 2;

κð1Þ⊥;2¼ ½1−G1G2þðC1þC2þC2G1þC1G2−C2G2G1−C1G2G1ÞzR− ðS1þS2ÞzIþG1G2ðC2θ
R
2 þC1θ

R
1 Þ

−G1S2θI2−G2S1θI1�;
σð1Þ⊥;2¼ ½G2−G1− ðC2−C1−C2G2−C1G2þC2G1þC1G1ÞzR− ðG2S1−G1S2ÞzI −C2G2θ

R
2 þS2θI2þC1G1θ

R
1 −S1θI1�;

Cð1Þ⊥;2¼−½C2C1þS2S1þðC2
2C1þC2C2

1þC1G2þC2G1þC2S2S1þC1S2S1ÞzR
− ðS2þS1ÞzI−G2S1θI2þðC1−C2

2C1−C2S2S1ÞθR2 −G1S2θI1þðC2−C2C2
1−C1S2S1ÞθR1 �;

Sð1Þ⊥;2¼ ½C1S2−C2S1þðC2C1S2þC2
1S2þG1S2−C2

2S1−C2C1S1−G2S1ÞzR
þðC2−C1ÞzI−C1G2θ

I
2þðC2

2S1−C2C1S2−S1ÞθR2 þC2G1θ
I
1− ðC2

1S2−C2C1S1−S2ÞθR1 �; (31)
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and, for the sake of brevity, we denote Xi ≡ Xfi for X ¼ S,
C, G, θ and N i ¼ ðjAfi j2 þ jĀfi j2Þ. Eq. (30) is our “master
formula,” and serves as the starting point for all our
calculations. Note that the decomposition into e−Γðt1þt2Þ ×
fðtÞ for the ϒð4SÞ decay products holds even in the
presence of CPT violation. (See Appendix E.)

B. The BABAR T-asymmetry

In what follows we set y ¼ 0, Cþ
l ¼ 1, C−

l ¼ 0 and
ϵK ¼ 0. We do so for the sake of simplicity: All these
effects can, in principle, be accounted for. (Care is needed
when accounting for the effect of Kaon mixing [15–20].)
We work to linear order in the following small parameters:

RM; zR; zI; θRf ; θ
I
f; ĈψK;ΔCψK;ΔSψK;ΔGψK; S�l ; G

�
l : (32)

We consider the two processes that are relevant to the
experimentally measured asymmetry (1). Using the master
formulas (30), and implementing our approximations, we
obtain the following time-dependent decay rates:

ΓðψKLÞ⊥;l−X

¼½1−RMþzR�N ψKL
N l−X

×f½1−GψKL
Gl− −ð1þGψKL

ÞzR−SψKL
zI�

− ½−CψKL
þSl−SψKL

−GψKL
zR−SψKL

zI−θRψKL
�cosðxΓtÞ

þ½SψKL
−SψKL

zR−zI−GψKL
θIψKL

�sinðxΓtÞg; (33)

ΓðlþXÞ⊥;ψKS

¼ ½1þRM − zR�N lþXN ψKS

×f½1−GlþGψKS
þð1þGψKS

ÞzR−SψKS
zI�

− ½CψKS
þSψKS

Slþ þGψKS
zR−SψKS

zI þθRψKS
�cosðxΓtÞ

þ ½SψKS
þSψKS

zR− zI −GψKS
θIψKS

�sinðxΓtÞg; (34)

where the overall decay exponential factor is omitted. The
analysis performed by BABAR, as described in Ref. [1], is
as follows. The time dependent decay rates are measured
and fitted to time-dependence of the form (30), approxi-
mating (as we do) y ¼ 0. The quantities ΔSþT and ΔCþ

T , to
which the BABAR results of (3) apply, correspond to the
following combinations:

ΔSþT ¼ SðψKLÞ⊥;l−X
κðψKLÞ⊥;l−X

−SðlþXÞ⊥;ψKS

κðlþXÞ⊥;ψKS

≡S−l−;KL
−Sþlþ;KS

;

ΔCþ
T ¼CðψKLÞ⊥;l−X

κðψKLÞ⊥;l−X
−CðlþXÞ⊥;ψKS

κðlþXÞ⊥;ψKS

≡C−
l−;KL

−Cþ
lþ;KS

: (35)

The last identity relates our definitions in Eq. (30) with
those of BABAR in Ref. [1]. In the latter, a super-index þ
refers to the case the leptonic tag occurs before the CP tag,
as in ΓðlþXÞ⊥;ψKS

, while a super-index − refers to the case
that the CP tag occurs before the leptonic tag, as in

ΓðψKLÞ⊥;l−X. We note that the normalization of Eqs. (35)
removes the dependence on the total production rates and
effects such as direct CP violation in leptonic decays.
We obtain the following expressions for these

observables:

ΔSþT ¼ −2½ðŜψK − ĜψK θ̂
I
ψKÞ þ ŜψKĜψKðG−

l − zRÞ�;
ΔCþ

T ¼ 2½ðĈψK þ θ̂RψKÞ þ ŜψKðS−l − zIÞ�: (36)

If we switch off all the T-odd parameters, we are left with
the following T conserving (TC) contributions:

ΔSþT ðT-odd parameters ¼ 0Þ ¼ 2ĜψK θ̂
I
ψK;

ΔCþ
T ðT-odd parameters ¼ 0Þ ¼ 2θ̂RψK: (37)

These contributions are CPT violating. Yet, since θ̂ψK
involves inverse decays, we are not aware of any way to
experimentally bound it, and to exclude the possibility that
it generates the measured value of ΔSþT . We would like to
emphasize, however, the following three points.

(i) The appearance of the T conserving, CPT violating
effects should come as no surprise. As explained in
the discussion of Eq. (22), experiments can only
probe SeψK and Ce

ψK , which include these terms.
(ii) While we are not aware of any way to constrain θ̂ψK

from tree-level processes, it may contribute to
measurable effects, such as CPT violation in mix-
ing, at the loop level. In the absence of a rigorous
framework that incorporates CPT violation, it is
impossible to calculate such effects.

(iii) It would of course be extremely exciting if the
BABAR measurement is affected by CPT violating
effects.

An additional interesting feature of Eqs. (36) is the
appearance of terms that are quadratic in T-odd parameters,

ΔSþT ðquadratic in T-odd parametersÞ ¼ −2ĜψKŜψKG−
l ;

ΔCþ
T ðquadratic in T-odd parametersÞ ¼ 2ŜψKS−l : (38)

While these terms would vanish if we take all T-odd
parameters to zero, they are still T-conserving. Note that
since we expand to linear order in all T-odd parameters,
except for ŜψKS

, there are additional T conserving,
ŜψK-independent, contributions that are quadratic in
T-odd parameters that are not presented in Eqs. (38).
Since Ĝ2

ψK þ Ŝ2ψK ≤ 1, the maximal absolute value of the
term on the right-hand side of Eq. (38) for ΔSþT is 1,
j2ĜψKŜψKG−

l j ≤ 1. Thus, if experiments establish
jΔSþT j > 1, such a result cannot be explained by this term
alone.
We are now also able to formulate the conditions under

which the BABAR measurement would demonstrate T
violation unambiguously:
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θ̂ψK ¼ G−
l ¼ S−l ¼ 0: (39)

In words, the necessary conditions are the following:
(i) The absence of CPT violation in strangeness

changing decays.
(ii) The absence of wrong sign decays or, if wrong sign

decays occur, the absence of direct CP violation in
semileptonic decays.

C. The time dependence of AT

It is often assumed that the time-dependence of the
time-reversal asymmetry AT is of the form of Eq. (2).
Equations (33) and (34) reveal, however, that even
when taking y ¼ 0 and expanding to linear order in the
various small parameters, the time dependence is more
complicated:

AT ¼ RT þ CT cosðxΓtÞ þ ST sinðxΓtÞ þ BTsin2ðxΓtÞ
þDT sinðxΓtÞ cosðxΓtÞ: (40)

Even when we neglect CPT violation, wrong sign decays,
and wrong strangeness decays, the time dependence is, in
general, more complicated than Eq. (2). If, in addition, one
neglects CP violation in decay, then the only source of T
violating effects is in mixing and should therefore vanish at
t ¼ 0:

AT ¼−RM½1−cosðxΓtÞ�− ŜψK sinðxΓtÞþRMŜ
2
ψKsin2ðxΓtÞ:

(41)

One may argue that RM is experimentally constrained to be
very small. But then one should also take into account the
fact that ĈψK is experimentally constrained to be very
small, and the asymmetry has the simpler well-known form

AT ¼ −ŜψK sinðxΓtÞ: (42)

Moreover, the ŜψK parameter is measured and known. The
whole point of the BABAR measurement is not to measure
the values of the parameters, but to demonstrate time-
reversal violation in processes that are not CP-conjugate.
It is perhaps more appropriate not to take experimental
information from previous measurements.

IV. CP VIOLATION IN RIGHT-STRANGENESS
DECAYS

A priori, one would expect that direct CP violation in
right-strangeness decays is enough to allow for AT ≠ 0
even in the T-symmetry limit. However, in the previous
section we found that this is not the case. In this section we
first explain the reasoning behind the naive expectation,
and, second, obtain the conditions under which the two
processes measured by BABAR are not T conjugate.

In ΓðψKLÞ⊥;l−X, the initial B-meson state is orthogonal to
the one that decays to ψKL. In ΓðlþXÞ⊥;ψKS

, the final state is
the one that decays into ψKS. Are these two states
identical? They would be if the state that does not decay
to ψKL, jBð→ψKLÞ⊥i and the state that does not decay into
ψKS, jBð→ψKSÞ⊥i were orthogonal to each other. Using

jBin
ð→ψKLÞ⊥i ¼ NL½ĀψKL

jB0i − AψKL
jB̄0i�;

jBin
ð→ψKSÞ⊥i ¼ NS½ĀψKS

jB0i − AψKS
jB̄0i�; (43)

where NS;L are normalization coefficients, and neglecting
wrong strangeness decays, we obtain

hBð→ψKSÞ⊥ jBð→ψKLÞ⊥i ∝ AψK; (44)

whereAf is the direct asymmetry defined in Eq. (15). (The
same orthogonality condition can be obtained by using
hB→ψKS

jB→ψKLÞi.) The conclusion is that the state that is
orthogonal to the one that decays to ψKL and the state that
decays to ψKS are not the same state, unless there is no
direct CP violation in the B → ψK decays. This is
presumably the reason why the theoretical paper [4] and
the experimental paper [1] explicitly state that they neglect
direct CP violation.
However, as we learned from the analysis in Sec. III, the

correct question is not whether the state that does not decay
to ψKL is the same as the state that decays to ψKS. Instead,
the question is whether it is the same as the state generated
in the inverse decay of ψKS. (The orthogonality of the two
B-mesons at t1 is guaranteed by the EPR entanglement,
allowing one to label the initial B state at t1.) This would be
the case if jBð→ψKLÞ⊥i and jBðψKS→Þ⊥i were orthogonal.
Using

jBin
ψKS→

i ¼ NID
S ½AID

ψKS
jB0i þ ĀID

ψKS
jB̄0i�;

jBin
ðψKS→Þ⊥i ¼ NID

S ½ĀID�
ψKS

jB0i − AID�
ψKS

jB̄0i�; (45)

we obtain

hBðψKS→Þ⊥ jBð→ψKLÞ⊥i ∝ λψKS
þ λψKL

þ ðλψKS
− λψKL

Þθ̂ψK
∝ ΔCψK − ΔGψK þ iΔSψK

ĜψK þ iŜψK
− θ̂ψK:

(46)

Similarly,

hBðψKL→Þ⊥ jBð→ψKSÞ⊥i ∝ λψKL
þ λψKS

þ ðλψKL
− λψKS

Þθ̂ψK
∝ ΔCψK − ΔGψK þ iΔSψK

ĜψK þ iŜψK
þ θ̂ψK:

(47)
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We thus learn that the state that is orthogonal to the one that
decays to ψKLðψKSÞ is the same as the state that is
generated in the inverse decay of ψKSðψKLÞ, unless there
are wrong strangeness decays or CPT violation in strange-
ness changing decays. In the absence of these phenomena,
the two processes are related by exchange of the initial
and final CP-tagged states, as required for time-reversal
conjugate processes.
One can repeat an analogous analysis for the lepton-

tagged states. The question to be asked is whether the state
that does not decay to lþX is orthogonal to the state that is
not generated in the inverse decay of l−X. For the overlap
between these two states, we obtain:

hBðl−X→Þ⊥ jBð→lþXÞ⊥i ∝ λlþ : (48)

If λlþ ¼ 0, the two states are orthogonal. We thus learn that
the state that is orthogonal to the one that decays into lþX
is the same as the state that is generated in the inverse decay
of l−X, unless there are wrong sign decays and wrong sign
inverse decays. If wrong sign decays can be neglected, then
the two processes are related by exchange of the initial and
final lepton-tagged states, as required for time-reversal
conjugate processes. (For a related asymmetry, involving
ΓðψKLÞ⊥;lþX and Γðl−XÞ⊥;ψKS

, the corresponding condition
is 1=λl− ¼ 0.)
If Eq. (46) and Eq. (48) are both zero, then ΓðψKLÞ⊥;l−X ¼

ΓðψKSÞT ;l−X and ΓðlþXÞ⊥;ψKS
¼ Γðl−XÞT ;ψKS

(under proper
normalization such that the number of initial B’s are equal).
In this case, AT as defined in Eq. (1) is indeed a
T-asymmetry. We conclude that if wrong strangeness
decays, wrong sign decays and CPT violation in strange-
ness changing decays can be neglected, then the two
processes measured by BABAR represent two T-conjugate
processes, and then there should be no T conserving
contributions to ΔSþT and ΔS−T . In particular, one need
not assume the absence of direct CP violation.

V. CONCLUSIONS

The BABAR collaboration has measured time-reversal
asymmetries in B decays. Two main ingredients—the EPR
effect between the two B-mesons produced in ϒð4SÞ
decays and the availability of both lepton-tagging and
CP-tagging—allow the experimenters to approximately
realize the main principle of time-reversal conjugate
processes: exchanging initial and final states.
A precise exchange is impossible. The final state is

identified by the B-meson decay, and the T-conjugate
process requires, therefore, that a B-meson is produced
in the corresponding inverse decay. Instead, the experi-
menters measure a process where the initial B-meson is
identified by the decay of the other, entangled B-meson. We
showed, however, that the initial B-meson prepared by
lepton tagging, and the one that would be produced in the

appropriate inverse decay are not identical only if there are
wrong-sign decays. The initial B-meson prepared by CP
tagging, and the one that would be produced in the
appropriate inverse decay, are not identical only if there
are wrong-strangeness contributions, or in the presence of
CPT violation in decays.
The effect of CPT violation in decay has gained very

little attention in the literature. One reason is that it can only
be probed by measuring both decay rates and inverse decay
rates, but the latter are practically inaccessible to experi-
ments. For precisely this reason, there are no bounds on
these effects. In principle, they could play a significant role
in the asymmetries measured by BABAR, in spite of the fact
that they are T conserving.
As concerns the questions posed in the Introduction, we

find the following answers:
(i) The AT measurement by BABARwould vanish in the

T-symmetry limit provided that CPT is conserved in
strangeness changing decays [see Eq. (37)].

(ii) The initial state in each of the two processes would
be the T-conjugate of the final state in the other,
provided that there are neither wrong strangeness
decays nor wrong sign decays nor CPT violation in
strangeness changing decays. In particular, there is
no need to assume the absence of directCP violation
[see Eqs. (46)–(48)].

Both wrong-sign and wrong-strangeness effects are
expected to be very small. Yet, the existing experimental
upper bounds on these effects are rather weak. The same set
of measurements used for the time-reversal asymmetries
can be used (in different combinations) to constrain also the
wrong-sign and wrong-strangeness contributions.
While in this work we concentrated on very specific

measurements in B decays, our results are more general.
They apply straightforwardly, with minor changes, to other
meson systems. The main ideas also apply to neutrino
oscillation experiments. Observation of Pðνα → νβÞ ≠
Pðνβ → ναÞ has been advocated as a way to establish
T-violation. Such a result can arise, however, also from
nonstandard interactions in the production or the detection
processes [21–23].
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APPENDIX A: RELEVANT DATA

How certain is it that the small parameters listed in
Eq. (32) are indeed small? In this appendix, we compile the
relevant experimental constraints. We caution the reader
that some of these constraints were derived making
assumptions that we do not make. For example, CPT
symmetry is assumed when deriving the bounds on RM.
Thus, the upper bounds and ranges that we quote below
assume no cancelations among different contributions and,
even then, should be taken only as rough estimates.
Based on Ref. [24], we find the following range for RM:

RM ¼ ð−0.2� 2.0Þ × 10−3 from ϒð4SÞ; (A1)

RM ¼ ðþ0.3� 0.9Þ × 10−3 world average: (A2)

Reference [25] uses the BABAR measurement [26] to
constrain z:

zR ¼ ð−2� 5Þ× 10−2; zI ¼ ðþ0.8� 0.4Þ× 10−2: (A3)

Reference [24] obtains the following ranges for the SψKS;L

and CψKS;L
parameters:

SψKS
¼ þ0.665� 0.024; CψKS

¼ þ0.024� 0.026;

SψKL
¼ −0.663� 0.041; CψKL

¼ −0.023� 0.030:

(A4)

Note that here we take SψKL
→ −SψKL

with respect to [24].
Naively combining these ranges, we obtain

ΔCψK ¼ þ0.02� 0.02; ĈψK ¼ þ0.00� 0.02; (A5)

ΔSψK ¼ þ0.00� 0.02; ŜψK ¼ þ0.66� 0.02: (A6)

Direct bounds on wrong-strangeness B decays are given by
the BABAR collaboration in Ref. [27]. Reference [25]
quotes jλψK�0 j < 0.25 at 95% CL, which is weaker than
the above results.
As concerns wrong-sign B decays, we use the individual

branching ratios from Ref. [25] to obtain

BRðBþ → lþνXÞ
BRðB0 → lþνXÞ ¼ 1.06� 0.04: (A7)

In the isospin limit and in the absence of wrong-sign
decays, we should have

BRðBþ → lþνXÞ
BRðB0 → lþνXÞ ¼ τBþ

τB0

¼ 1.08� 0.01: (A8)

Comparing Eq. (A7) to (A8) we obtain, at 2σ

jĀlþ=Alþj < 0.44: (A9)

Using the exclusive process Bþ → lþνD̄0 instead of the
inclusive one results in a weaker bound. One can also use
different tagging techniques in measurements of CP
asymmetries to place bounds on wrong sign decays.
Assuming CPT to be a good symmetry, we find

Clep
CP − CKaon

CP ¼ ŜψKS
Sþl ; (A10)

where Clep
CP and CKaon

CP are the measured coefficients for the
cosðxΓtÞ function with lepton and Kaon tagging, respec-
tively. Using the results of [28] and Eq. (A6) we get, at 2σ,

jSþl j < 0.24: (A11)

APPENDIX B: ISOLATING PARAMETERS
OF INTEREST

Combinations of observables measured by BABAR allow
us to constrain various parameters of interest. We here use
BABAR’s notation. The combinations that correspond to the
CP-odd Ce

ψK and SeψK , defined in Eq. (22), can be isolated
via the following combinations:

− 1

2
ðC�

lþ;KS
þ C�

lþ;KL
Þ ¼ 1

2
ðC�

l−;KS
þ C�

l−;KL
Þ

¼ ĈψK þ θ̂RψK;

�1

2
ðS�lþ;KS

− S�lþ;KL
Þ ¼ ∓1

2
ðS�l−;KS

− S�l−;KL
Þ

¼ ŜψK − ĜψK θ̂
I
ψK: (B1)

Upper bounds on combinations of the wrong-sign T-odd
parameters S−l and G−

l , defined in Eq. (19), and the CPT
violating parameter z, defined in Eq. (7), can be obtained as
follows:

−1
2

ðC�
lþ;KS

þ C�
l−;KS

Þ ¼ SψKS
ðS−l − zIÞ;

−1
2

ðC�
lþ;KL

þ C�
l−;KL

Þ ¼ SψKL
ðS−l − zIÞ;

�1

2
ðS�lþ;KS

þ S�l−;KS
Þ ¼ GψKS

SψKS
ðG−

l − zRÞ;
�1

2
ðS�lþ;KL

þ S�l−;KL
Þ ¼ GψKL

SψKL
ðG−

l − zRÞ: (B2)

From the results of [1] we can get

ŜψK − ĜψKθ̂
I
ψK ¼ 0.69� 0.04 (B3)
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and the following bounds can be deduced

jĈψK þ θ̂RψKj < 0.07;

jGψKS;L
SψKS;L

ðG−
l − zRÞj < 0.10;

jSψKS;L
ðS−l − zIÞj < 0.06; (B4)

at 2σ level. In case we assume no CPT violation, naive
combination of the above will lead to

jS−l j < 0.10; jG−
l j < 0.21; (B5)

at 2σ level.

APPENDIX C: EXPERIMENTAL ASYMMETRIES

In this appendix, we provide the full expressions for the
asymmetries measured at BABAR. For the relation between
our notation (30) and those of Table I of [1], see Eq. (35)
and the discussion below it. The asymmetries measured by
BABAR are the following:

ΔSþT ¼ SðψKLÞ⊥;l−X
κðψKLÞ⊥;l−X

− SðlþXÞ⊥;ψKS

κðlþXÞ⊥;ψKS

; ΔCþ
T ¼ CðψKLÞ⊥;l−X

κðψKLÞ⊥;l−X
− CðlþXÞ⊥;ψKS

κðlþXÞ⊥;ψKS

;

ΔS−T ¼ Sðl−XÞ⊥;ψKL

κðl−XÞ⊥;ψKL

− SðψKSÞ⊥;lþX
κðψKSÞ⊥;lþX

; ΔC−
T ¼ Cðl−XÞ⊥;ψKL

κðl−XÞ⊥;ψKL

− CðψKSÞ⊥;lþX
κðψKSÞ⊥;lþX

;

ΔSþCP ¼ Sðl−XÞ⊥;ψKS

κðl−XÞ⊥;ψKS

− SðlþXÞ⊥;ψKS

κðlþXÞ⊥;ψKS

; ΔCþ
CP ¼ Cðl−XÞ⊥;ψKS

κðl−XÞ⊥;ψKS

− CðlþXÞ⊥;ψKS

κðlþXÞ⊥;ψKS

;

ΔS−CP ¼ SðψKSÞ⊥;l−X
κðψKSÞ⊥;l−X

− SðψKSÞ⊥;lþX
κðψKSÞ⊥;lþX

; ΔC−
CP ¼ CðψKSÞ⊥;l−X

κðψKSÞ⊥;l−X
− CðψKSÞ⊥;lþX

κðψKSÞ⊥;lþX
;

ΔSþCPT ¼ SðψKLÞ⊥;lþX
κðψKLÞ⊥;lþX

− SðlþXÞ⊥;ψKS

κðlþXÞ⊥;ψKS

; ΔCþ
CPT ¼ CðψKLÞ⊥;lþX

κðψKLÞ⊥;lþX
− CðlþXÞ⊥;ψKS

κðlþXÞ⊥;ψKS

;

ΔS−CPT ¼ SðlþXÞ⊥;ψKL

κðlþXÞ⊥;ψKL

− SðψKSÞ⊥;lþX
κðψKSÞ⊥;lþX

; ΔC−
CPT ¼ CðlþXÞ⊥;ψKL

κðlþXÞ⊥;ψKL

− CðψKSÞ⊥;lþX
κðψKSÞ⊥;lþX

: (C1)

We find the following expressions for these asymmetries:

ΔSþT ¼ −ΔS−T ¼ −2½ŜψKð1þ ĜψKðG−
l − zRÞÞ − ĜψK θ̂

I
ψK�;

ΔCþ
T ¼ ΔC−

T ¼ 2½ĈψK þ ŜψKðS−l − zIÞ þ θ̂RψK�;
ΔSþCP ¼ −ΔS−CP ¼ −2½SψKS

−GψKS
θIψKS

þ SψKS
GψKS

Gþ
l − zIð1 − Ŝ2ψKÞ�;

ΔCþ
CP ¼ ΔC−

CP ¼ 2½CψKS
þ SψKS

Sþl þ θRψKS
þGψKS

zR�;
ΔSþCPT ¼ −ΔS−CPT ¼ −2½ΔSψK − zIð1 − Ŝ2ψKÞ þ ĜψKðŜψKGlþ − ΔθIψK − ŜψKzRÞ�;
ΔCþ

CPT ¼ ΔC−
CPT ¼ 2½ΔCψK þ ΔθRψK þ ŜψKðSlþ − zIÞ þ ĜψKzR�: (C2)

We notice that not only do the T-asymmetries get T-even contributions, as explained in Sec. III B, but also the CPT
asymmetries get CPT-even contributions. All of these effects vanish if there is neither CPT violaton in strangeness
changing decays nor wrong strangeness decays nor wrong sign decays.

APPENDIX D: THEORETICAL ASYMMETRIES

It is interesting to define “theoretical” asymmetries where the initial states of the corresponding experimental
asymmetries are replaced by the time-conjugate of the final states. Thus, instead of the experimental method, of observing
one of two entangled B-mesons decaying, thus projecting the other B-meson onto the orthogonal state, here we refer to
corresponding “gedanken experiments,” that start with inverse decays:
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ΔSþðtÞ
T ¼ SðψKSÞT ;l−X

κðψKSÞT ;l−X
− Sðl−XÞT ;ψKS

κðl−XÞT ;ψKS

; ΔCþðtÞ
T ¼ CðψKSÞT ;l−X

κðψKSÞT ;l−X
− Cðl−XÞT ;ψKS

κðl−XÞT ;ψKS

;

ΔS−ðtÞT ¼ SðlþXÞT ;ψKL

κðlþXÞT ;ψKL

− SðψKLÞT ;lþX
κðψKLÞT ;lþX

; ΔC−ðtÞ
T ¼ CðlþXÞT ;ψKL

κðlþXÞT ;ψKL

− CðψKLÞT ;lþX
κðψKLÞT ;lþX

;

ΔSþðtÞ
CP ¼ SðlþXÞT ;ψKS

κðlþXÞT ;ψKS

− Sðl−XÞT ;ψKS

κðl−XÞT ;ψKS

; ΔCþðtÞ
CP ¼ CðlþXÞT ;ψKS

κðlþXÞT ;ψKS

− Cðl−XÞT ;ψKS

κðl−XÞT ;ψKS

;

ΔS−ðtÞCP ¼ SðψKLÞT ;l−X
κðψKLÞT ;l−X

− SðψKLÞT ;lþX
κðψKLÞT ;lþX

; ΔC−ðtÞ
CP ¼ CðψKLÞT ;l−X

κðψKLÞT ;l−X
− CðψKLÞT ;lþX

κðψKLÞT ;lþX
;

ΔSþðtÞ
CPT ¼ SðψKSÞT ;lþX

κðψKSÞT ;lþX
− Sðl−XÞT ;ψKS

κðl−XÞT ;ψKS

; ΔCþðtÞ
CPT ¼ CðψKSÞT ;lþX

κðψKSÞT ;lþX
− Cðl−XÞT ;ψKS

κðl−XÞT ;ψKS

;

ΔS−ðtÞCPT ¼ Sðl−XÞT ;ψKL

κðl−XÞT ;ψKL

− SðψKLÞT ;lþX
κðψKLÞT ;lþX

; ΔC−ðtÞ
CPT ¼ Cðl−XÞT ;ψKL

κðl−XÞT ;ψKL

− CðψKLÞT ;lþX
κðψKLÞT ;lþX

: (D1)

We use the same approximations as in Sec. III. We find:

ΔSþðtÞ
T ¼ −2SψKS

½1 −GψKS
ðzR þ Gþ

l Þ�; ΔS−ðtÞT ¼ −2SψKL
½1þ GψKL

ðzR −Gþ
l Þ�;

ΔCþðtÞ
T ¼ 2½CψKS

− SψKS
ðzI þ Sþl Þ�; ΔC−ðtÞ

T ¼ 2½CψKL
þ SψKL

ðzI − Sþl Þ�;
ΔSþðtÞ

CP ¼ −2½SψKS
−GψKS

θIψKS
− SψKS

GψKS
Gþ

l − zIð1 − S2ψKS
Þ�;

ΔS−ðtÞCP ¼ −2½SψKL
þGψKL

θIψKL
− SψKL

GψKL
Gþ

l þ zIð1 − S2ψKL
Þ�;

ΔCþðtÞ
CP ¼ 2½CψKS

− SψKS
Sþl þ θRψKS

þGψKS
zR�;

ΔC−ðtÞ
CP ¼ 2½CψKL

− SψKL
S−l − θRψKL

−GψKL
zR�;

ΔSþðtÞ
CPT ¼ 2½zIð1 − S2ψKS

Þ þGψKS
ðθIψKS

þ SψKS
zRÞ�;

ΔS−ðtÞCPT ¼ −2½zIð1 − S2ψKL
Þ þ GψKL

ðθIψKL
þ SψKL

zRÞ�;
ΔCþðtÞ

CPT ¼ 2½θRψKS
− SψKS

zI þGψKS
zR�;

ΔC−ðtÞ
CPT ¼ −2½θRψKL

− SψKL
zI þGψKL

zR�: (D2)

As expected, the theoretical T asymmetries have only
T-odd contributions, the theoretical CP asymmetries have
only CP-odd contributions, and the theoretical CPT
asymmetries have only CPT-odd contributions. Further-
more, in the absence of wrong strangeness decays, wrong
sign decays and CPT violation in strangeness changing
decays, the theoretical asymmetries equal the correspond-
ing experimental asymmetries.

APPENDIX E: EPR ENTANGLEMENT WITH
CPT VIOLATION

In this appendix we show that the factorization of the
decay amplitudes to e−Γðt1þt2Þ × fðt2 − t1Þ holds in the
presence of CPT violation. We follow Ch. 9 of [13] with
the appropriate modifications for the CPT violating case.
The initial pair is in a state

jΦci ¼ 1ffiffiffi
2

p ½jBð~kÞi ⊗ jB̄ð−~kÞi − jB̄ð~kÞi ⊗ jBð−~kÞi�; (E1)

where the relative (−) sign is a result of the C-parity of the

ϒð4SÞ. The �~k are the three momenta of the left and right
moving meson in the resonance rest frame.
The decay amplitude of the meson with momenta ~k into

final state f1 and of the one with momenta −~k to final state
f2 at times t1 and t2, respectively, is (t≡ t2 − t1)

hf1; t1;f2; t2jTjΦci ¼ e−ðΓ=2þimÞðt1þt2Þffiffiffi
2

p

×

�� ffiffiffiffiffiffiffiffiffiffiffiffi
1− z2

p �
p
q
Af1Af2 −

q
p
Āf1 Āf2

�

þ zðĀf2Af1 þ Āf1Af2Þ
�
g−ðtÞ

þ ðĀf2Af1 − Āf1Af2ÞgþðtÞ
�
; (E2)
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where

gþðtÞ ¼ cos

�
xΓt
2

�
cosh

�
yΓt
2

�
þ i sin

�
xΓt
2

�
sinh

�
yΓt
2

�
;

g−ðtÞ ¼ cos

�
xΓt
2

�
sinh

�
yΓt
2

�
þ i sin

�
xΓt
2

�
cosh

�
yΓt
2

�
: (E3)

By squaring the absolute value of the amplitude in Eq. (E2) we get that it factorizes as e−Γðt1þt2Þ × fðtÞ.
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