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Time-reversal symmetry
• Laws of physics have an intrinsic, microscopic t → −t 

symmetry if they are 
✦ invariant under reversal of motion (v → −v, exchange of in 

and out states),
✦ balanced in detail: P(a+b → c+d) = P(c+d → a+b).

• It is not about the arrow of time
✦ T asymmetry of a macroscopic state
✦ nature of thermodynamics
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Scenarios of time-reversal violation
• A permanent electric dipole moment (EDM) 

of a particle (with a spin) violates T-reversal 
symmetry (as well as parity). No evidence 
has been observed yet.

• Difference in time-reversed processes:          
P(|i〉→|f〉) vs. P(|f〉→|i〉)

✦ νe → νµ vs. νµ → νe : stable system, but needs 
future facility with a long baseline.

✦ |i〉 → |decay product〉 vs. |decay product〉 → |i〉 : 
unstable system, often very difficult to prepare 
the initial state of time-reversed process.

• Assume CPT invariance, observing CP 
asymmetry indicates T violation.

✦ CP violation is established in neutral kaon and 
bottom mesons.
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T violation in meson decays
• Can we search for T violation in known CP-violating processes?

✦ Search in decay

✦ Search in mixing
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BABAR results Belle results Averages
Final state B (×10−6) ACP Ref. B (×10−6) ACP Ref. B (×10−6) ACP

K+X(1812) < 0.32 (Liu, 2009) < 0.32
φK∗

3 (1780)
0 < 2.7 (Aubert, 2007al) < 2.7

φK∗
4 (2045)

0 < 15.3 (Aubert, 2007al) < 15.3
K+π−K+π− < 6.0 (Chiang, 2010) < 6.0
K+π−π+K− < 72 (Chiang, 2010) < 72
K+π−π+π− < 2.1 (Kyeong, 2009) < 2.1
π+π−π+π− < 23.1 (Aubert, 2008p) < 19.3 (Chiang, 2008) < 19.3

Table 17.4.8. Charmless B decays branching fractions B and CP asymmetries ACP for BABAR and Belle for non-resonant
decays and other unclassified modes. The averages come from HFAG and may include measurements from other experiments
such as CLEO, CDF and D0 (Asner et al. (2011)).

LETTERS

Difference in direct charge-parity violation between
charged and neutral B meson decays
The Belle Collaboration*

Equal amounts of matter and antimatter are predicted to have
been produced in the Big Bang, but our observable Universe is
clearly matter-dominated. One of the prerequisites1 for under-
standing this elimination of antimatter is the nonconservation
of charge-parity (CP) symmetry. So far, two types of CP violation
have been observed in the neutral Kmeson (K0) and Bmeson (B0)
systems: CP violation involving the mixing2 between K0 and its
antiparticle !KK 0 (and likewise3,4 for B0 and !BB0), and direct CP viola-
tion in the decay of each meson5–8. The observed effects for both
types of CP violation are substantially larger for the B0 meson
system. However, they are still consistent with the standard
model of particle physics, which has a unique source9 of CP viola-
tion that is known to be too small10 to account for the matter-
dominated Universe. Here we report that the direct CP violation
in charged B6RK6p0 decay is different from that in the neutralB0

counterpart. The direct CP-violating decay rate asymmetry,AK+p0

(that is, the difference between the number of observed B2RK2p0

event versus B1RK1 p0 events, normalized to the sum of these
events) is measured to be about 17%, with an uncertainty that is
reduced by a factor of 1.7 from a previous measurement7. How-
ever, the asymmetryAK+p+ for !BB0?K{pz versus B0RK1p2 is at
the 210% level7,8. Although it is susceptible to strong interaction
effects that need further clarification, this large deviation in direct
CP violation between charged and neutral B meson decays could
be an indication of new sources of CP violation—which would
help to explain the dominance of matter in the Universe.

Existing measurements of CP asymmetries in K and B meson
decays can be explained using a single source of CP violation from
the mechanism of the Kobayashi–Maskawa model. Proposed9 in
1973, this mechanism anticipated the third family of quarks before
they were discovered. Together with a quantum field theory that
describes the electromagnetic, weak and strong interactions, it is a
key part of the standard model of particle physics. The present
Kobayashi–Maskawa source of CP violation, however, is itself too
small (see ref. 10 for example) to account for the dominance of
matter in the Universe. A search for other sources of CP violation,
in the neutrino sector or in new physics beyond the standard model,
is needed.

The decay BRKp proceeds through two major processes, illu-
strated in Fig. 1a and b. Figure 1a is called the colour-allowed tree
diagram, and the Kobayashi–Maskawa source of CP violation enters
via the so-called Vub (where ub represents the transition between u
and b quarks) matrix element that governs the !bb!uuW interaction
vertex. On the other hand, while all charge 2/3 quarks contribute
to the quantum ‘loop’, it is the virtual top quark that dominates
the amplitude of the process shown in Fig. 1b, which is usually called
the (strong) penguin diagram. The controlling matrix element pro-
duct VtbV

!
ts (where tb and ts represent the transitions between t and b

quarks and t and s quarks) is insensitive to the Kobayashi–Maskawa

source of CP violation. CP violation may arise from the interference
between these two amplitudes, similar to two waves interfering with
each other to produce a combined wave. However, this still depends
on the detailed dynamics of each process. It is a theoretical challenge
to describe how the quark level decay evolves into the observed
mesons. One of the advantages of studying a direct CP-violating
asymmetry, which is a ratio of decay rates, is that many of the experi-
mental systematic uncertainties cancel. Consequently, CP-violating
asymmetries provide information about the dynamics of B meson
decay, test different theoretical approaches, and probe new physics
beyond the standard model.

Compared to the dominant bRc decay amplitudes, the amplitude
of Fig. 1a is suppressed by the smallness of jVub/Vcbj, while Fig. 1b is
suppressed by the quantum loop amplitude. However, the two
amplitudes are of similar magnitude, allowing for large interference
(and hence appreciable CP violation) to occur. The price to pay is the
small branching fractions or decay rates to bemeasured. For instance,
out of a million neutral B0 mesons, only about 20 will decay into
K1p2, while for B1 mesons, only about 13 in a million will decay to
K1p0. Therefore, to search for CP violation, wemust producemanyB
mesons and detect themwith high efficiency. The Belle detector at the
KEKB11 asymmetric-energy (3.5 on 8.0GeV) e1e2 collider, operating
on the U(4S) resonance (which decays exclusively to a B!BB meson
pair) energy, was designed for such a purpose. The KEKB accelerator
is currently the brightest collider in the world, in which the record
instantaneous luminosity is equivalent to bombarding a 1 cm2 area
with 1.73 1034 particles per second. A detailed description of the
Belle detector (see Supplementary Information 1) can be found
elsewhere12. Here we report ourmeasurements of CP-violating asym-
metries for the BRK6p7, K6p0 and p6p0 modes, using 535 million
B!BB meson pairs collected with the Belle detector.

*A list of authors and their affiliations appears at the end of the paper.
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Figure 1 | Feynmandiagrams forBRKp,pp. TheB1(B0)meson consists of a
!bb quark and a u(d) quark, while its antiparticle, B{ !BB0ð Þ is made of a b quark
and a !uu !dd

! "
quark. Contributions from diagrams a and b are expected to be

dominant over those from c and d.
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Fig. 17.4.10. The dominant Tree-level (a) and Penguin-loop
(b) Feynman diagrams in the two-body decays B → Kπ and
B → ππ (Lin, 2008).

The first observations of hadronic b → d transitions
were made in B+ → K0K+ (Aubert, 2006ad) and B0 →
K0K0 (Abe, 2005e). The decay B0 → K+π− proceeds
via both b → u tree and b → s transitions, which can in-
terfere, leading to a direct CP violating asymmetry (Lin,13485

2008). The two dominant decay diagrams are shown in
Fig. 17.4.10. The world average is now ACP (K+π−) =
−0.098 ± 0.013. The four Kπ asymmetries can be re-
lated through sum rules. The value for ACP (K+π0) should
be similar to ACP (K+ π−) but currently they differ by13490

around five standard deviations. This is shown in Fig. 17.4.11
where the difference in the number of events is clearly
visible to the eye and the sign of the difference in the
number of events in B0 → K+π− is opposite to that of
B+ → K+π0. This could be a sign of new physics but13495

other effects, including enhancements in sub-dominant de-
cay diagrams or strong interaction effects, have been sug-
gested as an explanation.

Direct CP has also been observed in B+ → ρ0K+,
B+ → ηK+, and B0 → ηK∗0. Table 17.4.9 shows the13500

branching fraction and direct CP measurements.

17.4.6 Three-Body and Dalitz decays

A two-body approach to extracting CKM parameters is
not ideal as the modes often interfere with other reso-
nances as well as non-resonant decays to the same final13505

state. As a result, two-body measurements have an un-
known uncertainty in their reported results that requires
careful consideration. In principle, these effects can be
taken into account by a Dalitz Plot analysis. The ma-
jor advantage to the Dalitz Plot is that it gives access to13510

the phases as well as the magnitudes of the resonances.

Candidate B mesons are reconstructed by pairing a charged kaon
or pion with another pion of opposite charge or with a neutral pion.
Two variables are used to identify B candidates: the beam-energy

constrained mass, Mbc~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam{P2

B

q
, and the energy difference,

DE5 EB2 Ebeam, where Ebeam is the e6 beam energy and EB and PB
are the reconstructed energy and momentum of the B candidate in
the e1e2 centre-of-mass frame. Real B meson events give
Mbc> 5.28GeV/c2 andDE> 0GeVwhile background events are dis-
tributed differently. Using a continuum suppression7 method to
reduce background arising from eze{?q!qq (where q5 u, d, s and
c quarks), the number of signal B mesons and CP asymmetry are
extracted by performing an unbinned maximum-likelihood fit to
the Mbc2DE distribution with expected signal and background
shapes (as illustrated in Fig. 2 for Mbc).

Figure 2a and b shows the Mbc projections for the BRK6p7 can-
didates. In 535 million B!BB pairs, we observe 2,2416 57 K1p2 and
1,8566 52 K2p1 signal events. The CP-violating asymmetry in
BRK6p7 is measured to be:

AK+p+:
N !BB0?K{pzð Þ{N B0{Kzp{ð Þ
N !BB0?K{pzð ÞzN B0?Kzp{ð Þ

~{0:094+0:018+0:008, ð1Þ

whereN !BB0?K{pzð Þ is the yield obtained for the !BB0?K{pz decay
and N(B0RK1p2) denotes the yield of the antiparticle mode. The
first error in the measurement is statistical, while the second is the
systematic error from fitting and bias due to detector response (as it is
made from matter, not antimatter). The latter is investigated using a
large sample of tagged DRK6p7 decays (with K and p momenta in
the same kinematic region as B decays), where no CP-violating asym-
metry is expected. No obvious bias is observed. Furthermore, the
obtained background asymmetry of 20.0056 0.003 from the fit to
the B candidates is consistent with zero, implying that detector bias is
small. Equation (1) corresponds to a significance of 4.8s, or a prob-
ability for no asymmetry of less than 1.83 1026. The result is con-
sistent with the measurements by the BaBar8,13 and CDF14

collaborations, as well as with our previous measurement7, which
used 275 million B!BB pairs. The observed sign and strength of
AK+p+ were anticipated by the perturbative QCD factorization

approach15, while the QCD factorization approach16 predicted the
opposite sign.

For the decay final states with a p0, a similar procedure gives
1,600z57

{55 K
6p0 and 735z44

{43 p
6p0 signal events, with the associated

asymmetries of:

AK+p0~z0:07+0:03+0:01, ð2Þ

Ap+p0~z0:07+0:06+0:01: ð3Þ

In theMbc projection plots of Fig. 2c and d, slightly more B2 signal
events compared with B1 events are apparent, in contrast to the
behaviour in Fig. 2a compared to Fig. 2b. Equations (2) and (3) are
also in agreement with previous measurements7,17, but more precise.
With our new measurements of AK+p+ and AK+p0 , the difference
between direct CP violation in charged and neutral B meson decays
into Kp is:

DA:AK+p0{AK+p+~z0:164+0:037, ð4Þ
which is now established at the 4.4s level; the probability for no
difference is less than 9.33 1026. We note that in our previous mea-
surement7, based on 275 million B!BB pairs, the significance of the
difference was only 2.4s (1.93 1022 null probability), a statistically
marginal effect that could have disappeared by adding an equivalent
amount of data (but did not in our case).

What is the interpretation of the difference between AK+p+ and
AK+p0 ? For the decay B

6Rp6p0, the contribution from the penguin
diagram of Fig. 1b vanishes by isospin symmetry. With Fig. 1a as the
single dominant amplitude, the CP-violating asymmetry is expected
to be very small. Given the current errors, ourmeasurement ofAp+p0

is consistent with this expectation. On the other hand, both Fig. 1a
and b contribute to BRK6p7 and B6RK6p0 and we would
expect15,16 AK+p+ and AK+p0 to be rather close to each other.
However, we find not only a significant difference in magnitude
but also a sign difference between the central values of equation (2)
and equation (1). There are several theoretical conjectures that try
to explain this Kp asymmetry puzzle: enhancement of the colour-
suppressed tree amplitude18,19 (Fig. 1c), electroweak penguin contri-
butions20 (Fig. 1d, which is Fig. 1b with the gluon g replaced by Z), or
both21. If this effect were to be explained solely by enhancement of the
colour-suppressed tree amplitude (which is also proportional to
Vub), its amplitude would have to be larger than21,22 the colour-
allowed tree amplitude (Fig. 1a), while maintaining the large value
of AK+p+ . The electroweak penguin diagram of Fig. 1d violates
isospin, and so might be suspected as a source of the asymmetry.
In the standard model, this diagram has a negligible CP violating
phase, and cannot affectDA bymuch. However, as a loop amplitude,
it can pick up a CP violating phase from new physics. If the electro-
weak penguin explains the effect, this would indicate new physics
beyond the standard model20–22.

A more detailed theoretical calculation23 indeed supports an
enhancement of the colour-suppressed tree contribution, but not
to the extent of overpowering the colour-allowed tree contribution.
Dominance of the colour-suppressed tree contribution over the col-
our-allowed tree contribution, though possible from the data, would
indicate a breakdown of our theoretical understanding. It could also
exacerbate23 another puzzle arising in related B decays. Mixing-
dependent CP violation in B0RJ/yK0 decay has been measured pre-
cisely3,4. Similar measurements have been performed on B0 decays to
charmless final states dominated by penguin diagrams analogous to
Fig. 1b, such as B0RK0p0. Although the experimental errors are still
large, the average value24 over all penguin dominated modes is 2.5s
smaller than the value from B0RJ/yK0. In fact, almost all measure-
ments of penguin dominated modes give values of CP violation that
are below the value found in the B0RJ/yK0 mode. This negative
deviation, in contrast to theoretical calculations that suggest25,26 a
slightly positive deviation within the standard model, is called the
DS puzzle. At present there is no theory within the standard model
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Fig. 17.4.11. The direct CP violation in B → K∓π± (top)
and B± → K±π0 (bottom) can be seen in the difference in the
heights of signal distributions (red/points) (Lin, 2008).

Since the weak phase changes sign under CP but the
strong phase does not, the weak and strong phase com-
ponents can be extracted by subtracting or adding the B
meson flavor-tagged Dalitz Plots. In some Dalitz Plots,13515

the weak phase can often be directly interpreted as one
of the Wolfenstein angles e.g. (Dalseno, 2009). The math-
ematical formalism for a Dalitz Plot analysis is given in
Chapter 13. In this section we consider the experimental
problems in its implementation.13520

The extension of two-body charmless decays to three-
body charmless decays brings with it greater complex-
ity but provides a greater understanding of the decays
and their CP properties. As the integrated luminosity
increases, the analyses have started with inclusive mea-13525

surements of branching fractions and charge asymmetries,
integrated over the three-body phase space (e.g. B →
πππ). This has been followed by the looking at inter-
mediate states ignoring interference (e.g. B → ρπ) be-
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BABAR results Belle results Averages
Final state B (×10−6) ACP Ref. B (×10−6) ACP Ref. B (×10−6) ACP

K+X(1812) < 0.32 (Liu, 2009) < 0.32
φK∗

3 (1780)
0 < 2.7 (Aubert, 2007al) < 2.7

φK∗
4 (2045)

0 < 15.3 (Aubert, 2007al) < 15.3
K+π−K+π− < 6.0 (Chiang, 2010) < 6.0
K+π−π+K− < 72 (Chiang, 2010) < 72
K+π−π+π− < 2.1 (Kyeong, 2009) < 2.1
π+π−π+π− < 23.1 (Aubert, 2008p) < 19.3 (Chiang, 2008) < 19.3

Table 17.4.8. Charmless B decays branching fractions B and CP asymmetries ACP for BABAR and Belle for non-resonant
decays and other unclassified modes. The averages come from HFAG and may include measurements from other experiments
such as CLEO, CDF and D0 (Asner et al. (2011)).
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Difference in direct charge-parity violation between
charged and neutral B meson decays
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Equal amounts of matter and antimatter are predicted to have
been produced in the Big Bang, but our observable Universe is
clearly matter-dominated. One of the prerequisites1 for under-
standing this elimination of antimatter is the nonconservation
of charge-parity (CP) symmetry. So far, two types of CP violation
have been observed in the neutral Kmeson (K0) and Bmeson (B0)
systems: CP violation involving the mixing2 between K0 and its
antiparticle !KK 0 (and likewise3,4 for B0 and !BB0), and direct CP viola-
tion in the decay of each meson5–8. The observed effects for both
types of CP violation are substantially larger for the B0 meson
system. However, they are still consistent with the standard
model of particle physics, which has a unique source9 of CP viola-
tion that is known to be too small10 to account for the matter-
dominated Universe. Here we report that the direct CP violation
in charged B6RK6p0 decay is different from that in the neutralB0

counterpart. The direct CP-violating decay rate asymmetry,AK+p0

(that is, the difference between the number of observed B2RK2p0

event versus B1RK1 p0 events, normalized to the sum of these
events) is measured to be about 17%, with an uncertainty that is
reduced by a factor of 1.7 from a previous measurement7. How-
ever, the asymmetryAK+p+ for !BB0?K{pz versus B0RK1p2 is at
the 210% level7,8. Although it is susceptible to strong interaction
effects that need further clarification, this large deviation in direct
CP violation between charged and neutral B meson decays could
be an indication of new sources of CP violation—which would
help to explain the dominance of matter in the Universe.

Existing measurements of CP asymmetries in K and B meson
decays can be explained using a single source of CP violation from
the mechanism of the Kobayashi–Maskawa model. Proposed9 in
1973, this mechanism anticipated the third family of quarks before
they were discovered. Together with a quantum field theory that
describes the electromagnetic, weak and strong interactions, it is a
key part of the standard model of particle physics. The present
Kobayashi–Maskawa source of CP violation, however, is itself too
small (see ref. 10 for example) to account for the dominance of
matter in the Universe. A search for other sources of CP violation,
in the neutrino sector or in new physics beyond the standard model,
is needed.

The decay BRKp proceeds through two major processes, illu-
strated in Fig. 1a and b. Figure 1a is called the colour-allowed tree
diagram, and the Kobayashi–Maskawa source of CP violation enters
via the so-called Vub (where ub represents the transition between u
and b quarks) matrix element that governs the !bb!uuW interaction
vertex. On the other hand, while all charge 2/3 quarks contribute
to the quantum ‘loop’, it is the virtual top quark that dominates
the amplitude of the process shown in Fig. 1b, which is usually called
the (strong) penguin diagram. The controlling matrix element pro-
duct VtbV

!
ts (where tb and ts represent the transitions between t and b

quarks and t and s quarks) is insensitive to the Kobayashi–Maskawa

source of CP violation. CP violation may arise from the interference
between these two amplitudes, similar to two waves interfering with
each other to produce a combined wave. However, this still depends
on the detailed dynamics of each process. It is a theoretical challenge
to describe how the quark level decay evolves into the observed
mesons. One of the advantages of studying a direct CP-violating
asymmetry, which is a ratio of decay rates, is that many of the experi-
mental systematic uncertainties cancel. Consequently, CP-violating
asymmetries provide information about the dynamics of B meson
decay, test different theoretical approaches, and probe new physics
beyond the standard model.

Compared to the dominant bRc decay amplitudes, the amplitude
of Fig. 1a is suppressed by the smallness of jVub/Vcbj, while Fig. 1b is
suppressed by the quantum loop amplitude. However, the two
amplitudes are of similar magnitude, allowing for large interference
(and hence appreciable CP violation) to occur. The price to pay is the
small branching fractions or decay rates to bemeasured. For instance,
out of a million neutral B0 mesons, only about 20 will decay into
K1p2, while for B1 mesons, only about 13 in a million will decay to
K1p0. Therefore, to search for CP violation, wemust producemanyB
mesons and detect themwith high efficiency. The Belle detector at the
KEKB11 asymmetric-energy (3.5 on 8.0GeV) e1e2 collider, operating
on the U(4S) resonance (which decays exclusively to a B!BB meson
pair) energy, was designed for such a purpose. The KEKB accelerator
is currently the brightest collider in the world, in which the record
instantaneous luminosity is equivalent to bombarding a 1 cm2 area
with 1.73 1034 particles per second. A detailed description of the
Belle detector (see Supplementary Information 1) can be found
elsewhere12. Here we report ourmeasurements of CP-violating asym-
metries for the BRK6p7, K6p0 and p6p0 modes, using 535 million
B!BB meson pairs collected with the Belle detector.

*A list of authors and their affiliations appears at the end of the paper.
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Fig. 17.4.10. The dominant Tree-level (a) and Penguin-loop
(b) Feynman diagrams in the two-body decays B → Kπ and
B → ππ (Lin, 2008).

The first observations of hadronic b → d transitions
were made in B+ → K0K+ (Aubert, 2006ad) and B0 →
K0K0 (Abe, 2005e). The decay B0 → K+π− proceeds
via both b → u tree and b → s transitions, which can in-
terfere, leading to a direct CP violating asymmetry (Lin,13485

2008). The two dominant decay diagrams are shown in
Fig. 17.4.10. The world average is now ACP (K+π−) =
−0.098 ± 0.013. The four Kπ asymmetries can be re-
lated through sum rules. The value for ACP (K+π0) should
be similar to ACP (K+ π−) but currently they differ by13490

around five standard deviations. This is shown in Fig. 17.4.11
where the difference in the number of events is clearly
visible to the eye and the sign of the difference in the
number of events in B0 → K+π− is opposite to that of
B+ → K+π0. This could be a sign of new physics but13495

other effects, including enhancements in sub-dominant de-
cay diagrams or strong interaction effects, have been sug-
gested as an explanation.

Direct CP has also been observed in B+ → ρ0K+,
B+ → ηK+, and B0 → ηK∗0. Table 17.4.9 shows the13500

branching fraction and direct CP measurements.

17.4.6 Three-Body and Dalitz decays

A two-body approach to extracting CKM parameters is
not ideal as the modes often interfere with other reso-
nances as well as non-resonant decays to the same final13505

state. As a result, two-body measurements have an un-
known uncertainty in their reported results that requires
careful consideration. In principle, these effects can be
taken into account by a Dalitz Plot analysis. The ma-
jor advantage to the Dalitz Plot is that it gives access to13510

the phases as well as the magnitudes of the resonances.

Candidate B mesons are reconstructed by pairing a charged kaon
or pion with another pion of opposite charge or with a neutral pion.
Two variables are used to identify B candidates: the beam-energy

constrained mass, Mbc~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam{P2

B

q
, and the energy difference,

DE5 EB2 Ebeam, where Ebeam is the e6 beam energy and EB and PB
are the reconstructed energy and momentum of the B candidate in
the e1e2 centre-of-mass frame. Real B meson events give
Mbc> 5.28GeV/c2 andDE> 0GeVwhile background events are dis-
tributed differently. Using a continuum suppression7 method to
reduce background arising from eze{?q!qq (where q5 u, d, s and
c quarks), the number of signal B mesons and CP asymmetry are
extracted by performing an unbinned maximum-likelihood fit to
the Mbc2DE distribution with expected signal and background
shapes (as illustrated in Fig. 2 for Mbc).

Figure 2a and b shows the Mbc projections for the BRK6p7 can-
didates. In 535 million B!BB pairs, we observe 2,2416 57 K1p2 and
1,8566 52 K2p1 signal events. The CP-violating asymmetry in
BRK6p7 is measured to be:

AK+p+:
N !BB0?K{pzð Þ{N B0{Kzp{ð Þ
N !BB0?K{pzð ÞzN B0?Kzp{ð Þ

~{0:094+0:018+0:008, ð1Þ

whereN !BB0?K{pzð Þ is the yield obtained for the !BB0?K{pz decay
and N(B0RK1p2) denotes the yield of the antiparticle mode. The
first error in the measurement is statistical, while the second is the
systematic error from fitting and bias due to detector response (as it is
made from matter, not antimatter). The latter is investigated using a
large sample of tagged DRK6p7 decays (with K and p momenta in
the same kinematic region as B decays), where no CP-violating asym-
metry is expected. No obvious bias is observed. Furthermore, the
obtained background asymmetry of 20.0056 0.003 from the fit to
the B candidates is consistent with zero, implying that detector bias is
small. Equation (1) corresponds to a significance of 4.8s, or a prob-
ability for no asymmetry of less than 1.83 1026. The result is con-
sistent with the measurements by the BaBar8,13 and CDF14

collaborations, as well as with our previous measurement7, which
used 275 million B!BB pairs. The observed sign and strength of
AK+p+ were anticipated by the perturbative QCD factorization

approach15, while the QCD factorization approach16 predicted the
opposite sign.

For the decay final states with a p0, a similar procedure gives
1,600z57

{55 K
6p0 and 735z44

{43 p
6p0 signal events, with the associated

asymmetries of:

AK+p0~z0:07+0:03+0:01, ð2Þ

Ap+p0~z0:07+0:06+0:01: ð3Þ

In theMbc projection plots of Fig. 2c and d, slightly more B2 signal
events compared with B1 events are apparent, in contrast to the
behaviour in Fig. 2a compared to Fig. 2b. Equations (2) and (3) are
also in agreement with previous measurements7,17, but more precise.
With our new measurements of AK+p+ and AK+p0 , the difference
between direct CP violation in charged and neutral B meson decays
into Kp is:

DA:AK+p0{AK+p+~z0:164+0:037, ð4Þ
which is now established at the 4.4s level; the probability for no
difference is less than 9.33 1026. We note that in our previous mea-
surement7, based on 275 million B!BB pairs, the significance of the
difference was only 2.4s (1.93 1022 null probability), a statistically
marginal effect that could have disappeared by adding an equivalent
amount of data (but did not in our case).

What is the interpretation of the difference between AK+p+ and
AK+p0 ? For the decay B

6Rp6p0, the contribution from the penguin
diagram of Fig. 1b vanishes by isospin symmetry. With Fig. 1a as the
single dominant amplitude, the CP-violating asymmetry is expected
to be very small. Given the current errors, ourmeasurement ofAp+p0

is consistent with this expectation. On the other hand, both Fig. 1a
and b contribute to BRK6p7 and B6RK6p0 and we would
expect15,16 AK+p+ and AK+p0 to be rather close to each other.
However, we find not only a significant difference in magnitude
but also a sign difference between the central values of equation (2)
and equation (1). There are several theoretical conjectures that try
to explain this Kp asymmetry puzzle: enhancement of the colour-
suppressed tree amplitude18,19 (Fig. 1c), electroweak penguin contri-
butions20 (Fig. 1d, which is Fig. 1b with the gluon g replaced by Z), or
both21. If this effect were to be explained solely by enhancement of the
colour-suppressed tree amplitude (which is also proportional to
Vub), its amplitude would have to be larger than21,22 the colour-
allowed tree amplitude (Fig. 1a), while maintaining the large value
of AK+p+ . The electroweak penguin diagram of Fig. 1d violates
isospin, and so might be suspected as a source of the asymmetry.
In the standard model, this diagram has a negligible CP violating
phase, and cannot affectDA bymuch. However, as a loop amplitude,
it can pick up a CP violating phase from new physics. If the electro-
weak penguin explains the effect, this would indicate new physics
beyond the standard model20–22.

A more detailed theoretical calculation23 indeed supports an
enhancement of the colour-suppressed tree contribution, but not
to the extent of overpowering the colour-allowed tree contribution.
Dominance of the colour-suppressed tree contribution over the col-
our-allowed tree contribution, though possible from the data, would
indicate a breakdown of our theoretical understanding. It could also
exacerbate23 another puzzle arising in related B decays. Mixing-
dependent CP violation in B0RJ/yK0 decay has been measured pre-
cisely3,4. Similar measurements have been performed on B0 decays to
charmless final states dominated by penguin diagrams analogous to
Fig. 1b, such as B0RK0p0. Although the experimental errors are still
large, the average value24 over all penguin dominated modes is 2.5s
smaller than the value from B0RJ/yK0. In fact, almost all measure-
ments of penguin dominated modes give values of CP violation that
are below the value found in the B0RJ/yK0 mode. This negative
deviation, in contrast to theoretical calculations that suggest25,26 a
slightly positive deviation within the standard model, is called the
DS puzzle. At present there is no theory within the standard model

0

250

500

750
a K–p+ b K+p–

Mbc (GeV/c2)

En
tr

ie
s 

pe
r 2

 M
eV

/c
2

0

100

200

300

5.2                    5.25

c K−p0

5.2                    5.25

d K+p0

Figure 2 | Mbc projections for K
2p1 (a), K1p2 (b), K2p0 (c) and

K1p0 (d).Histograms are data, solid blue lines are the fit projections, point-
dashed lines are the signal components, dashed lines are the continuum
background, and grey dotted lines are the p6p signals that are misidentified
as K6p. The Mbc projections are made by requiring |DE | , 0.06GeV for
K6p7 and 20.14,DE, 0.06GeV for K6p0.
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Fig. 17.4.11. The direct CP violation in B → K∓π± (top)
and B± → K±π0 (bottom) can be seen in the difference in the
heights of signal distributions (red/points) (Lin, 2008).

Since the weak phase changes sign under CP but the
strong phase does not, the weak and strong phase com-
ponents can be extracted by subtracting or adding the B
meson flavor-tagged Dalitz Plots. In some Dalitz Plots,13515

the weak phase can often be directly interpreted as one
of the Wolfenstein angles e.g. (Dalseno, 2009). The math-
ematical formalism for a Dalitz Plot analysis is given in
Chapter 13. In this section we consider the experimental
problems in its implementation.13520

The extension of two-body charmless decays to three-
body charmless decays brings with it greater complex-
ity but provides a greater understanding of the decays
and their CP properties. As the integrated luminosity
increases, the analyses have started with inclusive mea-13525

surements of branching fractions and charge asymmetries,
integrated over the three-body phase space (e.g. B →
πππ). This has been followed by the looking at inter-
mediate states ignoring interference (e.g. B → ρπ) be-

Belle

K−π+ K+π−

[Nature 452, 332 ]

( )A. Angelopoulos et al.rPhysics Letters B 444 1998 43–5148

exp Ž . ² exp:Fig. 1. The asymmetry A versus the neutral-kaon decay time in units of t . The solid line represents the fitted average A .T S T

This is an evidence for T violation. However, some uncertainty may result from the strangeness tagging at
the neutral kaon decay, due to a possible violation of the DSsDQ rule, and from a possible CPT violation in
semileptonic decays. For a thorough analysis of such effects we need to enter into the phenomenology of the
neutral kaons.

5. Phenomenology of the method

The time evolution and decay of the neutral kaons can be parametrized in terms of different, mostly
w xequivalent, mixing and decay parameters. We briefly outline the parametrization used in our analysis 9,10 .

The two parameters which describe the neutral-kaon mixing, are, respectively, the T and CPT violation
parameters:

0 0 0 0 0 0 0 0L yL L yLK ,K K ,K K ,K K ,K
es and ds .

2 l yl 2 l ylŽ . Ž .L S L S

iHere, L are the elements and l the eigenvalues of the effective Hamiltonian L: l sm y G ,i j L,S L ,S L ,S L ,S2
where m and G are the masses and decay widths for the K and K states, Dmsm ym andL,S L ,S L S L S
DGsG yG . Note that e is T violating by construction. The K mixing parameter is defined as e seyd .S L L L
The semileptonic decay amplitudes can be written as

q y 0 y q 0 ) )² < < : ² < < :e p n LK saqb , e p n LK sa yb ,
y q 0 q y 0 ) )² < < : ² < < :e p n LK scqd , e p n LK sc yd .

The amplitudes b and d are CPT violating, c and d describe possible violations of the DSsDQ rule, and the
imaginary parts are all T violating. The quantities

c)yd) c)qd)

xs and xs
aqb ayb

describe the violation of the DSsDQ rule in decays into positive and negative leptons, respectively, while
b

ysy
a

describes CPT violation in semileptonic decays in the case where the DSsDQ rule holds. The parameters
Ž . Ž .x s xqx r2 and x s xyx r2 describe the violation of the DSsDQ rule in CPT-conserving andq y

CPT-violating amplitudes, respectively. We assume x, x and y<1.

PLB444 (1998), 43
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Abstract

0We report on the first observation of time-reversal symmetry violation through a comparison of the probabilities of K
0 0 0transforming into K and K into K as a function of the neutral-kaon eigentime t. The comparison is based on the analysis

of the neutral-kaon semileptonic decays recorded in the CPLEAR experiment. There, the strangeness of the neutral kaon at
" . 0 0Ž .time ts0 was tagged by the kaon charge in the reaction pp™K p K K at rest, whereas the strangeness of the kaon

at the decay time tst was tagged by the lepton charge in the final state. An average decay-rate asymmetry

0 q y 0 y qR K ™e p n yR K ™e p nŽ . Ž .ts0 tst ts0 tst y3² :s 6.6"1.3 "1.0 =10Ž .stat syst0 q y 0 y qR K ™e p n qR K ™e p nŽ . Ž .ts0 tst ts0 tst

was measured over the interval 1t -t-20 t , thus leading to evidence for time-reversal non-invariance. q 1998 ElsevierS S
Science B.V. All rights reserved.

1. Introduction

0 0Since weak interactions do not conserve strangeness, a K meson can transform into a K in the course of
0 0 Ž .time, and vice-versa, a K can transform into a K . Time-reversal T invariance, or microscopic reversibility,

Ž .would require all details of the second process to be deducible from the first; in particular, the probability PP
0 0 0Ž . Ž .that a K ts0 is observed as a K at time t should be equal to the probability that a K ts0 is observed as

0 w xa K at the same time t 1 . Any difference between these two probabilities is a signal for T violation and can
be measured through the time-reversal asymmetry

0 0 0 0PP K ™K yPP K ™KŽ . Ž .
. 1Ž .0 0 0 0PP K ™K qPP K ™KŽ . Ž .

Experimentally this requires knowledge of the strangeness of the neutral kaon at two different times of its life.
A measurement of this asymmetry has become possible with the CPLEAR experiment, which produced K0s

0and K s through the strong interactions
y q 0K p Kpp™ ½ q y 0K p K ,

enabling the initial strangeness of the neutral kaon to be tagged by the charge of the accompanying charged
kaon. To tag the strangeness of the kaon at the moment of its decay we use semileptonic decays: positive lepton

0 0charge is associated to a K and negative lepton charge to a K . We measure, as a function of time, the
decay-rate asymmetry

0 q y 0 y qR K ™e p n yR K ™e p nŽ . Ž .ts0 tst ts0 tst . 2Ž .0 q y 0 y qR K ™e p n qR K ™e p nŽ . Ž .ts0 tst ts0 tst

In the limit of CPT symmetry in the semileptonic decay process and of the validity of the DSsDQ rule, this
Ž .asymmetry is identical with the time-reversal asymmetry given in 1 .
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• ϒ(4S) decays to a pair of B mesons in a coherent L=1, antisymmetry 
quantum state. 

• Once one B decays to a basis state, the other collapses to the 
orthogonal state. So the first decay “tags” the initial state of the 
second decay.

CP in mixing/decay interference

5

Γ(B0 → fCP )(t) �= Γ(B0 → fCP )(t)
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Fig. 17.6.7. Flavor-tagged event distributions (a,c) and raw CP asymmetries (b,d) as a function of ∆t for (left) the BABAR

measurement (Aubert, 2009a) of φ1. The corresponding (background subtracted) distributions from Belle are shown on the

right and correspond to the data published in (Adachi, 2012). The top two plots show the ηf = −1 B → (cc̄)K0
S sample and the

bottom two show the ηf = +1 B → J/ψK0
L sample. The shaded regions for BABAR represent the fitted background.

Table 17.6.2. Summary of systematic errors on the time-

dependent CP asymmetry parameters measured in charmo-

nium + K0
decays for all modes combined.

BABAR Belle

Source Sf Cf Sf Cf

Vertex and ∆t 0.007 0.003 0.010 0.007

Flavor tagging 0.006 0.002 0.004 0.003

J/ψK0
L background 0.006 0.001 0.004 0.002

Other signal/background 0.005 0.003 0.002 0.001

Physics parameters 0.003 0.001 0.001 0.000

Tag-side interference 0.001 0.014 0.001 0.008

Possible fit bias 0.002 0.003 0.004 0.005

Total 0.012 0.016 0.012 0.012

17.6.3 φ1 from b → cc̄d decays

B0 → J/ψπ0

The decay B0 → J/ψπ0 is a b → ccd transition into a CP235

even final state. The final state has contributions from
both a color and Cabibbo suppressed tree amplitude, and
penguin amplitudes which have a different weak phase
from the tree. In the absence of penguin contributions
one can measure the unitarity triangle angle φ1 using this240

decay. If there are significant penguin contributions, then
the value of φ1 measured here may differ from that ob-
tained from tree dominated B → J/ψK0 decays. There

are two consequences of this; firstly it is possible to con-
strain theoretical uncertainties in B → J/ψK0 decays us-245

ing B0 → J/ψπ0 (Ciuchini, Pierini, and Silvestrini, 2005),
and secondly one may be able to probe, or constrain, possi-
ble new physics contributions to b → ccd transitions man-
ifest via loop contributions.

Unlike b → ccs decays, which are experimentally clean,250

one has to consider significant background contributions
when trying to extract information from B0 → J/ψπ0 sig-
nal events. These background contributions include events
from B decays to J/ψρ0, J/ψK0

S , J/ψK
∗0, J/ψK∗±, and

J/ψρ± final states as well as lesser contributions from255

other B decays to final states including a J/ψ. The afore-
mentioned backgrounds populate the negative ∆E region
(peak ∼ −0.2 GeV) and have tail in signal region (see
Fig. 17.6.9). Since these modes are well measured, the B
Factories have relied on existing branching fraction mea-260

surements from the Particle Data Group (Yao et al., 2006)
in order to fix the normalization of background contribu-
tions while extracting signal yields and CP asymmetry
parameters. The normalization of the combinatorial back-
ground is allowed to vary in the fit.265

Both B Factories perform an unbinned maximum like-
lihood fit to data using a number of discriminating vari-
ables: mES, ∆E, and ∆t. In order to suppress background
from light quark continuum events, BABAR also include
a Fisher discriminant as one of the discriminating vari-270

ables in their fit to data. This is computed using three

PhysRevD.79.072009
BABAR

∆z = βγc∆t

e+e-

Υ(4S)

Tag B

Reco. Bβγ ~ 0.56 (BABAR)

�∆z� ∼ 250µm

flavor final state

CP final stateB of opposite
tag starts

Δt=tCP−tflavor_tag

http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E79%252E072009&v=f53f3742
http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E79%252E072009&v=f53f3742
http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E79%252E072009&v=f53f3742


Brookhaven Forum, BNL, 2013/05/01−03 Chih-hsiang Cheng

Take advantage of entangled quantum state

• The basis can be projected by CP states as well

✦ B meson can start in B+ or B− state at t=0.

6

 
 

Ingredients: 
EPR entanglement produced by the decay of the  
 

 
Quantum Mechanics. 

!"#$%&'("$)*"+*',-*&$&./)()*

    4 FPCP 12 P, Villanueva-Pérez IFIC-Valencia 

 
   

!" #$ $ Reference: Physical Process 
(X,Y): Reconstructed Final States 

Reference (X, Y) T-Transformed (X, Y) 
0     +     (l- L) +     0    S, l+)        
0     -     (l- S) -     0    L, l+)        
0     +     (l+ L) +     0    S, l-)        
0     -     (l+ S) -     0    L, l-)        

 
 

projected by 

l+ and  l- project over the  flavor, i.e., and  respectively  

• Flavor tag, inclusive reconstruction; extract features to determine b-quark 
content.

b c s

�−

|B0� = |b̄d� |B0� = |bd̄�
�+ �−

K+ K−

B̄0 K−

b c

c

s

b s

c

c
B+ : J/ψK0

L

B− : J/ψK0
S+

• CP tag, full reconstruction

etc. etc.



Brookhaven Forum, BNL, 2013/05/01−03 Chih-hsiang Cheng

T reversal

7

! "!#
T violation from quantum entanglement (cont’d)
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T reversal

8

! "!#
T violation from quantum entanglement (cont’d)
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T-reversal processes
• Define processes of interest and their T-transformed counterparts:

9

Reference (X,Y) T -Transformed
B0 → B+ (�−, J/ψK0

L) B+ → B0 (J/ψK0
S , �

+)
B0 → B− (�−, J/ψK0

S) B− → B0 (J/ψK0
L, �

+)
B0 → B+ (�+, J/ψK0

L) B+ → B0 (J/ψK0
S , �

−)
B0 → B− (�+, J/ψK0

S) B− → B0 (J/ψK0
L, �

−)
(X,Y) is the reconstructed final states (tag, reco.)

J/ψK0
L J/ψK0

S

B− → B0 B0 → B+ B+ → B0 B0 → B−

B− → B0 B0 → B+ B+ → B0 B0 → B−

CPT

TCP

�−

�+

In total we can build:
• 4 independent T comparisons
• 4 independent CP comparisons
• 4 independent CPT comparisons

T implies comparison of:
1) Opposite Δt sign
2) Different reco states (ψKS v. ψKL)
3) Opposite flavor states (B0 v. B0)
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BABAR detector at PEP-II

10
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Dataset

11

total ~530 fb-1

~470 M BB pairs

Υ(4S)
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Signal selection
• CP final states are fully reconstructed, and selected using

✦ Beam-energy substituted mass                                       
where                                                         .
‣ Beam energy spread determines resolution ~ 3 MeV.

✦ Energy difference 
‣ Resolution 10−50 MeV, depending on final-state neutrals.

✦ KL energy cannot be fully reconstructed; B candidate is constrained 
at B mass and use ΔE as the discriminator.

• Continuum u,d,s,c backgrounds are suppressed using angular 
distributions and event shape variables

• Flavor tagging is inclusive:
✦ For each fully reconstructed BCP, search for features from the other  

B such as high momentum leptons, kaons, soft-pion from D*, etc. 
These features are fed into a neural net to determine the B flavor.

12

mES =
�

E∗
beam − |�p∗B |2

E∗
B → E∗

beam
�p∗B � 300MeV/c
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Event samples
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4

required by Bose statistics for a system with C = −.41

This two-body state is usually written in terms of flavor42

eigenstates, B0 and B0, but can be in any two orthog-43

onal states, such as CP eigenstates B+ and B−. We44

can establish the transitions such as B0 → B− by a45

B decay to !+X to tag a B0 initial state at t = t1,46

which decays as a B− to J/ψK0
S

at t = t2 after a47

time elapsed ∆τ = t2 − t1 > 0. This type of event48

is denoted as (!+X, J/ψK0
S
). We can compare it with49

B− → B0, which can be identified by a B decay to50

J/ψK0
L
at t = t1 followed by a B0 decay to !−X at t = t2,51

denoted as (J/ψK0
L
, !−X). Any difference between the52

intensities of these transitions, with the exchange of ini-53

tial and final states, is evidence of T violation in the54

time evolution between the two decays. It is expected55

to be large in the SM, resulting from the interference56

between direct decay of the neutral-B to the J/ψK0
57

final state and the decay after B0B0 oscillation [2].58

There are other three independent comparisons between59

T -conjugated processes, B+ → B0 (J/ψK0
S
, !+X) and60

B0 → B+ (!−X, J/ψK0
L
), B0 → B+ (!+X, J/ψK0

L
) and61

B+ → B0 (J/ψK0
S
, !−X), and B− → B0 (J/ψK0

L
, !+X)62

and B0 → B− (!−X, J/ψK0
S
). Different comparisons63

among the eight possible intensities can also be per-64

formed in order to test CP or CPT symmetries [11].65

Neutral B− states are reconstructed through the decay66

products J/ψK0
S
, ψ(2S)K0

S
, χc1K0

S
(denoted generally as67

ccK0
S
), and B+ states through J/ψK0

L
, with selection cri-68

teria identical to our last CP -violation study based on the69

same final states [17]. The J/ψK0
L
candidates are charac-70

terized by the difference ∆E between the reconstructed71

energy of the B and the beam energy in the e+e− c.m.72

frame, while for the ccK0
S
modes we use the beam-energy73

substituted mass mES. We examine each of these events74

to identify if the other neutral-B meson decayed as a B0
75

or B0, in the following referred as flavor identification76

(ID), on the basis of the charges of isolated primary lep-77

tons, kaons, pions from D∗ mesons, and high momentum78

charged particles not associated with the reconstructed79

B+ or B−, combined using a neural network (NN). The80

output of the NN is then divided into six hierarchical,81

mutually exclusive flavor categories of decreasing signal82

purity (increasing misID fraction). Events for which the83

NN has very low discriminating power are excluded from84

further analysis. We determine the signed difference of85

proper time ∆t = tCP − tflavor between the two B de-86

cays from the measured separation of the decay vertices87

along the collision axis. Events are accepted if the re-88

constructed ∆t uncertainty is smaller than 2.5 ps and89

|∆t| < 20 ps.90

The composition of the final sample and the perfor-91

mance of the flavor ID and ∆t reconstruction algorithms92

are evaluated as in [17], through fits to the mES and93

∆E distributions and by using a high statistics sample94

of neutral-B decays to D(∗)−π+(ρ+, a+1 ) and J/ψK∗0(→95

K+π−) final states (referred in the following as Bflav sam-96

ple), respectively. Figure 1 shows mES and ∆E distribu- 97

tions overlaid with the fitted curves. The final sample 98

contains 7796 ccK0
S
events, with purities in the signal re- 99

gion (5.27 < mES < 5.29 GeV/c2) ranging between 96% 100

and 87%, and 5813 J/ψK0
L
events, with a purity of 56% 101

in the |∆E| < 10 MeV region. The average flavor ID 102

efficiencies ε (misID fractions ω) range from 9% to 17% 103

(3% to 42%) for the different flavor categories. The rep- 104

resentation of the ∆t resolution function is the same as 105

in [17] with small changes; here all offsets and widths 106

are modeled to be proportional to the estimate of the ∆t 107

uncertainty, σ∆t. 108
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FIG. 1: (color online). Distributions of (a) mES and (b) ∆E
for the neutral-B decays reconstructed into the ccK0

S (B−)
and J/ψK0

L (B+) final states, after flavor ID and vertexing
requirements.

Neglecting ∆Γ each of our eight transitions has a gen- 109

eral and time-dependent decay rate g±α,β(∆τ) propor- 110

tional to 111

e−Γ∆τ
{

1 + S±
α,β sin(∆m∆τ) + C±

α,β cos(∆m∆τ)
}

, (1)

where α = !+X, !−X and β = ccK0
S
, J/ψK0

L
, Γ is the 112

average decay width, ∆m is the mass difference between 113

the mass eigenstates, and C±
α,β and S±

α,β are generic co- 114

efficients. Here, the upper index + or − indicates if the 115

decay to the flavor final state α occurred before the CP 116

final state β (flavor tagging, i.e., the considered initial 117

state is a flavor eigenstate), or after (CP tagging, i.e., 118

the initial state is a CP eigenstate). A + and − ex- 119

change corresponds to a ∆t sign change, namely an ex- 120

change of the two decay products at t1 and t2. The sine 121

term results from the interference between direct decay 122

and decay after B0B0 oscillation, while the cosine term 123

arises from the interference between decay amplitudes 124

with different weak and strong phases. T violation would 125

manifest through differences between the S±
α,β and C±

α,β 126

values for T -conjugated processes, for example between 127

S+
$+X,ccK0

S

and S−
$−X,J/ψK0

L

. Equation (1) is model inde- 128

pendent since it relies solely on quantum mechanics. 129

We perform a simultaneous and unbinned maximum 130

likehood fit to the ∆t-dependent decay rates of flavor 131

identified ccK0
S

and J/ψK0
L

events, splitting by flavor 132

7796 events, purity 87%−96% (5.27−5.29 GeV) 5813 events, purity 56% (<10 MeV)

(depending on mode)
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Signal model
• PDF for the 8 signal processes

• Fit model is the signal PDF combined 
with a step function H in Δt and 
convolved with a resolution function

• The signal model has 8 different sets of 
(S, C) parameters

• The canonical CP violation study* has 
one set of (S, C) parameters.
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5

category. The signal probability density function (PDF)133

is [11]134

Hα,β(∆t) ∝ g+α,β(∆ttrue)H(∆ttrue)⊗R(δt;σ∆t) + (2)

g−α,β(−∆ttrue)H(−∆ttrue)⊗R(δt;σ∆t),

where ∆t and ∆ttrue are the (signed) measured and the135

true differences of proper time between the two B decays.136

Let us note that ∆ttrue is equivalent to ∆τ (−∆τ) when137

a flavor (CP ) tag occurs. H is the Heaviside step func-138

tion, R(δt;σ∆t) with δt = ∆t − ∆ttrue is the resolution139

function, and g±α,β is given by Eq. (1). Because of the140

convolution with the resolution function (symbol ⊗), the141

distribution for ∆t > 0 contains predominantly flavor-142

tagged events, with contribution from CP -tagged events,143

and analogously for ∆t < 0. Mistakes in the flavor ID144

algorithm mix correct and incorrect flavor assignments,145

and dilute the T asymmetries by a factor approximately146

(1−2ω). Backgrounds are accounted for by adding terms147

to the PDF, and are incorporated with identical assump-148

tions about their ∆t evolution as in [17]. Events are149

assigned signal and background probability based on the150

mES or ∆E distributions.151

A total of 27 parameters are varied in the likelihood152

fit: the 12 asymmetry parameters ∆S±
T , ∆C±

T , ∆S±
CP,153

∆C±
CP, ∆S±

CPT, and ∆C±
CPT, the 4 reference coefficients154

C±
#+X,ccK0

S

and S±
#+X,ccK0

S

, and 11 for possible CP and155

T violation in the background. The asymmetry parame-156

ters, defined explicitly in Table I, are more suitable than157

the coefficients S±
α,β and C±

α,β since the breaking of T is158

directly manifested through any non-zero value of ∆S±
T ,159

∆C±
T (and similarly for CP and CPT symmetries). The160

introduction of these parameters requires choosing two161

sets of reference coefficients not related by any discrete162

symmetry, in our case S±
#+X,ccK0

S

and C±
#+X,ccK0

S

. All re-163

maining signal and background parameters are fixed to164

values taken from the Bflav sample, J/ψ-candidate side-165

bands in J/ψK0
L
, world averages for Γ and ∆m [18], or166

Monte Carlo (MC) simulation [17].167

The results for the asymmetry parameters are reported168

in Table I. For reference transition B0 → B− (and simi-169

larly for the others), we define the T -violating asymmetry170

as171

AT (∆t) =
H−

#−X,J/ψK0
L

(∆t)−H+
#+X,ccK0

S

(∆t)

H−
#−X,J/ψK0

L

(∆t) +H+
#+X,ccK0

S

(∆t)
, (3)

where H±
α,β(∆t) = Hα,β(±∆t)H(∆t). Let us note that172

with this definition AT (∆t) is only defined for positive173

values of ∆t. Neglecting reconstruction effects AT (∆t) ≈174

∆C+
T

2 cos(∆m∆t) +
∆S+

T

2 sin(∆m∆t). The T -invariance175

point is obtained applying these eight restrictions∆S±
T =176

∆C±
T = 0, ∆S±

CP = ∆S±
CPT, and ∆C±

CP = ∆C±
CPT.177

Figure 2 shows the four time-dependent T -asymmetries,178

overlaid with the projection of the best fit results with179

and without T violation.180

Parameter Result

∆S+
T = S−

!−X,J/ψK0
L

− S+

!+X,ccK0
S

−1.37± 0.14± 0.06

∆S−
T = S+

!−X,J/ψK0
L

− S−

!+X,ccK0
S

1.17 ± 0.18± 0.11

∆C+
T = C−

!−X,J/ψK0
L

− C+

!+X,ccK0
S

0.10 ± 0.16± 0.08

∆C−
T = C+

!−X,J/ψK0
L

− C−
!+X,ccK0

S

0.04 ± 0.16± 0.08

∆S+
CP = S+

!−X,ccK0
S

− S+

!+X,ccK0
S

−1.30± 0.10± 0.07

∆S−
CP = S−

!−X,ccK0
S

− S−

!+X,ccK0
S

1.33 ± 0.12± 0.06

∆C+
CP = C+

!−X,ccK0
S

− C+

!+X,ccK0
S

0.07 ± 0.09± 0.03

∆C−
CP = C−

!−X,ccK0
S

− C−
!+X,ccK0

S

0.08 ± 0.10± 0.04

∆S+
CPT = S−

!+X,J/ψK0
L

− S+

!+X,ccK0
S

0.16 ± 0.20± 0.09

∆S−
CPT = S+

!+X,J/ψK0
L

− S−

!+X,ccK0
S

−0.03± 0.13± 0.06

∆C+
CPT = C−

!+X,J/ψK0
L

− C+

!+X,ccK0
S

0.15 ± 0.17± 0.07

∆C−
CPT = C+

!+X,J/ψK0
L

− C−
!+X,ccK0

S

0.03 ± 0.14± 0.08

S+

!+X,ccK0
S

0.55 ± 0.08± 0.06

S−

!+X,ccK0
S

−0.66± 0.06± 0.04

C+

!+X,ccK0
S

0.11 ± 0.06± 0.05

C−
!+X,ccK0

S

−0.05± 0.06± 0.03

TABLE I: Definition and analysis results for the T -, CP -,
and CPT -asymmetry parameters. These are defined as the
differences between the S±

α,β, C
±
α,β coefficients for two refer-

ence processes, also reported, and those of the corresponding
symmetry-transformed transitions. The first uncertainty is
statistical and the second systematic.

Using large samples of MC data we determined that 181

our asymmetry parameters have a good Gaussian behav- 182

ior, are unbiased and that the fit results provide good 183

estimates of the statistical uncertainties. We also veri- 184

fied that splitting the data by flavor category or data- 185

taking period gives consistent results. Fitting a single 186

set of S and C coefficients, reversing the sign of S un- 187

der ∆t ↔ −∆t, or B+ ↔ B−, or B0 ↔ B0 exchanges, 188

and of C under B0 ↔ B0 exchange, we obtain identical 189

results to those obtained in our previous CP -violation 190

study [17]. Performing the analysis with B decays to 191

ccK+ and J/ψK∗+ final states instead of the signal ccK0
S

192

and J/ψK0
L
, respectively, we find that all our asymmetry 193

parameters are consistent with zero and unbiased. 194

In evaluating systematic uncertainties in the asymme- 195

try parameters, we followed the same procedure as in [17], 196

with small changes. We considered the statistical un- 197

certainties on the flavor misID, ∆t resolution function, 198

and mES parameters. Differences in the misID fractions 199

and ∆t resolution function between Bflav and CP eigen- 200

state final states, uncertainties due to assumptions in the 201

resolution for signal and background components, com- 202

positions of the signal and backgrounds, the mES and 203

∆E PDFs, the branching fractions of the backgrounds 204

*e.g., PRD 79 (2009) 072009

Figure 14: ∆t distributions for the sin 2β analysis on the left side (red), and our TRV analysis
procedure on the right side (blue). The top row graphs are produced without ∆t resolution effects,
while the bottom row graphs are produced with ∆t resolution effects. In the latter it is explicitly
shown that the ∆t ≡ ∆treco > 0 (∆t < 0) part has a contribution of ∆t′ ≡ ∆ttrue > 0 (∆t′ < 0)
and ∆t′ < 0 (∆t′ > 0) due to the convolution of the signal model with the resolution function.
Since we cannot separate directly ∆t′ > 0 or ∆t′ < 0 we have to disentangle those regions through
our maximum likelihood fit to combined ∆t > 0 + ∆t < 0 data.

37

Mistag dilutes the S, C parameters by a factor of (1-2w)

(∆t > 0,∆t < 0)× (B0, B0)× (J/ψK0
S , J/ψK

0
L)
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Fit parameters ΔS± and ΔC±
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Results
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5

category. The signal probability density function (PDF)133

is [11]134

Hα,β(∆t) ∝ g+α,β(∆ttrue)H(∆ttrue)⊗R(δt;σ∆t) + (2)

g−α,β(−∆ttrue)H(−∆ttrue)⊗R(δt;σ∆t),

where ∆t and ∆ttrue are the (signed) measured and the135

true differences of proper time between the two B decays.136

Let us note that ∆ttrue is equivalent to ∆τ (−∆τ) when137

a flavor (CP ) tag occurs. H is the Heaviside step func-138

tion, R(δt;σ∆t) with δt = ∆t − ∆ttrue is the resolution139

function, and g±α,β is given by Eq. (1). Because of the140

convolution with the resolution function (symbol ⊗), the141

distribution for ∆t > 0 contains predominantly flavor-142

tagged events, with contribution from CP -tagged events,143

and analogously for ∆t < 0. Mistakes in the flavor ID144

algorithm mix correct and incorrect flavor assignments,145

and dilute the T asymmetries by a factor approximately146

(1−2ω). Backgrounds are accounted for by adding terms147

to the PDF, and are incorporated with identical assump-148

tions about their ∆t evolution as in [17]. Events are149

assigned signal and background probability based on the150

mES or ∆E distributions.151

A total of 27 parameters are varied in the likelihood152

fit: the 12 asymmetry parameters ∆S±
T , ∆C±

T , ∆S±
CP,153

∆C±
CP, ∆S±

CPT, and ∆C±
CPT, the 4 reference coefficients154

C±
#+X,ccK0

S

and S±
#+X,ccK0

S

, and 11 for possible CP and155

T violation in the background. The asymmetry parame-156

ters, defined explicitly in Table I, are more suitable than157

the coefficients S±
α,β and C±

α,β since the breaking of T is158

directly manifested through any non-zero value of ∆S±
T ,159

∆C±
T (and similarly for CP and CPT symmetries). The160

introduction of these parameters requires choosing two161

sets of reference coefficients not related by any discrete162

symmetry, in our case S±
#+X,ccK0

S

and C±
#+X,ccK0

S

. All re-163

maining signal and background parameters are fixed to164

values taken from the Bflav sample, J/ψ-candidate side-165

bands in J/ψK0
L
, world averages for Γ and ∆m [18], or166

Monte Carlo (MC) simulation [17].167

The results for the asymmetry parameters are reported168

in Table I. For reference transition B0 → B− (and simi-169

larly for the others), we define the T -violating asymmetry170

as171

AT (∆t) =
H−

#−X,J/ψK0
L

(∆t)−H+
#+X,ccK0

S

(∆t)

H−
#−X,J/ψK0

L

(∆t) +H+
#+X,ccK0

S

(∆t)
, (3)

where H±
α,β(∆t) = Hα,β(±∆t)H(∆t). Let us note that172

with this definition AT (∆t) is only defined for positive173

values of ∆t. Neglecting reconstruction effects AT (∆t) ≈174

∆C+
T

2 cos(∆m∆t) +
∆S+

T

2 sin(∆m∆t). The T -invariance175

point is obtained applying these eight restrictions∆S±
T =176

∆C±
T = 0, ∆S±

CP = ∆S±
CPT, and ∆C±

CP = ∆C±
CPT.177

Figure 2 shows the four time-dependent T -asymmetries,178

overlaid with the projection of the best fit results with179

and without T violation.180

Parameter Result

∆S+
T = S−

!−X,J/ψK0
L

− S+

!+X,ccK0
S

−1.37± 0.14± 0.06

∆S−
T = S+

!−X,J/ψK0
L

− S−

!+X,ccK0
S

1.17 ± 0.18± 0.11

∆C+
T = C−

!−X,J/ψK0
L

− C+

!+X,ccK0
S

0.10 ± 0.16± 0.08

∆C−
T = C+

!−X,J/ψK0
L

− C−
!+X,ccK0

S

0.04 ± 0.16± 0.08

∆S+
CP = S+

!−X,ccK0
S

− S+

!+X,ccK0
S

−1.30± 0.10± 0.07

∆S−
CP = S−

!−X,ccK0
S

− S−

!+X,ccK0
S

1.33 ± 0.12± 0.06

∆C+
CP = C+

!−X,ccK0
S

− C+

!+X,ccK0
S

0.07 ± 0.09± 0.03

∆C−
CP = C−

!−X,ccK0
S

− C−
!+X,ccK0

S

0.08 ± 0.10± 0.04

∆S+
CPT = S−

!+X,J/ψK0
L

− S+

!+X,ccK0
S

0.16 ± 0.20± 0.09

∆S−
CPT = S+

!+X,J/ψK0
L

− S−

!+X,ccK0
S

−0.03± 0.13± 0.06

∆C+
CPT = C−

!+X,J/ψK0
L

− C+

!+X,ccK0
S

0.15 ± 0.17± 0.07

∆C−
CPT = C+

!+X,J/ψK0
L

− C−
!+X,ccK0

S

0.03 ± 0.14± 0.08

S+

!+X,ccK0
S

0.55 ± 0.08± 0.06

S−

!+X,ccK0
S

−0.66± 0.06± 0.04

C+

!+X,ccK0
S

0.11 ± 0.06± 0.05

C−
!+X,ccK0

S

−0.05± 0.06± 0.03

TABLE I: Definition and analysis results for the T -, CP -,
and CPT -asymmetry parameters. These are defined as the
differences between the S±

α,β, C
±
α,β coefficients for two refer-

ence processes, also reported, and those of the corresponding
symmetry-transformed transitions. The first uncertainty is
statistical and the second systematic.

Using large samples of MC data we determined that 181

our asymmetry parameters have a good Gaussian behav- 182

ior, are unbiased and that the fit results provide good 183

estimates of the statistical uncertainties. We also veri- 184

fied that splitting the data by flavor category or data- 185

taking period gives consistent results. Fitting a single 186
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der ∆t ↔ −∆t, or B+ ↔ B−, or B0 ↔ B0 exchanges, 188
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results to those obtained in our previous CP -violation 190

study [17]. Performing the analysis with B decays to 191

ccK+ and J/ψK∗+ final states instead of the signal ccK0
S
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and J/ψK0
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and mES parameters. Differences in the misID fractions 199
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category. The signal probability density function (PDF)133

is [11]134

Hα,β(∆t) ∝ g+α,β(∆ttrue)H(∆ttrue)⊗R(δt;σ∆t) + (2)

g−α,β(−∆ttrue)H(−∆ttrue)⊗R(δt;σ∆t),

where ∆t and ∆ttrue are the (signed) measured and the135

true differences of proper time between the two B decays.136

Let us note that ∆ttrue is equivalent to ∆τ (−∆τ) when137

a flavor (CP ) tag occurs. H is the Heaviside step func-138

tion, R(δt;σ∆t) with δt = ∆t − ∆ttrue is the resolution139

function, and g±α,β is given by Eq. (1). Because of the140

convolution with the resolution function (symbol ⊗), the141

distribution for ∆t > 0 contains predominantly flavor-142

tagged events, with contribution from CP -tagged events,143

and analogously for ∆t < 0. Mistakes in the flavor ID144

algorithm mix correct and incorrect flavor assignments,145

and dilute the T asymmetries by a factor approximately146

(1−2ω). Backgrounds are accounted for by adding terms147

to the PDF, and are incorporated with identical assump-148

tions about their ∆t evolution as in [17]. Events are149

assigned signal and background probability based on the150

mES or ∆E distributions.151

A total of 27 parameters are varied in the likelihood152

fit: the 12 asymmetry parameters ∆S±
T , ∆C±

T , ∆S±
CP,153

∆C±
CP, ∆S±

CPT, and ∆C±
CPT, the 4 reference coefficients154

C±
#+X,ccK0

S

and S±
#+X,ccK0

S

, and 11 for possible CP and155

T violation in the background. The asymmetry parame-156

ters, defined explicitly in Table I, are more suitable than157

the coefficients S±
α,β and C±

α,β since the breaking of T is158

directly manifested through any non-zero value of ∆S±
T ,159

∆C±
T (and similarly for CP and CPT symmetries). The160

introduction of these parameters requires choosing two161

sets of reference coefficients not related by any discrete162

symmetry, in our case S±
#+X,ccK0

S

and C±
#+X,ccK0

S

. All re-163

maining signal and background parameters are fixed to164

values taken from the Bflav sample, J/ψ-candidate side-165

bands in J/ψK0
L
, world averages for Γ and ∆m [18], or166

Monte Carlo (MC) simulation [17].167

The results for the asymmetry parameters are reported168

in Table I. For reference transition B0 → B− (and simi-169

larly for the others), we define the T -violating asymmetry170

as171

AT (∆t) =
H−

#−X,J/ψK0
L

(∆t)−H+
#+X,ccK0

S

(∆t)

H−
#−X,J/ψK0

L

(∆t) +H+
#+X,ccK0

S

(∆t)
, (3)

where H±
α,β(∆t) = Hα,β(±∆t)H(∆t). Let us note that172

with this definition AT (∆t) is only defined for positive173

values of ∆t. Neglecting reconstruction effects AT (∆t) ≈174

∆C+
T

2 cos(∆m∆t) +
∆S+

T

2 sin(∆m∆t). The T -invariance175

point is obtained applying these eight restrictions∆S±
T =176

∆C±
T = 0, ∆S±

CP = ∆S±
CPT, and ∆C±

CP = ∆C±
CPT.177

Figure 2 shows the four time-dependent T -asymmetries,178

overlaid with the projection of the best fit results with179

and without T violation.180
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−0.05± 0.06± 0.03

TABLE I: Definition and analysis results for the T -, CP -,
and CPT -asymmetry parameters. These are defined as the
differences between the S±

α,β, C
±
α,β coefficients for two refer-

ence processes, also reported, and those of the corresponding
symmetry-transformed transitions. The first uncertainty is
statistical and the second systematic.
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FIG. 2: (color online). The four independent T -asymmetries
associated to the reference transitions a) B0 → B−

(!+X, ccK0
S), b) B+ → B0 (ccK0

S , !
+X), c) B0 → B+

(!+X, J/ψK0
L), d) B− → B0 (J/ψK0

L, !
+X), for flavor cat-

egories containing leptons and kaons combined, for the sig-
nal region (5.27 < mES < 5.29 GeV/c2 for ccK0

S modes and
|∆E| < 10 MeV for J/ψK0

L). The points with error bars
represent the data, the red solid and dashed blue curves rep-
resent the projections of the best fit results with and without
T violation.

and their CP properties, and effects due to neglecting205

CP violation for flavor categories without leptons, have206

also been accounted for. We also assign a systematic207

uncertainty corresponding to any apparent deviation of208

the asymmetry parameters from their true MC values209

adding in quadrature the deviation and its statistical un-210

certainty. Other sources of uncertainty such Γ, ∆m, the211

beam spot and detector alignment, and other fixed pa-212

rameters, are also considered. Effects due to a non-zero213

∆Γ value in the time-dependence, the normalization of214

the PDF, and treating ccK0
S
and J/ψK0

L
as B− and B+,215

introduce small effects.216

The total systematic uncertainties are shown in Ta-217

ble I. For each asymmetry parameter, we compute218

m2
i,± = 2(lnL − lnLi,±)/s2, where lnL is the log-219

likelihood from the standard fit, lnLi,± is the log-220

likelihood with asymmetry parameter i fixed to its ±1σ221

total systematic variation and minimized over all other222

parameters, and s2 = 1 is the statistical change in 2 lnL223

at 68% confidence level (C.L.) for 1 degree of freedom224

(d.o.f). The mean value of all m2
i,± is 0.30, while the225

largest contribution is 0.61.226

The significance of the T -violation signal is evaluated227

based on the statistical change in negative log-likelihood228

with respect to the minimum (−2∆ lnL). We conserva-229

tively reduce −2∆ lnL by a factor 1+max{m2
i,±} = 1.61230

to account for systematic errors in the evaluation of the231

significance. Figure 3 shows C.L. contours calculated232

from the change −2∆ lnL in two dimensions for the T -233

asymmetry parameters∆S−
T ,∆C−

T and∆S+
T ,∆C+

T , with234

systematic uncertainties included. The value of −2∆ lnL235

±
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FIG. 3: (color online). The central values (blue point and
red square) and 2-dimensional C.L. contours for 1 − C.L. =
0.317(1σ), 4.55×10−2(2σ), 2.70×10−3(3σ), 6.33×10−5(4σ),
5.73 × 10−7(5σ), and 1.97 × 10−9(6σ), calculated from the
change in the value of −2∆ lnL compared with its value
at minimum, for the pairs of T asymmetry parameters
∆S−

T ,∆C−
T (red solid) and ∆S+

T ,∆C+
T (blue dashed), respec-

tively. Systematic uncertainties are included. The T invari-
ance point is shown as a plus sign (+).

between the best fit solution with and without T viola- 236

tion is 225.6 units with 8 d.o.f., including systematic un- 237

certainties. This corresponds to a significance equivalent 238

to 14.0 standard deviations (1 − C.L. = 2.55 × 10−44), 239

and thus constitutes direct observation of T violation. 240

The significance of CP violation or CPT violation is 241

determined analogously, obtaining 306.9 and 5.2 units, 242

equivalent to 16.6σ (1 − C.L. = 1.37 × 10−61) and 0.3σ 243

(1− C.L. = 0.74), respectively. 244

In summary, we have measured T -violating parame- 245

ters in the time evolution of neutral-B mesons through 246

the exchange of initial and final states, by comparing 247

the probabilities of B0 or B0 transforming into B− 248

or B+ states, and B− or B+ transforming into B0 or 249

B0. We determine for the main T -violating parame- 250

ters ∆S+
T = −1.37 ± 0.14 (stat.) ± 0.06 (syst.) and 251

∆S−
T = 1.17 ± 0.18 (stat.) ± 0.11 (syst.), and observe 252

a departure from T invariance, independent of CP and 253

CPT , with a significance equivalent to 14 standard de- 254

viations. Our results are consistent with current CP - 255

violating measurements obtained assuming CPT invari- 256

ance, and constitute the first direct observation of Time 257

Reversal Violation. 258
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FIG. 2: (color online). The four independent T -asymmetries
associated to the reference transitions a) B0 → B−

(!+X, ccK0
S), b) B+ → B0 (ccK0
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+X), c) B0 → B+

(!+X, J/ψK0
L), d) B− → B0 (J/ψK0

L, !
+X), for flavor cat-

egories containing leptons and kaons combined, for the sig-
nal region (5.27 < mES < 5.29 GeV/c2 for ccK0

S modes and
|∆E| < 10 MeV for J/ψK0

L). The points with error bars
represent the data, the red solid and dashed blue curves rep-
resent the projections of the best fit results with and without
T violation.
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ance point is shown as a plus sign (+).

between the best fit solution with and without T viola- 236

tion is 225.6 units with 8 d.o.f., including systematic un- 237

certainties. This corresponds to a significance equivalent 238

to 14.0 standard deviations (1 − C.L. = 2.55 × 10−44), 239

and thus constitutes direct observation of T violation. 240

The significance of CP violation or CPT violation is 241

determined analogously, obtaining 306.9 and 5.2 units, 242

equivalent to 16.6σ (1 − C.L. = 1.37 × 10−61) and 0.3σ 243

(1− C.L. = 0.74), respectively. 244

In summary, we have measured T -violating parame- 245

ters in the time evolution of neutral-B mesons through 246

the exchange of initial and final states, by comparing 247

the probabilities of B0 or B0 transforming into B− 248

or B+ states, and B− or B+ transforming into B0 or 249

B0. We determine for the main T -violating parame- 250

ters ∆S+
T = −1.37 ± 0.14 (stat.) ± 0.06 (syst.) and 251

∆S−
T = 1.17 ± 0.18 (stat.) ± 0.11 (syst.), and observe 252

a departure from T invariance, independent of CP and 253

CPT , with a significance equivalent to 14 standard de- 254

viations. Our results are consistent with current CP - 255

violating measurements obtained assuming CPT invari- 256

ance, and constitute the first direct observation of Time 257

Reversal Violation. 258
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CP and CPT results
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CP violating parameters

CPT violating parameters
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FIG. 3: (color online). The central values (blue point and red square) and two-dimensional CL contours for 1 − CL = 0.317,
4.55 × 10−2, 2.70 × 10−3, 6.33 × 10−5, 5.73 × 10−7, and 1.97 × 10−9, calculated from the change in the value of −2∆ lnL
compared with its value at maximum, for the pairs of CP - (left) and CPT - (right) asymmetry parameters (∆S+

CP ,∆C+
CP ) and

(∆S+
CPT ,∆C+

CPT ) (blue dashed curves) and (∆S−
CP ,∆C−

CP ), (∆S−
CPT ,∆C−

CPT ) (red solid curves). Systematic uncertainties are
included. The CP - and CPT -invariance points are shown as a plus sign (+).
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respectively.
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FIG. 3: (color online). The central values (blue point and red square) and two-dimensional CL contours for 1 − CL = 0.317,
4.55 × 10−2, 2.70 × 10−3, 6.33 × 10−5, 5.73 × 10−7, and 1.97 × 10−9, calculated from the change in the value of −2∆ lnL
compared with its value at maximum, for the pairs of CP - (left) and CPT - (right) asymmetry parameters (∆S+
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CP ) and

(∆S+
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CPT ) (blue dashed curves) and (∆S−
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CPT ) (red solid curves). Systematic uncertainties are
included. The CP - and CPT -invariance points are shown as a plus sign (+).
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Conclusion

• BABAR has measured T-violating parameters in 
neutral B meson decays by comparing conjugate 
processes that can only be achieved by T reversal, not 
CP.

✦ The first time this kind of process is utilized to 
demonstrate T violation.

• This novel approach does not need CPT invariance to 
link T with CP.

• T violation is observed at >10 σ level.

• CP and CPT violations are also tested.

• Result is consistent with measurements of CP 
violation assuming CPT invariance.
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Systematics (for ΔST
±)
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Significance of T violation
• Standard fit yields a likelihood value of the 

fit to S, C using the 8 independent samples.

• Repeat the fit, applying constraints to the 
parameters for T-conjugate processes

• Difference in likelihood values yields the 
significance of T violation.

• CP and CPT significance can be determined 
the same way with proper constraints.

• Systematic uncertainties are included by 
calculating  2ΔlnL (=m2

j) varying each 
parameter by ±1 σsyst. and reduce the 
overall statistical −2ΔlnL by 1+max(m2

j).
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