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Symmetry transformations have been proven a bedrock tool for understanding the nature of particle interac-
tions, formulating and testing fundamental theories. Based on the up to now unbroken CPT symmetry, the
violation of the CP symmetry between matter and antimatter by weak interactions, discovered in the decay
of kaons in 1964 and observed more recently in 2001 in B mesons, strongly suggests that the behavior of these
particles under weak interactions must also be asymmetric under time reversal T . However, until the recent
years there has not been a direct detection of the expected time-reversal violation in the time evolution of
any system. This Colloquium examines the field of time-reversal symmetry breaking in the fundamental laws
of physics. For transitions, its observation requires an asymmetry with exchange of initial and final states.
We discuss the conceptual basis for such an exchange with unstable particles, using the quantum properties
of Einstein-Podolsky-Rosen (EPR) entanglement available at B meson factories combined with the decay as
a filtering measurement. The method allows a clear-cut separation of different transitions between flavor and
CP eigenstates in the decay of neutral B mesons. These ideas have been implemented for the experiment by
the BABAR Collaboration at SLAC’s B factory. The results, presented in 2012, prove beyond any doubt the
violation of time-reversal invariance in the time evolution between these two states of the neutral Bmeson.
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I. INTRODUCTION

In particle physics not all processes are expected to
run in the same way with time in one sense as they
do in the opposite sense, a symmetry transformation
known as time reversal T . The direct observation of this
phenomenon in neutral B mesons was reported by the
BABAR Collaboration at SLAC in November 20121, and
was echoed in other journals and magazines2–7. The so-
called CPT theorem, applicable to phenomena described
by a local quantum field theory with Lorentz invariance
and Hermiticity, implies that the CP violation observed
in 1964 with neutral kaons8,9 and in 2001 with neutral
B mesons10,11 should also reveal independently a T vi-
olation for those systems. Why 48 years after the dis-
covery of CP violation? The conceptual basis for solv-
ing the problem of how to probe time reversal with un-
stable systems was proposed12–14 in 1999 through the
Einstein-Podolsky-Rosen (EPR) quantum entanglement
of the two neutral B mesons produced at the so-called B
factories, in addition to using their two decays as filtering
measurements to project definite states of the neutral B
meson. In this Colloquium we review the fundamentals
of time-reversal symmetry, its implication for transitions
between two quantum states of the neutral B meson, the
implementation of genuine T asymmetries by means of
specific decay channels, and the experimental analysis
leading to the direct detection performed by BABAR at a
significance of 14σ.

The outline of the article is as follows. We first in-
troduce the basics of time-reversal physics, presenting
briefly the role of the time-reversal symmetry in the fun-
damental laws of classical and quantum mechanics, the
different scenarios to search for T violation and to prove
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it experimentally, in particular when considering unsta-
ble systems. In Sec. III we introduce the B factories
and discuss how the quantum entanglement in decays of
the Υ (4S) resonance has been employed during the last
decade to perform flavor tagging for exploring CP viola-
tion in neutral B mesons. Section IV discusses how the
lack of definite states of the two mesons in the entangled
system before their decay can lead to either flavor tag-
ging or “CP tagging” for the preparation of neutral B
meson states required to directly test time-reversal sym-
metry. Section V briefly presents the BABAR detector and
data sample, describes how the time-reversal physics is
extracted from the data, and summarizes the results and
their interpretation. We conclude and discuss some per-
spectives in Sec. VI.

II. TIME-REVERSAL SYMMETRY IN PHYSICS

Time enters at the most elementary level as a param-
eter in the description of physical phenomena, serving
to identify the order of a sequence of events in the evo-
lution of a physical system. Quantitatively it can be
constructed in terms of a well established and continuing
sequence of repetitive events. If the period of repetition
is constant it may be used as a unit of time. An accurate
definition of this unit is a prerequisite to reach a good
precision in time measurements to observe the details of
the evolution.

The symmetry transformation that changes a physi-
cal system with a given sense of the time evolution into
another with the opposite sense is called time reversal
T . It corresponds to changing the sign of the velocity
vector v or the momentum p, without changing the po-
sition r. In the dynamical equations of motions, or their
solutions, such a transformation corresponds formally to
replacing t by −t. The T transformation changes the sign
of other dynamical variables such as angular momentum.
For fields, the magnetic field changes its sign under time
reversal, whereas the electric field does not.

A. Classical and quantum mechanics

The time-reversal transformation in classical mechan-
ics corresponds to substitute for each trajectory r(t) the
trajectory r(−t), i.e. to moving along the given trajec-
tory with the opposite velocity at each point, as illus-
trated in Fig. 1. It is not obvious that the dynamics
remains invariant under this T transformation. If the
original trajectory is dynamically possible, dp/dt = F
with a force F depending on the sense (sign) of the ve-
locity leads to a violation of T invariance.

In quantum mechanics, Wigner’s time-reversal trans-
formation15,

ψ(t)→Tψ(t) ≡ ψT (t) = ψ∗(−t), (1)

(a)

⇓ vi = 0

⇓ v

⇓ vf

(b)

⇑ −vi = 0

⇑ −v

⇑ −vf

FIG. 1. (a) Trajectory of a stone falling from the leaning
tower. (b) Trajectory after time-reversal transformation.

keeps the Schrödinger equation, i~∂ψ(t)/∂t = Hψ(t), in-
variant under a T transformation if the Hamiltonian H
is real. This has three fundamental consequences16–19.
First, the T operator is antiunitary. This property can
be seen, for example, evaluating the scalar product of two
states,

〈ψT (t)|φT (t)〉 = 〈ψ(−t)|φ(−t)〉∗ = 〈φ(−t)|ψ(−t)〉. (2)

Thus, time reversal has to do with interchange of bra and
ket states. Second, the complex conjugation implies that
time reversal does not have observable and conserved
eigenvalues, unless ψ(t) is purely real. Third, for a plane
wave with momentum p, ψ(r, t) = exp[i(p · r − Et)/~],
the time-reversed wavefunction is ψ∗(r,−t) = exp[i(−p ·
r − Et)/~], i.e. the T -transformed function describes a
particle with momentum −p and energy E, thus it is
not necessary to interpret the transformed function as a
particle going backwards in time. For this reason the T
transformation is often referred to as “motion reversal”
rather than “time reversal”.

The T transformation is implemented in the space of
states by the antiunitary operator UT in such a way that,
for spinless particles,

UT rU
†
T = r, UTpU

†
T = −p, (3)

and ψT (t) = UTψ(−t). Equation (3) guarantees the in-
variance of the commutation rule between r and p, thus
we might say that T transforms quantum mechanics into
quantum mechanics. For a Hamiltonian H invariant un-
der time reversal, [H, UT ] = 0, the time-evolution opera-
tor U(t, t0) transforms as

UTU(t, t0)U†T = U†(t, t0). (4)

The antiunitary character of UT allows to write UT =
UK, where U is unitary (U−1 = U†) andK is an operator
which complex conjugates all complex numbers. For the
matrix elements of time-dependent transitions we have

〈f |U(t, t0)|i〉 = 〈f |U†TUTU(t, t0)U†TUT |i〉
= 〈UT f |U†(t, t0)|UT i〉∗ = 〈UT i|U(t, t0)|UT f〉, (5)
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where time-reversal invariance is assumed when passing
from the first to the second lines of Eq. (5). As a conse-
quence, the comparison between i → f and UT f → UT i
transitions is a genuine test of this invariance. It is be-
cause of these special properties that the role of time re-
versal is distinct from that of any other symmetry opera-
tion in physics, and makes its experimental investigation
significantly more difficult than other symmetries.

Therefore, time-reversal in classical mechanics as well
as in quantum mechanics is related to the following fun-
damental question (see Fig. 1): consider a point over a
trajectory (a state in quantum mechanics), invert the ve-
locities of all particles in that point, and let it evolve;
shall we obtain the former initial point of the trajectory
with all velocities reversed? Obviously, for a fair compar-
ison the experiment should be repeated in the laboratory
with exactly the same boundary conditions as in the T
mirror, since the motion is not only determined by the
equations of motion but also by the boundary conditions,
and the symmetries of the motion cannot be greater than
those of the latter. From Newton’s mechanics to electro-
dynamics, the dynamical laws of physics are symmetric
under T transformation.

Motion-reversal symmetry implies, for a given configu-
ration of energy-momenta and spin, the reciprocity rela-
tion16–19: the probability of an initial state i being trans-
formed into a final state f is the same as the probability
that an initial state identical to f , but with momenta
p and spins s reversed, transforms into the state i with
momenta and spins reversed,

|〈f |S|i〉|2 = |〈UT i|S|UT f〉|2, (6)

where S is the transition matrix determined by the
Hamiltonian H. Here, |i〉 ≡ |pi, si〉 and 〈f | ≡ 〈pf , sf |
are the initial and final states, 〈UT i| and |UT f〉 are the
transformed states of |i〉 and 〈f |, respectively, 〈UT i| ≡
〈−pi,−si| and |UT f〉 ≡ | − pf ,−sf 〉. It should be noted
that T invariance is a sufficient, but not necessary, con-
dition for Eq. (6). Therefore, a breaking of reciprocity is
an unambiguous signal for T violation. If S is Hermitian,
|〈f |S|i〉| = |〈UT i|S|UT f〉| = |〈UT f |S|UT i〉|; in this case,
T invariance implies T -odd invariance, and vice versa,
where the T -odd transformation only refers to changing
the sign of all odd variables under t → −t in H, with-
out exchanging initial and final states. This occurs, for
instance, to first order in weak interactions when final
state interactions (FSI) can be neglected19.

The reciprocity relation establishes a connection be-
tween the differential cross-sections for reactions a+ b→
c + d and c + d → a + b (detailed balance). It has been
verified by experiment in nuclear reactions due to strong
or weaker interactions, for example20

α(0+) + 24Mg(0+)→ 27Al(5/2+) + p(1/2+). (7)

Here, if is there any T violation it cannot exceed a half
per mil.

B. Complex systems and the arrow of time

When discussing T violation we should clearly distin-
guish t asymmetry of complex systems. For example,
our daily experience shows us that when a vase falls and
breaks into pieces it is not possible that the pieces of the
group fly back in reverse order, forming the vase. This
macroscopic t asymmetry, also known as “arrow of time”,
is in the nature of thermodynamics. As discussed by Ed-
dington21, the arrow of time is a property of entropy
alone, a measurement of disorder: the arrow gives the
direction of progressive increase of disorder in isolated
systems. How it is then possible to generate thermo-
dynamic irreversibility from fundamental laws that are
T symmetric? The answer to this question is that the
thermodynamic irreversibility is associated to the irre-
versibility of the initial conditions for systems with large
number of degrees of freedom, larger for more disordered
states, making very unlikely (although not forbidden) for
a system to evolve from a disordered to a more ordered
state. In the example of the falling vase, with O(1024)
of particles and collisions, it is not possible in practice
to set up the initial conditions for the reversed process
(positions and velocities).

There is no doubt that the Universe is expanding, even
accelerating at the present times, thus we have a time-
asymmetric behavior. But this Universe t asymmetry is
perfectly compatible with T -symmetric laws of physics.
If we think of the initial condition of our Universe (likely
inflation22–25) as an improbable state, i.e. more ordered,
the cosmological t asymmetry is probably connected with
the arrow of time for complex systems. However, none
of these time asymmetries is fundamental T violation.

In particle physics, as will be discussed further in detail
in Sec. II E, decays are an example of thermodynamically
asymmetric processes: the number of variables or degrees
of freedom describing the final state is larger than the
number of variables needed to describe the initial state.

C. Discrete symmetries broken by weak interactions

It is well known since 1957 that weak interactions have
little respect for symmetries. That year space inversion
(parity, P ) symmetry was discovered to be broken in beta
decays26–28. Then, there was the hope that the combi-
nation of P with charge conjugation (CP ) was a good
symmetry. But just a few years later, in 1964, there was
discovered a small but unambiguous violation of the CP
symmetry in K meson decays8,9. More recently, in 2001,
the B factory experiments BABAR and Belle, observed
that CP is violated in B mesons10,11.

The now well established CP violation in the quark
sector can be successfully accommodated within the
Standard Model (SM) of particles and fields through
the three-family Cabibbo-Kobayashi-Maskawa (CKM)
quark-mixing mechanism29,30. It describes the coupling
of the W boson to up and down quarks and conveys
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FIG. 2. The bd unitarity triangle representing the CKM
unitarity conditions. The three sides are determined from
semileptonic and non-leptonic B decays, including B0-
B0 oscillations. Since they are of comparable length the
angles are sizeable and one expects large CP asymmetries
in B decays in the SM. There are other two triangles
which almost collapse to a line. This gives an intuitive
understanding of why CP violation is small in the leading
K decays (ds triangle) and in the leading Bs decays (bs
triangle).

the fact that the quarks with definite properties under
charged-current weak interactions are linear combina-
tions of the quark mass eigenstates31. For three fami-
lies, the unitarity conditions of the quark-mixing matrix
V are represented by triangles in the complex plane, as
illustrated in Fig. 2, and lead to four fundamental param-
eters: three magnitudes and one single irreducible phase.
In the Wolfenstein parameterization32 we can write to
O(λ4

c) as

 VujVcj
Vtj

 =

 1− λ2
c λc Aλ3

c(ρ− iη)
−λc 1− λ2

c/2 Aλ2
c

Aλ3
c(1− ρ− iη) −Aλ2

c 1

 ,
where the index j runs over d, s, and b quarks, and
λc ≈ 0.226, A ≈ 0.814, ρ ≈ 0.135 and η ≈ 0.34931.
Extensive tests of the CKM mechanism using all exper-
imental data show a high degree of consistency33. His-
torically, Kobayashi and Maskawa extended in 1973 the
2× 2 Cabibbo mixing matrix to 3× 3 to explain the CP
violation discovered nine years before, thus anticipating
the existence of the third family of quarks, quickly con-
firmed with the discovery of the τ lepton in 197534 and
of the fifth quark, the b, two years later35.

All local quantum field theories with Lorentz invari-
ance and Hermiticity respect CPT symmetry36,37, in ac-
cordance with all experimental evidence31, hence there
is a straightforward theoretical connection between CP
and T violation (matter-antimatter asymmetry defines a
preferred sense of time evolution). Since the SM is based
on a quantum field theory satisfying the CPT theorem,
it follows that the source of CP violation also requires

of T -violating effects. With the complex Hermitian La-
grangian, genuine CP phases change sign for particles and
antiparticles, so its experimental detection requires an in-
terference experiment to observe the relative CP phase
between the interfering complex amplitudes. Therefore,
given the known CP violation in weak interactions in
processes involving K and B mesons, T should also be
broken in these systems. The question is whether the ex-
pected T asymmetry can be detected by an experiment
that, considered by itself, clearly shows a motion-reversal
asymmetry independent of CP asymmetries and CPT in-
variance.

D. Experiments probing T violation

There are two main types of experiments or observables
that can be used to detect directly time-reversal non-
invariance14,16,17.

A non-zero expectation value of a T -odd operator for
a non-degenerate stationary state. This is the case for an
electric dipole moment (e.d.m.) of a particle with spin,
which is also a P -odd, C-even quantity, as depicted in
Fig. 3. A parity transformation about the midplane of
the sphere flips the e.d.m. d with respect to the mag-
netic dipole moment µ (spin), which remains unchanged,
whereas a time-reversal transformation flips µ with re-
spect to d, which is in this case unaffected. Thus, if either
parity or time reversal are good symmetries, the particle
cannot have an e.d.m. since one can distinguish the mir-
ror picture from the original one. A non-zero e.d.m. can
be generated by either strong T violation unless it is an-
nulled by a Peccei-Quinn symmetry leaving the axion as
remnant38, or by T violation in weak interactions. In the
SM with the CKM mechanism, a non-vanishing e.d.m.
of the neutron only appears at three-loop level. Hence,
these experiments probe for physics beyond the SM. To
date, no signals for e.d.m. have been found, although
there are strong limits, as for the neutron and the elec-
tron, |dn| < 2.9× 10−26 e- cm and |de| < 1.05× 10−27 e-
cm31.

Experiments involving T -odd observables for weak de-
cays (as well as electromagnetic transitions), constructed
typically using odd products of the momentum and spin
vectors of the decay products (initial and final states),
are sometimes used. These observables are not genuine
signals for T violation since initial and final states are
not interchanged, and in general require detailed under-
standing of FSI effects since they can mimic T violation
even with time-reversal symmetric dynamics14,17,31. In
some cases, T -odd CP asymmetries can be built by com-
paring particle and antiparticle decays, without knowing
the CP -even FSI phases (see for example39 and references
therein).

We might also consider transition processes. As dis-
cussed before and illustrated in Fig. 4, the antiuni-
tary character of the T operator demands the exchange
of initial and final states to compare the probabilities
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FIG. 3. A particle with spin is represented as a sphere
with a spinning charge distribution. Its parity and time-
reversed images are also shown, together with the corre-
sponding magnetic µ and electric d dipole moments.

|〈f |U(t, t0)|i〉|2 and |〈UT i|U(t, t0)|UT f〉|2, once the initial
conditions, namely i in one case and UT f in the other,
have been precisely realized. With stable particles one
can consider neutrino νe to νµ mixing40, but this re-
quires high-luminosity and long-baseline neutrino facil-
ities. Alternatively, neutral K and B mesons, the unique
systems for which CP violation has been detected, are a
best choice for an experiment probing T non-invariance.
Nevertheless, the thermodynamic irreversibility of these
systems makes this option difficult, as discussed below.

T mirror 

t 

t 

i f 

iT fT 

FIG. 4. The antiunitary property of the T operator de-
mands the exchange of initial and final states to set up
an experiment directly probing time-reversal symmetry
in transitions. Motion-reversal symmetry implies equal
probabilities for transitions i → f and iT ← fT , once
the initial conditions, namely i in one case and fT in the
other, have been precisely realized. Here, iT and fT are
the T -transformed states of i and f , respectively, with
all momenta and spins reversed.

E. Unstable systems

A direct consequence of quantum dynamics is the
negative-exponential time behavior of the decay of any
unstable system into two or more particles, as given by
the Fermi golden rule. The reversal of the exponential
decay law reveals that the T transformation is not de-
fined for a decaying state, thus it appears that the decay
prevents proofs of motion reversal. This apparent im-
balance in time has to do with initial conditions rather
than with the dynamics under time reversal; we have as-
sumed that the initial system is the unstable particle, but
it should be formed by some process before. Hence, to
address the question of time reversal we have to choose
an initial time earlier so that the production enters into
the process17.
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FIG. 5. Energy distributions of B0 → K+π− (solid cir-
cles and solid curve) and B0 → K−π+ (open circles and
dashed curve) decays41. Points with error bars are data
and the curves are best fit projections. The difference
between the two distributions is a signature of direct CP
violation.

For example, we might consider the decay of a neutral
B meson into the final state K+π−, i.e. B0 → K+π−,
with rate R1. CP violation is known to be large in
this decay41,42, thus we have B0 → K−π+ with rate
R2 6= R1, as can be observed in Fig. 5. In the SM,
this decay occurs through two different amplitudes (pen-
guin and tree), with different weak phases and, in gen-
eral, different strong phases. This is a general require-
ment43 to generate a non-vanishing interference for par-
ticle and antiparticle decays44. This leads to a difference
in the decay rates for CP conjugate processes, which
we refer to as direct CP violation. The B meson pro-
duction could be done in electron-positron annihilation
reactions through the process e+e− → Υ (4S) → B0B0

at a center-of-mass energy (c.m.) of 10.58 GeV. Here
only one of the produced neutral B mesons is analyzed
for its decay into K+π− or K−π+, whereas the other
is not studied and might decay into any final state, say
B0 → X or B0 → X. By CPT invariance the time-
reversed processes, K+π− → B0 and K−π+ → B0,
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would have expected rates R1 and R2, respectively. How-
ever, the experiment probing motion reversal should form
the two B mesons and the Υ (4S), through the chain
reactions (K+π− → B0)(X → B0) → Υ (4S) and
(K−π+ → B0)(X → B0) → Υ (4S). This is clearly a
problem of thermodynamic irreversibility. Besides, even
if we could build such a set up, strong interaction pro-
cesses in the kaon-pion annihilation would completely
swamp the weak interaction process responsible for the
decay.

We might consider motion reversal in the mixing, often
also referred as oscillation, of the pseudoscalar neutral K,
B and D mesons. In this case one compares the proba-
bility of a flavor eigenstate (say) K0 transforming into a
K0, and vice versa. Since the states K0 and K0 are parti-
cle and antiparticle, the two transitions are connected by
both T and CP transformations. Even if CPT symmetry
would be broken, there exists no difference between CP
and T in this case. Thus the two symmetry transforma-
tions are experimentally identical and lead to the same
asymmetry. This flavor-mixing or Kabir asymmetry45 is
independent of time since the two processes have identi-
cal time dependence, and is induced by the interference
between the dispersive, M12, and absorptive, Γ12, contri-
butions to the mixing of K0 and K0 states. Here, M and
Γ are the 2×2 mass and decay Hermitian matrices of the
effective Hamiltonian describing neutral meson mixing,
Heff = M − iΓ/219,46, and the index 1 (2) refers to B0

(B0) state.

Evidence at 4σ level for this asymmetry was found by
the CPLEAR experiment at CERN in 1998 by studying
the reaction pp̄→ K±π∓K0(K0) in pp̄ collisions47. The
strangeness (strange and antistrange flavor content) of
the K0 and K0 mesons at production time was deter-
mined by the charge of the accompanying charged kaon.
Since weak interactions do not conserve strangeness, the
K0 and K0 may subsequently transform into each other.
The strangeness of the neutral kaon at decay time is de-
termined through the semileptonic decays K0 → e+π−νe
and K0 → e−π+ν̄e, respectively. The asymmetry, shown
in Fig. 6, is effectively independent of time, and reveals
a net offset with respect to zero.

The interpretation of the asymmetry relies on two main
aspects. Firstly, in the framework of the Weisskopf-
Wigner approach48,49, the effect comes from the overlap
(non-orthogonality) of the “stationary” K0

S and K0
L phys-

ical states. Secondly, the decay plays an essential role;
indeed, within the SM the dispersive and absorptive con-
tributions to K0-K0 mixing (Fig. 7) are at leading order
proportional to the mass and decay width differences be-
tween the K0 and K0 mass eigenstates19,31, respectively.
The presence of the decay as an initial state interaction,
essential to construct a non-vanishing interference for this
observable, has been argued by Wolfenstein to claim that
this asymmetry “is not as direct a test of time-reversal vi-
olation as one might like”14,50. In the neutral B system,
where the decay width difference between the B0 and B0

mass eigenstates is negligible, the measurement of this

FIG. 6. The CPLEAR asymmetry versus the neutral-
kaon decay time (in units of the K0

S lifetime)47. The
solid line represents the average.

asymmetry has, in fact, brought negative results51–54.
Other authors, however, have argued that its interpre-
tation as a genuine signal for T violation does not get
affected by these arguments55–57.
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FIG. 7. The K0 → K0 versus K0 → K0 mixing asymme-
try arises from the interference between the dispersive (a)
and absorptive (b) contributions to K0-K0 mixing. Dia-
gram (a) involves short-distance box diagrams (c) as well
as long-range interactions (d) in which the intermediate
states are off-shell mesons. The box diagram is matched
by another where the quark triplet and the W bosons are
interchanged. Diagram (b) is referred to as “initial state
interaction” since it involves decay to intermediate on-
shell states (d), and it is proportional to the decay width
difference between the K0 and K0 mass eigenstates.
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III. B FACTORIES AND CP VIOLATION

At the asymmetric B factories, electron and positron
beams collide with high luminosity at a c.m. energy of
10.58 GeVcorresponding to the mass of the Υ (4S) reso-
nance, a vector particle with JPC = 1−−. The Υ (4S)is
abound state of a b and a b quark, that decays exclu-
sively to a pair of B and B mesons. Since the mass of
the Υ (4S) is only slightly higher than twice the mass
of the B meson, the two B mesons have low momenta
(about 330 MeV/c) and are produced almost at rest in
the Υ (4S) reference frame with no additional particles
besides those associated to the B decays. The energy of
the electron beam is adjusted to be between twice and
three times larger than that of the positrons, so that the
c.m.frame has a Lorentz boost along the collision axis.
Two B factory colliders, PEP-II at SLAC in California
and KEKB at KEK in Japan, with their corresponding
detectors, BABAR58,59 and Belle60, have been operating
during the last decade, accumulating an integrated lumi-
nosity of data exceeding 500 fb−1 and 1 ab−1, respec-
tively.

The electron- and positron-beam energies have been
designed to be 9.0 and 3.1 GeV at PEP-II, and 8.0 and
3.5 GeV at KEKB, thus the Lorentz boosts βγ are about
0.56 and 0.42, respectively. This allows a mean separa-
tion of the two B mesons along the collision axis in the
laboratory frame of about 250 and 200 µm. With a typi-
cal detector resolution of 100 µm, it is possible to exper-
imentally determine the distance ∆z between the decay
points of the two Bs to obtain the decay time difference
∆t ≈ ∆z/(βγc). This translates into a mean time sepa-
ration of about 1.5 ps with a resolution ranging typically
between 0.6 and 0.8 ps.

A. Entangled neutral B mesons

The decay of the Υ (4S) particle occurs through strong
interactions, thus the system of the created pair of B and
B mesons inherits the Υ (4S) quantum numbers. About
50% of the BB pairs are B0B0, when the hadronization
process pick ups a dd quark pair, and 50% B+B− when
it is a uu pair.

Because B and B are two pseudoscalar states of a
unique (complex) field, Bose statistics and angular mo-
mentum conservation requires that the wavefunction of
the BB pair be in a P-wave, antisymmetric CP -even
state61,

|Υ 〉 =
1√
2

[
|B0(t1)〉|B0(t2)〉 − |B0(t1)〉|B0(t2)〉

]
. (8)

The times t1 and t2 in Eq. (8) do not refer to time depen-
dence but labels to characterize the states: state 1 (2) is
labeled as the first (second) to decay, i.e. t1 < t2. The
antisymmetric entanglement is essential: even with B0-
B0 mixing between the production time at t = 0 and the
first decay at t = t1, the state |Υ 〉 remains antisymmetric,

with no trace of combinations |B0〉|B0〉 or |B0〉|B0〉, and
only |B0〉|B0〉 and |B0〉|B0〉 states appearing at any time.
The state of the first B to decay at t1 dictates the state of
the other B, without measuring (thus destroying) it, and
then evolves in time and decays at t2. The antisymmet-
ric wavefunction defined by this EPR entanglement62,63

is usually written in terms of the strong-interaction flavor
eigenstates B0 and B0, as given by Eq. (8). It should be
noted that the basis choice of B0 and B0 states is only a
matter of convention. The individual state of each neu-
tral B is not defined in the entangled state |Υ 〉 before the
first decay. The quantum collapse of the state at decay
time t1 to a flavor specific channel tags the second B as
the orthogonal state.

Now, consider that the first B decays semileptonically
producing a negatively-charged prompt lepton. As shown
in Fig. 8, this decay proceeds through a b→ c transition,
and the charge of the lepton is completely correlated with
the flavor of the b quark, hence the parent B is a B0 at the
instant of its decay. The anticorrelation defined by the
wavefunction determines that the other B at that time
is a B0, thereby it prepares (or tags) a B0 flavor state.
In quantum mechanics language this means that the ini-
tial state of the B meson has been prepared or filtered as
B0. Neutral B mesons start to oscillate just after their
production since their mixing rate, ∆md ≈ 0.5 ps−1, is
comparable to their decay width, Γd ≈ 0.7 ps−1. Thus,
the state prepared as B0 will be a superposition of B0

and B0 at a later time. As will be discussed further in
Secs III B and IV, this quantum mechanical superposi-
tion of states is of key importance for the experimental
exploration of CP and, especially, time-reversal symme-
tries. Analogously, with a positively-charged prompt lep-
ton we would have a B0 tag. There are other signatures
that can be used, like prompt charged kaons produced
through a b → c → s cascade, as sketched in Fig. 8. In
the following, we denote generically as `−X or `+X any
flavor-specific final state that can be used to identify the
flavor of the decaying B. Note that for this procedure
to work only right-sign decays should take place, i.e. the
wrong-sign decays B0 → `−X and B0 → `+X do not
occur.

B. CP violation at B factories

Flavor tagging based on quantum entanglement has
been the basis for a decade of CP violation physics at B
factories. In these studies, the second B meson, the one
that is not used for flavor tagging, is reconstructed into
a CP -eigenstate final state, for example J/ψK0

S , which
has CP -odd parity (except for 0.1% due to CP violation
in K0-K0 mixing31). The decay of the B meson into
the flavor-eigenstate final state can occur after the de-
cay into the CP eigenstate; to account for this situation
the experiments define as convention a signed decay time
difference,

∆t = tCP − tflavor. (9)
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W W

FIG. 8. A B0 meson, containing a b quark, decays dom-
inantly with lifetime ∼ 1.5 ps through a b → c transi-
tion. The virtual W− gauge boson creates a negatively-
charged prompt lepton whose electric charge can be cor-
related with the b quark flavor. The charge of kaons
produced through the b → c → s cascade also identifies
the flavor of the B meson.

CP violation means any difference between the decay
rate B0 → J/ψK0

S and its CP conjugate, B0 → J/ψK0
S .

The search for this asymmetry has been the raison d’être
of the B factories. Experimentally everything is identical
for the two processes, except the requirement of a `−X
or a `+X decay of the B meson used for tagging. The
large CP violation observed by the B factory experiments
in 200110,11 follows from the comparison of the B0 and
B0 decay rates at equal decay proper-time difference, as
shown in Fig. 9(a). The difference between these two dis-
tributions signals CP violation. This is more evident in
the time-dependent CP asymmetry, shown in Fig. 9(b),
where the difference between the two distributions is nor-
malized to their sum,

ACP,f =
ΓB0→f (∆t)− ΓB0→f (∆t)

ΓB0→f (∆t) + ΓB0→f (∆t)
. (10)

It should be noted that the notion of flavor tag adopted
here as preparation of the initial state of the second B,
using the measurement of the decay of the first B, is
different from the one commonly used by the B factory
experiments, where tagging refers to the flavor identifica-
tion of the first B. The reason to adopt this convention,
closer to the standard quantum mechanics language, will
become more clear later.

One can also use final states with different CP parity,
for example the CP -even f = J/ψK0

L. Due to its opposite
CP eigenvalue, the behaviors of the time distributions
for B0 and B0are interchanged and the asymmetry is
opposite, as observed in Fig. 9(c,d). Besides increasing
the statistical power of the result, the use of final states
with opposite CP parity provides a powerful cross-check
of the CP -violating effect.

This CP asymmetry is induced by the interference of
amplitudes involved in the two possible paths to reach the
same final state f from a B0 (or its CP conjugate), ei-
ther through decay without mixing, B0 → f , or through
mixing followed by decay, B0 → B0 → f . Therefore, we
usually refer to CP violation in the interference between

decay amplitudes with and without mixing, or simply in-
direct CP violation. This type of CP symmetry breaking
can be compared to direct CP violation (due to the in-
terference of different decay amplitudes) or CP violation
in mixing (arising from the interference of the dispersive
and absorptive contributions to mixing)19.
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FIG. 9. Flavor-tagged ∆t distributions (a,c) and CP
asymmetries (b,d) from the BABAR experiment64, for CP -
odd final states J/ψK0

S , ψ(2S)K0
S , χc1K

0
S and ηcK

0
S (a,b),

and the CP -even final states J/ψK0
L (c,d). The solid

(dashed) curves in (a) and (c) represent the best fit pro-
jections in ∆t for B0 (B0) tags. The shaded regions
represent the estimated background contributions to (a)
and (c). The curves in (b) and (d) are the fit projections
of the CP asymmetry between B0 and B0 tagged events.

The time-dependent decay rates and the CP asymme-
try can be parameterized in a model-independent way,
only assuming quantum mechanics, as

ΓB0(B0)→f ∝ e
−Γd|∆t| ×{

1 + (−)
[
Sf sin(∆md∆t)− Cf cos(∆md∆t)

]}
, (11)

ACP,f = Sf sin(∆md∆t)− Cf cos(∆md∆t), (12)

where ∆md is the mass difference between the physical
states of the neutral B meson system, and Γd is aver-
age total decay width. Equation (11) assumes a neg-
ligible difference between the decay rates of the mass
eigenstates, i.e. ∆Γd = 0, and CP symmetry in mix-
ing (independently of whether CPT and T are or are not
violated). If CP symmetry in mixing holds, then the con-
ditions |q/p| = 1 and z = 0 apply, where q, p and z are
three complex parameters introduced to define the eigen-
states of well-defined mass and decay width (referred to
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as mass eigenstates) in terms of the strong interaction
(flavor) eigenstates19,31. Adopting an arbitrary sign con-
vention19,

|BL〉 ∝ p
√

1− z|B0〉 − q
√

1 + z|B0〉,
|BH〉 ∝ p

√
1 + z|K0〉+ q

√
1− z|B0〉. (13)

Within the Weisskopf-Wigner approach, these parame-
ters are related to the matrix elements of the 2× 2 effec-
tive, non-Hermitian Hamiltonian Heff describing mixing.
Note that the real and imaginary parts of the correspond-
ing eigenvalues are the masses and decay widths, and
their splittings are ∆md and ∆Γd, respectively. If either
CP or CPT is a good symmetry in mixing (independent
of T ), then z = 0, and if either CP or T is a symmetry
of Heff (independent of CPT ), |q/p| = 1. It then fol-
lows that CP with CPT violation in mixing is defined by
z 6= 0, and CP with T violation is through |q/p| 6= 1. The
curves shown in Fig. 9 represent the best fit projections
in ∆t using Eqs (11) and (12).

The coefficients Sf and Cf are related to CP viola-
tion. Within the Weisskopf-Wigner approach, these are
connected with the fundamental parameter describing in-
direct CP violation46,

λf =
q

p

Af
Af

, (14)

through the relations

Sf = 2Imλf/(1 + |λf |2),

Cf = (1− |λf |2)/(1 + |λf |2), (15)

where Af = 〈f |D|B0〉 and Af = 〈f |D|B0〉 are the B0

and B0 decay amplitudes to the final state f , with D the
operator describing the B decay. For f = J/ψK0

S and
f = J/ψK0

L, Eq. (14) becomes

λf = ηf
q

p

A

A

pK
qK

, (16)

where A = 〈J/ψK0|D|B0〉, A = 〈J/ψK0|D|B0〉, and
ηf = −1(+1) for f = J/ψK0

S(J/ψK0
L) is associated to

the CP parity of the final state. The factor pK/qK arises
fromK0-K0 mixing, essential for the interference because
B0 and B0 decay into J/ψK0 and J/ψK0, but not into
J/ψK0 and J/ψK0, respectively.

Assuming that the amplitude Af can be described by
a single weak phase, the two contributions to CP vio-
lation in the parameter λf , CP with T violation and
CP with CPT violation, can be identified easily by sep-
arating it into modulus and phase, λf = |λf | exp(iφf )65.

CPT invariance in the decay requires |Af/Af | = 166.
For |q/p| = 1, experimentally well verified51–54, it follows
that |λf | = 1. T invariance in the time evolution followed
by decay requires φf = 0 or π, i.e. Imλf = 067. Instead,
if Af is the sum of two (or more) amplitudes with non-
vanishing weak and strong phase differences between the
two amplitudes, then we have |Af/Af | 6= 1, even if D
is CPT symmetric. Thus, if |Af/Af | = 1 then we have

either both CPT symmetry in decay and a single ampli-
tude, or an unlikely cancellation of T and CPT violation
in decay amplitudes.

In the SM, B0-B0 mixing is dominated by the
box diagrams shown in Fig. 10(a), leading to q/p ≈
V ∗tbVtd/VtbV

∗
td

19,46. For the final state f = J/ψK0
S , the

B decay is dominated by the b → ccs tree amplitude in
Fig. 10(b), followed by K0-K0 mixing (Fig. 7). There-
fore, from Eq. (16) it follows

λf = ηf
V ∗tbVtd
VtbV ∗td

VcbV
∗
cs

V ∗cbVcs

VcsV
∗
cd

V ∗csVcd
. (17)

This leads to Cf = 0 and Sf = Imλf = −ηf sin 2β,
where β ≡ arg[−(VcdV

∗
cb)/(VtdV

∗
tb)]

31 is the angle be-
tween the t and c sides of the bd unitarity triangle, il-
lustrated in Fig. 2. In the Wolfenstein parameterization,
β ≡ −argVtd. Thus, the same magnitude is expected for
the CP -even and CP -odd modes up to a small correction
due to CP violation in K0-K0 oscillations. Higher-order
(penguin) amplitude contributions have either the same
weak phase -Fig. 7(c)- or are CKM suppressed, so that
these predictions apply within the SM up toO(λ4

c), where
λc ≈ 0.226 in the Wolfenstein parameterization31,32. The
deviation due to the penguin contributions with differ-
ent CKM phase has been estimated to be smaller than
1%68,69. Physics beyond the SM could modify the phase
of q/p (thus Sf ) and Cf , although large effects are un-
likely to be generated in the latter due to the dominance
of the tree amplitude in decay70.
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FIG. 10. (a) Box diagram corresponding to the SM short-
distance contributions to B0-B0 mixing. This contribu-
tion is matched by a diagram where the quark triplet and
the W bosons are interchanged. (b) Tree and (c) penguin
SM diagrams for the B0 → ccK0 decay. In the Wolfen-
stein parameterization the tree amplitude is O(λc), with
λc ≈ 0.226, whereas the penguin contribution is O(λ2

c)
and has the same weak phase.
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IV. TIME-REVERSAL EXPERIMENT CONCEPT

We might be tempted to interpret these CP viola-
tion results as evidence for time-reversal non-invariance.
The experimental study has been performed invoking
∆Γd = 0 and CP invariance in mixing (|q/p| = 1 and
z = 0), although the good agreement between the data
points and curves observed in Fig. 9 hints that the ef-
fects of possible deviations from these assumptions are
well below the statistical sensitivity of the current data.
Indeed, dedicated studies have shown the good agree-
ment of the results with and without making these as-
sumptions71,72. Moreover, the results are consistent with
Cf = 0 and Sf 6= 0, and therefore, according to Eq. (14),

with |Af/Af | = 1 for |q/p| = 1 and Imλf 6= 0. Within
the Weisskopf-Wigner approach these values are compat-
ible with CP with CPT symmetry in decay, and CP with
T violation in the interference of decay with and with-
out mixing65,73. This is not, however, the question of
interest here, but to set up an experiment capable to
demonstrate by itself motion reversal non-invariance be-
tween states that are not CP conjugate to each other, as
discussed previously.

A. Entangled neutral B mesons revisited

The solution12–14,74,75 arises from the quantum me-
chanical properties imposed by the EPR entangle-
ment62,63 between the two neutral B mesons produced
in the Υ (4S) resonance decay. Just as one B meson in
the entangled pair is prepared in the B0 or B0 states at
the time when the other B is observed as a B0 or B0 by
a decay into `+X or `−X, respectively, the first decay of
one B into the final states J/ψK0

S or J/ψK0
L prepares the

other B into well defined, orthogonal linear combinations
of B0 and B0 states. In fact, this idea offers the oppor-
tunity to explore separately time reversal, CP and CPT
symmetries, selecting appropriately different transitions
defined by different decay channels.

For the entangled state of the two mesons produced
by the Υ (4S) decay, the individual state of each neutral
B meson is not defined before its collapse as a filter im-
posed by the observation of the decay. Thus, the state
|Υ 〉 in Eq. (8) can be written in terms of any pair of or-
thogonal states of the individual B mesons, i.e. a linear
combination of B0 and B0, that we denote B+, and its
orthogonal state, B−,

|Υ 〉 =
1√
2

[|B+(t1)〉|B−(t2)〉 − |B−(t1)〉|B+(t2)〉] . (18)

As in Eq. (8), the time evolution (including mixing) pre-
serves only |B+〉|B−〉 and |B−〉|B+〉 terms.

Neglecting CP violation in K0-K0 mixing, which holds
within O(10−3)31, and assuming that B0 → J/ψK0 and

B0 → J/ψK0, the normalized states

|B+〉 = N
(
|B0〉+

A

A
|B0〉

)
,

|B−〉 = N
(
|B0〉 − A

A
|B0〉

)
, (19)

where N = |A|/
√
|A|2 + |A|2, have the property that the

former decays into J/ψK0
L, but not into J/ψK0

S , and the
latter into J/ψK0

S , but not into J/ψK0
L

61,75.
The proof is as follows. Adopting the same sign con-

vention as in Eq. (13)76, and assuming CPT invariance
in kaon mixing, we have

|K0
S〉 = NK

(
pK |K0〉 − qK |K0〉

)
,

|K0
L〉 = NK

(
pK |K0〉+ qK |K0〉

)
, (20)

with NK = 1/
√
|pK |2 + |qK |2. In the absence

of wrong-strangeness B decays, 〈J/ψK0|D|B0〉 =
〈J/ψK0|D|B0〉 = 0, it is straightforward to show that

〈J/ψK0
S(K0

L)|D|B+〉 = NNK [pKA− (+)qKA] ,

〈J/ψK0
L(K0

S)|D|B−〉 = NNK [pKA− (+)qKA] . (21)

Assuming now CP invariance in K0-K0 mixing, we have
pK = qK and the above expressions yield

〈J/ψK0
L|D|B+〉 = 〈J/ψK0

S |D|B−〉 = 2pKNNKA,
〈J/ψK0

S |D|B+〉 = 〈J/ψK0
L|D|B−〉 = 0, (22)

hence B+ cannot decay into J/ψK0
S and B− cannot into

J/ψK0
L. Note that using Eq. (14) and inverting Eq. (20)

it is straightforward to obtain Eq. (16) and the relation
λJ/ψK0

L
= −λJ/ψK0

S
, as introduced in Sec. III B. The fact

that the two amplitude ratios differ only by a minus sign
is of key importance for the definition of the B± states.
According to the definition in Eq. (19), these states are
well behaved under B0 and B0 rephasing, although they
are not CP eigenstates independent of the flavor of the
decay channel due to arbitrary quark phases and possible
deviations from |A/A| = 1.

The observation of the decay to the J/ψK0
S (J/ψK0

L)
final state at time t1 generates an automatic transfer of
information to the (still living) partner meson. Hence,
the other B meson at that time is in a B+ (B−) state
because this is the state that cannot decay into J/ψK0

S

(J/ψK0
L). We call the quantum preparation of the initial

state at t1, using the filter imposed by the observation
at t1, a “B+ (B−) tag”. Sometimes it is referred to as a
“CP tag”77 because it is defined through decays into CP -
eigenstate final states. The B+ or B− states prepared by
entanglement at t1 evolve in time until they are observed
at some later time t2 in a decaying final state filtering
another linear combination state. For convenience, we
restrict to flavor-specific final states `−X and `+X that
can be used to filter, assuming no wrong-sign B decays,
the state of the B meson at t2 as B0 and B0, respectively.

Initial states B0 and B0 can be prepared similarly, as
already discussed in Sec. III A. The observation of the
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decay to `−X (`+X) at time t1 dictates that the other
B meson at that time is in a B0 (B0) state because this
state cannot decay into `−X (`+X). As before, this re-
quires assuming the absence of wrong-sign B decays, i.e.
B0 → `−X and B0 → `+X do not occur. We refer to
the quantum preparation of this initial state at t1 as “B0

(B0) tag”. The B0 or B0 states prepared by entangle-
ment at t1 evolve in time until they are observed at some
later time t2 in a decaying final state filtering a given B0

and B0 linear combination state, which we select B+ or
B− by observing the appropriate decay channels.

By virtue of the EPR correlation of Eq. (18), B+ and
B− have been defined as states orthogonal to the states,
denoted as B⊥− and B⊥+ , defined through the filter im-
posed by the observation at t1 of the decay into J/ψK0

S

and J/ψK0
L, respectively, i.e. 〈B+|B⊥−〉 = 〈B−|B⊥+〉 = 0.

The exchange of initial and final states with identical
boundary conditions required by motion reversal imposes
that the basis of tagging states (B+, B−) must be iden-
tical to the basis of states filtered by decay (B⊥+ , B

⊥
−).

This condition is met when B+ and B− (and thus B⊥+
and B⊥−) are orthogonal to each other. It is then straight-

forward to prove that 〈B−|B+〉 = 0 if |A/A| = 1. For
this to hold, the decay amplitude A should have only one
weak phase, as it is expected to apply at 1% level or bet-
ter for B0 → J/ψK0 and B0 → J/ψK0, and have CPT
symmetry in the decay amplitude (see Sec. III B).

To clarify the foundations of the time-reversal experi-
ment, consider the case illustrated in Fig. 11. In the top
panel, the first B decays into a `+X final state (for ex-
ample a semileptonic final state producing a positively-
charged prompt lepton or an hadronic final state with
a positively-charged kaon). This final state filters the
quantum-mechanical state of the other B at time t1 as
B0. The surviving meson tagged as B0 is observed later
at t2 to decay into a final state J/ψK0

L that filters the
B meson to be in a B+ state. Therefore, the event class
(`+X, J/ψK0

L), encapsulating a time ordering, undergoes
a transitionB0 → B+ in the elapsed time t = t2−t1. This
transition has, according to the convention in Eq. (9), a
decay time difference ∆t = t > 0. As shown in the
bottom panel, T transformation demands to set up the
conditions for the mirrored transition B+ → B0. The
B+ tag requires the first B to decay into the J/ψK0

S final
state, whereas the surviving meson tagged at t1 as B+

has to be observed at t2 through its decay into a `−X
flavor specific final state. The time-ordered event class
is now (J/ψK0

S , `
−X), which according to Eq. (9) yields

a decay time difference ∆t < 0. Thus and from now on,
“∆t > 0” (“∆t < 0”) will refer to the time ordering in an
event class with a flavor- (CP -) eigenstate decay channel
appearing first. Note that this non-trivial T transfor-
mation is not defined by the “∆t reversal” obtained just
by flipping the time ordering of the decay channels for a
given event class. For this to be achieved, EPR entan-
glement together with the availability of both flavor- and
CP -eigenstate decay modes to filter appropriate neutral
B states, has been key for the quantum preparation of

the B-meson initial state in the transition and its motion-
reversed version; the problem of particle instability has
been thus avoided.

B. Transitions among B meson states

For the four initial states B0, B0, B+, and B−prepared
by entanglement, and the four final states B0, B0, B+,
and B−available through decay, it is possible to construct
eight transitions and their corresponding time-ordered
event classes (f1, f2) given in Table I75. In this nota-
tion, the final state f1 is observed at time t1 and the
final state f2 is observed at time t2 = t1 + t, where t > 0
is the elapsed time. The matching between event classes
and transitions applies under the assumption of absence
of wrong-strangeness and wrong-sign B decays, CP in-
variance in K0-K0 mixing, and |A/A| = 1. Recently
an extended discussion, including wrong-strangeness and
wrong-sign B decays, has been presented78.

The observation of an asymmetry between the prob-
abilities for transitions on the right and left panels of
Table I,

|〈B0|U(t)|B−〉|2 − |〈B−|U(t)|B0〉|2,
|〈B−|U(t)|B0〉|2 − |〈B0|U(t)|B−〉|2,
|〈B0|U(t)|B+〉|2 − |〈B+|U(t)|B0〉|2,
|〈B+|U(t)|B0〉|2 − |〈B0|U(t)|B+〉|2, (23)

will be an unambiguous demonstration of motion rever-
sal in time evolution of states that are not CP conju-
gate to each other. Here, U(t) is the time-evolution
operator determined by the effective Hamiltonian Heff .
Note that the notation has been changed in comparison
to Sec. II A since t denotes now the elapsed time. We
immediately realize that each of the four independent
time-reversal comparisons in Table I uses a pair of time-
ordered event classes involving four different final states
at different times, `+X and `−X at times t1 (or t2) and
t2 (or t1), and J/ψK0

S and J/ψK0
L at times t2 (or t1)

and t1 (or t2), respectively. Therefore, time-reversal tests
require the comparison of probabilities for event classes
with opposite time ordering (opposite ∆t sign) and dif-
ferent observed flavor- and CP -eigenstate final states, as
illustrated in Fig. 1275.

With the same approximations, differences like

|〈B0|U(t)|B−〉|2 − |〈B−|U(t)|B0〉|2, (24)

or

|〈B−|U(t)|B0〉|2 − |〈B−|U(t)|B0〉|2, (25)

probe CPT and CP symmetry, respectively, in the time
evolution of B0-B0 transitions. For each of these cases
there are also four independent asymmetries, although
clearly not all comparisons involving time reversal, CP ,
and CPT transformations are independent. Whereas CP
transformation requires the comparison of pairs of time-
ordered event classes with different flavor-specific final
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FIG. 11. Basic concept of the time-reversal experiment. Electron-positron collisions at the asymmetric B factory
produce Υ (4S) resonances, which decay via strong interaction to an entangled pair of B mesons. When one B meson
decays at t1, the identity of the other is “tagged” without measuring it specifically. In the top panel, the B meson
observed to decay to the final state `+X at t1 transfers information to the other meson and dictates that it is in a
B0 state. This surviving meson tagged as B0 is observed at t2 to decay into a final state J/ψK0

L that filters the B
meson to be in a B+ state, a linear combination of B0 and B0 states. This case corresponds to a transition B0 → B+.
To study time reversal we have to compare the rate at which this transition occurs to the rate of the time-reversed
transition, B+ → B0 (bottom panel).

states, but common CP -eigenstate final state and same
∆t sign, CPT demands a common flavor-specific final
state, different CP -eigenstate final states, and opposite
∆t sign (see Fig. 12)75. Therefore, the time-reversal case
is the most challenging.

V. BABAR TIME-REVERSAL ANALYSIS

The BABAR detector recorded an integrated luminosity
of 518 fb−1 of data, of which 424 fb−1 were taken at a
c.m. energy corresponding to the mass of the Υ (4S) res-
onance, 28 and 13.6 fb−1 around the Υ (3S) and Υ (2S)
resonances (10.36 and 10.02 GeV), 4 fb−1 above the
Υ (4S), and 48 fb−1 below the resonances [44 fb−1 at
a c.m. energy 40 MeV below the Υ (4S) ]58. These lumi-
nosities correspond to about 470× 106 BB, 690× 106 cc,
and 500 × 106 τ+τ− pairs, and 121 × 106 Υ (3S) and
99× 106 Υ (2S) resonances. For the time-reversal analy-
sis1 BABAR used all BB and Υ (4S) off-resonance data.

The BABAR detector, sketched in Fig. 13, was de-
signed as a general purpose detector for e+e− annihi-
lation physics59. Surrounding the interaction point is
a five-layer, double-sided Silicon Vertex Tracker (SVT),
which measures the angles and impact parameters of
charged particle tracks. A 40-layer Drift Chamber (DC)
surrounds the SVT and provides measurements of the
momenta for charged particles. Charged hadron identi-
fication is achieved through measurements of energy-loss
in the tracking system and the Cherenkov angle obtained
from a Detector of Internally Reflected Cherenkov light
(DIRC). A CsI(Tl) electromagnetic calorimeter (EMC)
provides photon detection, electron identification, and π0

reconstruction. These components are inserted inside a
solenoid magnet, which provides a 1.5 T magnetic field.
The flux return of the magnet (IFR) is instrumented with
resistive plate chambers and limited streamer tubes in
order to detect muons and K0

Ls58. Figure 14 illustrates
the transverse view of the computer reconstruction of a
BB event. The detector performance has been very sta-
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FIG. 12. Expected time-dependent probability distributions for the eight time-ordered event classes given in Ta-
ble I, shown as a planar map. They are identified by the flavor-specific (`−X, `+X) and CP -eigenstate (J/ψK0

S ,
J/ψK0

L) decay products and the time ordering. The dashed arrows in the left (red) and right (blue) panels indicate
the time-ordered event classes connected by the three symmetries, CP (vertical), T (oblique), and CPT (horizon-
tal), independently of each other. The two panels (red, blue) of t-reverse decay channels are unconnected by the
symmetries.

TABLE I. Time-ordered event classes (f1, f2) and their
corresponding transitions between B meson states. The
matching between event classes and transitions applies
under the assumption of absence of wrong-strangeness
and wrong-sign B decays, a single weak amplitude, i.e.
|A/A| = 1, and no CP violation in K0-K0 mixing. The
event classes and transitions on the right panel (Time
reversed) are the time-reversed versions of those in the
left panel (Reference).

Reference Time reversed

Event class Transition Event class Transition

(`+X, J/ψK0
L) B0 → B+ (J/ψK0

S, `
−X) B+ → B0

(J/ψK0
S, `

+X) B+ → B0 (`−X, J/ψK0
L) B0 → B+

(`+X, J/ψK0
S) B0 → B− (J/ψK0

L, `
−X) B− → B0

(J/ψK0
L, `

+X) B− → B0 (`−X, J/ψK0
S) B0 → B−

ble over the nine years of operation, supporting a broad
flavor physics program.

Although the CP -violation and time-reversal analysis

concepts are fundamentally different, the experimental
analyses are closely connected to each other. Reconstruc-
tion algorithms, event selection criteria, calibration tech-
niques and descriptions of the background composition
are common64. However, the selected signal events for
the time-reversal measurement require somewhat differ-
ent treatment.

A. Event reconstruction and selection

In addition to J/ψK0
S , ψ(2S)K0

S and χc1K
0
S decay

modes are also considered; all these three final states
have CP -odd parity and are hereafter denoted generi-
cally as ccK0

S . The cc particle states are reconstructed in
the decay channels J/ψ , ψ(2S)→ e+e−, µ+µ−, ψ(2S)→
J/ψπ+π−, and χc1 → J/ψγ. Whereas K0

S mesons decay
near the collision point and are reconstructed through
their decays into π+π− and π0π0 (the latter only for
J/ψK0

S), the long-living K0
L mesons pass through the

tracking systems undetected and are reconstructed by
their hadronic interactions in the EMC and/or the IFR
and the J/ψ in the B decay. The background rejection
relies on vetoes to specific B decay modes, and on an-
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FIG. 13. A sketch of the BABAR detector. The five subsystems and the solenoid magnet providing the 1.5 T magnetic
field are indicated. Source: BABAR Collaboration.

gular and event shape variables to suppress continuum
events arising from e+e− → qq, q = u, d, s reactions.
These variables exploit the different topology of qq and
BB events, jet-like for the former and spherical for the
latter, consequence of the large mass difference between
light and b quarks.
B meson candidates decaying to J/ψK0

L are charac-
terized by the energy difference ∆E = E∗B − E∗beam be-
tween the B energy and the beam energy in the e+e−

c.m. frame, while for the ccK0
S final states the beam-

energy substituted mass, mES =
√

(E∗beam)2 − |p∗B |2, is
used, where p∗B is the B momentum in the c.m. frame.
These two kinematic variables are based on the fact that
B mesons are produced almost at rest in c.m. frame and
the beam energies are precisely known. Figure 15 shows
the mES and ∆E data distributions for the final sample
of about 7800 ccK0

S signal events with purities ranging
from 87 to 96%, and 5800 J/ψK0

L signal events with pu-
rities around 60%.

Since the mass of the Υ (4S) is only slightly higher than
twice the mass of the B meson, no additional particles
are produced. Thus, the flavor identity of the B meson
not associated with the reconstructed ccK0

S or J/ψK0
L fi-

nal state is determined from the remaining particles in
the event, on the basis of the charges of prompt lep-
tons and kaons, pions from D∗+ → D0π+ decays, and
high-momentum charged particles. The notation `−X
(`+X) introduced previously denotes all these inclusive

final states that identify the flavor of the B as B0 (B0).
In practice, these flavor identity signatures are combined
using a neural network whose output is used to divide the
events into six hierarchical, mutually exclusive flavor cat-
egories of increasing misidentification probability. The
proper time difference between the decay of the two B
mesons, ∆t, is measured by the separation of the two de-
cay vertices along the e+e− collision axis and the known
boost, as discussed in Sec. III.

Besides the CP eigenstate final states, other high-
statistics, flavor-specific final states like B0 → D∗−π+

and B0 → J/ψK∗0[→ K+π−] (and their CP con-
jugates) are reconstructed, and are used for calibrat-
ing the ∆t resolution and the flavor misidentification
probability. Charged B meson decays like B± →
J/ψK±, ψ(2S)K±, J/ψK∗± are likewise detected and
used for systematic checks.

B. Signal data treatment and results

Assuming ∆Γd = 0, the time dependence of each of the
eight transitions depicted in Fig. 12 can be parameterized
in a model-independent way as

g±α,β(t)

e−Γdt
∝ 1 + S±α,β sin(∆mdt) + C±α,β cos(∆mdt),(26)
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FIG. 14. Transverse view of the computer reconstruction
of a BB event in the BABAR detector. The display shows
the decay products of the two B mesons as curved tracks
(in red) in the central region of the detector (SVT and
DC). Some particles deposit energy in the EMC calorime-
ter (green and blue blocks). Particle identification is as-
sisted by measuring the Cherenkov rings (DIRC). Source:
BABAR Collaboration.
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FIG. 15. (a) mES and (b) ∆E distributions for the final
sample of neutral B decays reconstructed in the ccK0

S

and J/ψK0
L final states, respectively. The shaded regions

represent the estimated background contributions.

where the lower indices α = `+, `− and β = K0
S ,K

0
L stand

for the final reconstructed decay modes `+X, `−X and
ccK0

S , J/ψK
0
L, respectively, and the upper indices encap-

sulate the time ordering, (+) for B0 or B0 tagged states
and (−) for B+ or B− tagged states. This expression is
analogous to Eq. (11) with the distinction that is associ-
ated to eight pairs (S±α,β , C

±
α,β) instead of only one, and

t > 0.

The pairs of parameters (S±α,β , C
±
α,β) are determined

by a maximum likelihood fit to the measured ∆t distri-
butions of the four signal samples in which one B meson

is reconstructed in a ccK0
S or J/ψK0

L decay mode, and
the flavor content of the other B is identified through a
`−X or `+X decay mode. Neglecting time resolution,
the elapsed time between the first and second decay is
t = ∆t for flavor tags, and t = −∆t for B± tags. As
illustrated in Fig. 16, time resolution mixes events with
positive and negative true ∆t, i.e. a true event class
(`+X, J/ψK0

L), corresponding to a B0 → B+ transi-
tion, might appear reconstructed as (J/ψK0

L, `
+X), cor-

responding to a B− → B0 transition, and vice versa.
To determine separately the coefficients for event classes
with true positive ∆t (flavor tag) or true negative ∆t
(B± tag), it is necessary to unfold the time ordering and
the ∆t resolution. This is accomplished by using a signal
probability-density-function for the four distributions of
the form

Hα,β(∆t) = g+
α,β(∆ttrue)H(∆ttrue)⊗R(δt;σ∆t) +

g−α,β(−∆ttrue)H(−∆ttrue)⊗R(δt;σ∆t),

(27)

where ∆ttrue is the signed difference of proper times be-
tween the two B decays in the limit of perfect ∆t resolu-
tion, H is the Heaviside step function, R(δt;σ∆t) is the
resolution function, with δt = ∆t−∆ttrue, and σ∆t is the
estimate of the ∆t uncertainty obtained by the recon-
struction algorithms. This unfolding procedure, which
requires good ∆t resolution and excellent knowledge of
the resolution function, especially in the low |∆t| region,
is of critical importance to resolve the time ordering and
represents in practice the main experimental challenge of
this time-reversal analysis1 in comparison to the associ-
ated CP violation analysis64.

From the eight pairs of signal coefficients, reported
in the left panel of Table II, one might construct
two sets (±) of three pairs each of independent asym-
metry parameters, (∆S±T ,∆C

±
T ), (∆S±CP ,∆C

±
CP ), and

(∆S±CPT ,∆C
±
CPT ), as illustrated in Fig. 12 and also

shown in the right panel of Table II. There are multiple
choices to define the asymmetry parameters but for con-
venience two sets (panels in the first and second columns,
and in the third and fourth columns of Fig. 12) of asym-
metries related to each of the three discrete symmetries
are chosen. The reference transitions are taken by con-
vention B+ → B0 and B0 → B−, corresponding to event
classes (ccK0

S , `
+X) and (`+X, ccK0

S), respectively (see
Fig. 12 and Table II). This choice has the advantage
that the breaking of time-reversal symmetry would di-
rectly manifest itself through any nonzero value of ∆S±T
or any difference between ∆S±CP and ∆S±CPT .

Systematic uncertainties in the measurement of the co-
efficients and asymmetry parameters in Table II are dom-
inated by the knowledge of the ∆t resolution and back-
ground composition of event classes containing J/ψK0

L

final states, and any possible deviation of the experimen-
tal procedure observed in detailed Monte Carlo simula-
tions58. Besides, the experiment has performed a num-
ber of cross-checks, based on both simulated and data
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FIG. 16. Unfolding of the measured ∆t distributions: the reconstructed ∆t distribution (bottom left) is unfolded to
disentangle the ∆t resolution function and the true ∆t distribution (top left) used to define the B± (true ∆t < 0,
top middle) and flavor (true ∆t > 0, top right) tags. The ∆t resolution mixes true B± or flavor tags with fake flavor
or B± tags (bottom middle and bottom right), respectively. The case shown here corresponds to a signal sample
in which the two B mesons have been reconstructed in the decay modes J/ψK0

L and `+X. The event classes are
(J/ψK0

L, `
+X) and (`+X, J/ψK0

L), corresponding to transitions B− → B0 and B0 → B+, respectively.

control samples, to assess the robustness of the results.
Of special relevance is the check performed using event
classes where the neutral B meson reconstructed in the
ccK0

S or J/ψK0
L final states is replaced by a charged B

decaying to ccK± and J/ψK∗+, respectively. It is found
that all coefficients and parameters, shown in Table II,
are consistent with zero.

C. Interpretation of results and significance

The ability of this analysis to describe the data can
be assessed by visualizing the rate differences between
the transitions and their time-reversed conjugates in Ta-
ble I. The inequalities among probabilities are better
determined in the form of asymmetries along the lines of
Eq. (10). For transition B0 → B− (first entry in Table I),

AT (∆t) =
H−
`−,K0

L
(∆t)−H+

`+,K0
S
(∆t)

H−
`−,K0

L
(∆t) +H+

`+,K0
S
(∆t)

, (28)

where H±α,β(∆t) = Hα,β(±∆t)H(∆t). With this con-

struction, AT (∆t) is defined only for positive ∆t values.
Neglecting reconstruction effects,

AT (t) ≈
∆S+

T

2
sin(∆mdt) +

∆C+
T

2
cos(∆mdt). (29)

The three other asymmetries, corresponding to the last
three entries in Table I, are constructed analogously and
have the same time dependence, with ∆S+

T replaced by

∆S−T , ∆S−CP −∆S−CPT , and ∆S+
CP −∆S+

CPT , respectively,

and equally for ∆C+
T .

Figure 17 shows the four time-reversal asymmetries
constructed in this way. The data are well described
by the red solid curves, which represent the projection
of the best fit to the eight (S±α,β , C

±
α,β) pairs, as reported

in Table II. These curves deviate significantly from the
dashed blue curves, which represent the fit projection
for time-reversal invariance, i.e. ∆S±T = 0, ∆C±T = 0,

∆S±CP = ∆S±CPT , and ∆C±CP = ∆C±CPT . The fact that
the dashed blue curves are not identically zero is a conse-
quence of experimental effects, in particular the asymme-
try with respect to δt = 0 of the time resolution function.

All eight C±α,β in Table II are compatible with zero,

therefore the |A/A| = 1 condition discussed in Sec. IV A
is validated within errors and the association between
event classes and transitions in Table I is confirmed. It
follows that the observation ∆S±T 6= 0 and ∆S±CP 6=
∆S±CPT in Table II is an unambiguous, direct detection of
time-reversal violation in the time evolution of neutral B
mesons, obtained through motion reversal in transitions
that are not CP conjugate to each other. The violation of
time-reversal symmetry is also clearly seen through the
large differences between the red solid and dashed blue
curves in all four asymmetries shown in Fig. 17.

The significance of the observed time-reversal viola-
tion is evaluated on the basis of changes in log-likelihood
value lnL with respect to the maximum (−2∆ lnL). The
difference −2∆ lnL between the fit without T violation
and the best fit is 226, including systematic uncertain-
ties. Assuming Gaussian statistics, this corresponds to
a significance of 14σ, evaluated from the upper integral
at −2∆ lnL of the χ2 probability distribution for 8 de-
grees of freedom79 (p-value)31. Figure 18 shows p-value
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TABLE II. Measured values of the S±α,β and C±α,β coefficients, and of the asymmetry parameters, defined as differences

among coefficients for symmetry-transformed transitions as depicted in Fig. 121. The first uncertainty is statistical
and the second systematic. The lower indices `−, `+, K0

S , and K0
L stand for reconstructed decay modes that identify

the B meson state as B0, B0 and B−, B+, respectively, and the upper indices encapsulate the time ordering, (+) when
the decay to `− and `+ occurs first and (−) otherwise. The asymmetry parameters ∆S±T , ∆C±T and the differences

∆S±CP −∆S±CPT , ∆C±CP −∆C±CPT are all motion-reversal violating. The first column refers to the index labelling in
Fig. 12.

Transition Coefficient Result Asymmetry parameter Result

(b) B+ → B0 S−
`+,K0

S
−0.66± 0.06± 0.04 Reference

C−
`+,K0

S
−0.05± 0.06± 0.03 Reference

(e) B0 → B+ S+

`−,K0
L

0.51± 0.17± 0.11 ∆S−
T 1.17± 0.18± 0.11

C+

`−,K0
L
−0.01± 0.13± 0.08 ∆C−

T 0.04± 0.14± 0.08

(a) B0 → B+ S+

`+,K0
L
−0.69± 0.11± 0.04 ∆S−

CPT −0.03± 0.13± 0.06

C+

`+,K0
L
−0.02± 0.11± 0.08 ∆C−

CPT 0.03± 0.12± 0.08

(f) B+ → B0 S−
`−,K0

S
0.67± 0.10± 0.08 ∆S−

CP 1.33± 0.12± 0.06

C−
`−,K0

S
0.03± 0.07± 0.04 ∆C−

CP 0.08± 0.10± 0.04

(c) B0 → B− S+

`+,K0
S

0.55± 0.09± 0.06 Reference

C+

`+,K0
S

0.01± 0.07± 0.05 Reference

(h) B− → B0 S−
`−,K0

L
−0.83± 0.11± 0.06 ∆S+

T −1.37± 0.14± 0.06

C−
`−,K0

L
0.11± 0.12± 0.08 ∆C+

T 0.10± 0.14± 0.08

(d) B− → B0 S−
`+,K0

L
0.70± 0.19± 0.12 ∆S+

CPT 0.16± 0.21± 0.09

C−
`+,K0

L
0.16± 0.13± 0.06 ∆C+

CPT 0.14± 0.15± 0.07

(g) B0 → B− S+

`−,K0
S
−0.76± 0.06± 0.04 ∆S+

CP −1.30± 0.11± 0.07

C+

`−,K0
S

0.08± 0.06± 0.06 ∆C+
CP 0.07± 0.09± 0.03

contours calculated from the change −2∆ lnL in two di-
mensions for the T -asymmetry parameters (∆S+

T ,∆C
+
T )

and (∆S−T ,∆C
−
T ). In the two cases cases we can ob-

serve that the T invariance point is excluded at 6σ level.
The difference −2∆ lnL for fits assuming CPT or CP
symmetry are 5 and 307, corresponding to 0.3σ and 17σ,
consistent with CPT invariance and CP violation, respec-
tively. These values, combined with those in Table II, are
compatible with CP violation as due to time-reversal vi-
olation and CPT invariance. The larger significance of
CP violation is because the comparison of probabilities
for event classes e.g. (`−X, ccK0

S) and (`+X, ccK0
S) has

a higher statistical and systematic significance than the
comparison of e.g. (`−X, ccK0

S) and (`−X, ccK0
L).

Following the discussion in Sec. IV A and assuming CP
conservation in mixing (i.e CP with T invariance, and
CP with CPT symmetry in mixing), all eight pairs of

coefficients S±α,β and C±α,β are related,

S = S+
`+,K0

S
= −S+

`−,K0
S

= −S−
`+,K0

S
= S−

`−,K0
S

=

−S+
`+,K0

L
= S+

`−,K0
L

= S−
`+,K0

L
= −S−

`−,K0
L
,

C = C+
`+,K0

S
= −C+

`−,K0
S

= C−
`+,K0

S
= −C−

`−,K0
S

=

C+
`+,K0

L
= −C+

`−,K0
L

= C−
`+,K0

L
= −C−

`−,K0
L
. (30)

In the SM, the eight S±α,β coefficients are measurements of
S = sin 2β ≈ 0.7. The results in Table II lead to a mean
value S = 0.686 ± 0.029, which is consistent with the
value obtained from the CP violation investigation based
on the same data64. Analogously, the measurement of the
eight C±α,β coefficients result in a mean value of 0.022 ±
0.021, consistent with both the previous CP analysis and
zero.
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represent the data, the red solid and dashed blue curves
represent the projections of the best fit results with and
without time-reversal violation, respectively.
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FIG. 18. Central values (blue point and red square) and
two-dimensional p-value contours (for p = 0.317, 4.55 ×
10−2, 2.7×10−3, 6.3×10−5, 5.7×10−7, and 2.0×10−9) for
the T -asymmetry parameters (∆S+

T ,∆C
+
T ) (blue dashed

curves) and (∆S−T ,∆C
−
T ) (red solid curves), as reported

by BABAR1. The T -invariance point is shown as a + sign.

VI. CONCLUSION

The arrow of time in systems with large number of
degrees of freedom is a thermodynamic property of en-
tropy associated to the irreversibility of boundary condi-
tions. However, time’s arrow is not related to the ques-
tion of time-reversal symmetry in the fundamental laws
of physics. Only two physical systems in nature, the
unstable K and B mesons, have a relatively large ex-
pected breaking of time-reversal symmetry; in these sys-
tems CP violation has been observed and no experimen-
tal data contradicts the CPT theorem. Therefore, K and
B mesons are a best choice for an experiment detecting
directly time-reversal non-invariance.

The main principle for a direct detection of time-
reversal violation in transitions is the exchange of initial
and final states. A unique opportunity arises from the
quantum-mechanical properties imposed by the EPR en-
tanglement between the two neutral B mesons produced
in the Υ (4S) resonance decay at B factories. The obser-
vation of the first B decaying into the flavor eigenstates
`+X or `−X, or the CP eigenstates ccK0

S or J/ψK0
L, pre-

pares (tags) the initial state of the otherB asB0, B0, B+,
or B−, respectively. The initial states tagged by entan-
glement are filtered at a later time through its decay into
a CP - or a flavor-eigenstate decay mode. The four B me-
son states appearing as initial and final states make possi-
ble to build eight different transition probabilities for the
time evolution of the neutral B meson. In appropriate
combinations, time-reversal, CP , and CPT symmetries
can be analyzed separately through four time-dependent
asymmetries, which can be expressed in terms of certain
asymmetry parameters.

The BABAR experiment has measured the four time-
reversal asymmetries and extracted the corresponding
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asymmetry parameters. The results show a highly sig-
nificant departure from motion reversal symmetry. A
precise exchange of initial and final states is needed to
interpret the results as direct detection of time-reversal
non-invariance. This requires the absence of both wrong-
strangeness (B0 9 ccK0 and B0 9 ccK0) and wrong-
sign (B0 9 `−X and B0 9 `+X) B decays, CP invari-
ance in K0-K0 mixing, and |A/A| = 1 (a single decay
amplitude and CPT symmetry in the B0 → ccK0 decay
amplitude). All these effects are small and have been
either accounted for in the systematic uncertainties (the
second), directly demonstrated in the experimental anal-
ysis and incorporated in the uncertainties (the fourth),
or neglected since their impact is well below the statisti-
cal sensitivity [O(10%)] according to measurements [the
first, O(0.1%)] or SM expectations [the third, O(1%)].

Time-reversal and CP symmetry breakings are seen
in two separate observations (the states involved in the
transitions are not CP conjugate to each other) and the
asymmetries are time dependent with only a sin(∆md∆t)
term, of order O(10−1), and are induced by the interfer-
ence of decay amplitudes with and without mixing. The
corresponding measurement of the weak phase from time-
reversal asymmetries match those from CP asymmetries,
therefore the observed T and CP violations balance to
each other, supporting CPT invariance in the time evolu-
tion of B mesons. This is in contrast to the flavor-mixing
asymmetry in K0-K0 transitions measured by CPLEAR,
where CP and T transformations are identical and the
asymmetry is time independent, of order O(10−3), and
is produced by the interference between the dispersive
and absorptive contributions to K0-K0 mixing.

The concept of direct detection of time-reversal vio-
lation in transitions might be extended to include sys-
tematic tests using pairs of B and D mesons created in
the decay of the Υ (4S) and ψ(3770) resonances80, as well
as pairs of K mesons from the φ(1020)81. In the latter
case, there are important differences triggered by a non-
vanishing decay width difference, the non-orthogonality
of the K0

L and K0
S states, and the small effects expected

within the SM. This opens the possibility to embark upon
a complete time-reversal (and CPT ) violation program in
weak interactions to probe possible new physics contri-
butions in tree and loop decays at future high-luminosity
flavor factories, Belle II at SuperKEKB82,83 and KLOE-2
at DAΦNE84.

The main limitation of the method is associated with
the identification of the appropriate decay channels used
to filter the states of the time-reversed transition. Specif-
ically, it is necessary to identify pairs of decay channels
that project into meson states orthogonal to each other
This orthogonality condition is satisfied by conjugate fla-
vor eigenstate decay channels (`−X,`+X) and by CP
eigenstates of opposite CP parity with the same flavor
content (ccK0

S ,J/ψK0
L). The fact that the B decay am-

plitudes to ccK0
S and J/ψK0

L are given by the same di-
agram followed by K0-K0 mixing (needed to make pos-
sible the interference) is essential for the definition of

the states B− and B+. The precise implementation of
these restrictions imposes the requirements summarized
above. An alternative time-reversal asymmetry based on
EPR entanglement open to any pair of decay channels
has been recently suggested85, though the connection be-
tween the experiment and the time-reversal observables
requires some theoretical input.
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