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CP violation
i.e. matter-antimatter asymmetry
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Back in the ‘60s
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• CP still a good symmetry

• Observed neutral kaon mixing

• Neutral kaons come into two states:

✦ K1 with τ1 = 0.89 x 10-10 s (CP even) 

✦ K2 with τ2 = 5.2 x 10-8 s (CP odd)  

• Can have a beam of pure K2 

• If CP is conserved K2 never decays into 2 pions 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Cronin & Fitch experiment 
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Search for the CP violating K2→ππ decay.  
             

K2 beam

K2 →πππ



Cronin & Fitch experiment 
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K2 beam

K2 →ππ

Search for the CP violating K2→ππ decay.  
             



Cronin & Fitch experiment 
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K2 beam

K2 →ππ

Search for the CP violating K2→ππ decay.  
             

Only ~0.2% of KL decays to ππ 
but CP violation is broken! 
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EVIDENCE FOR THE 2rr DECAY OF THE Km MESON*1
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FIG. 1. Plan view of the detector arrangement.

This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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FIG. 2. (a) Experimental distribution in rn~ com-
pared with Monte Carlo calculation. The calculated
distribution is normalized to the total number of ob-
served events. (b) Angular distribution of those events
in the range 490 &m*&510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.

with a form-factor ratio f /f+ =-6.6. The data
are not sensitive to the choice of form factors
but do discriminate against the scalar interac-
tion.
Figure 2(b) shows the distribution in cos8 for

those events which fall in the mass range from
490 to 510 MeV together with the corresponding
result from the Monte Carlo calculation. Those
events within a restricted angular range (cos8
&0.9995) were remeasured on a somewhat more
precise measuring machine and recomputed using
an independent computer program. The results of
these two analyses are the same within the re-
spective resolutions. Figure 3 shows the re-

0
0.9996 0.9997 0.9998 0.9999 I.OOOO

cos 8
FIG. 3. Angular distribution in three mass ranges

for events with cos0 & 0.9995.

suits from the more accurate measuring machine.
The angular distribution from three mass ranges
are shown; one above, one below, and one encom-
passing the mass of the neutral K meson.
The average of the distribution of masses of

those events in Fig. 3 with cos8 &0.99999 is
found to be 499.1 + 0.8 MeV. A corresponding
calculation has been made for the tungsten data
resulting in a mean mass of 498.1 + 0.4. The dif-
ference is 1.0+0.9 MeV. Alternately we may
take the mass of the E' to be known and compute
the mass of the secondaries for two-body decay.
Again restricting our attention to those events
with cos0&0.99999 and assuming one of the sec-
ondaries to be a pion, the mass of the other par-
ticle is determined to be 137.4+ 1.8. Fitted to a
Gaussian shape the forward peak in Fig. 3 has a
standard deviation of 4.0 + 0.7 milliradians to be
compared with 3.4+ 0.3 milliradians for the tung-
sten. The events from the He gas appear identi-
cal with those from the coherent regeneration in
tungsten in both mass and angular spread.
The relative efficiency for detection of the

three-body E, decays compared to that for decay
to two pions is 0.23. %e obtain 45+ 9 events in
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|KLi = p|K0i � q|K0i

|KSi = p|K0i+ q|K0i

|p|2 + |q|2 = 1

|KLi

|KSi

Remember?
No assumption on CP conservation,  
take a more general basis

with the normalisation condition

These are the physical states!

How to describe this?

K0

K0

K2

�
+ �
�

K1

KL

KS

Have a choice when ‘parameterizing’ KS and KL:
1. in terms of K0 and K0

2. in terms of K1 and K2

Historically,  ‘kaon physics’ has chosen 2, but in in ‘B 
physics’ (next lectures!), the equivalent of 1 is very 
much dominant (as εB=0, but still q≠1 & p≠1...)

This tends to be very confusing...
eg.

|KL� == p
⇥⇥K0

�
� q

⇥⇥⇥K0
⇤

⇤KL| KL⌅ � 1 ⇥ |q|2 + |p|2 = 1

p = 1 + �
q = 1� �

with |�| << 1

|KS� == p
⇥⇥K0

�
+ q

⇥⇥⇥K0
⇤
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How to describe this?
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|KL� =

|KS� == |K1� + � |K2�

= |K2� + � |K1�

with |�| << 1
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|KLi = p|K0i � q|K0i

|KSi = p|K0i+ q|K0i

|p|2 + |q|2 = 1

|KLi

|KSi

Confusing standards…
No assumption on CP conservation, 
take a more general basis

with the normalisation condition 

eg.
p = 1 + �
q = 1� �

with |�| << 1

How to describe this?
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= |K2� + � |K1�

with |�| << 1
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Parameterisation used in Kaon physics

Parameterisation 
used in B physics
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Time evolution (again…)
Time Evolution of K0 and K0...
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Time evolution (again…)
Time Evolution of K0 and K0...
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Time Evolution of K0 and K0...
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τs

Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this

CPLEAR, Eur. Phys. J., C : 22 (2001) , pp.55-79

This measurement allows one to make an ABSOLUTE distinction 
between matter and anti-matter

– Positive charge is the charged carried by the lepton preferentially 
produced in the decay of neutral K mesons

q

p
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q
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I⇥�e+�(t)� I⇥+e��(t)
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= 4R�

51
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Time evolution (again…)
Time Evolution of K0 and K0...
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τs

Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this

Time Evolution of K0 and K0...

t = 0 t

K0

K0

K0

K0

The CPLEAR Collaboration: T -violation and CPT -invariance measurements in the CPLEAR experiment 77

τs

Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this

CPLEAR, Eur. Phys. J., C : 22 (2001) , pp.55-79

This measurement allows one to make an ABSOLUTE distinction 
between matter and anti-matter

– Positive charge is the charged carried by the lepton preferentially 
produced in the decay of neutral K mesons
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Matter and antimatter are not arbitrary
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τs

Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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τs

Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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This measurement allows one to make an ABSOLUTE distinction 
between matter and anti-matter

– Positive charge is the charged carried by the lepton preferentially 
produced in the decay of neutral K mesons
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τs

Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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τs

Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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This measurement allows one to make an ABSOLUTE distinction 
between matter and anti-matter

– Positive charge is the charged carried by the lepton preferentially 
produced in the decay of neutral K mesons
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τs

Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp
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This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
⟨αξ⟩ = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

⟨Aexp
T ⟩ = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
⟨Aexp

T ⟩

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) ̸= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average ⟨Aexp

T ⟩ between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on ⟨Aexp

T ⟩ also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this
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CP violation in mixing



Use large samples of semileptonic B0→Dµν and Bs0→Dsµν decays  
at LHCb to measure CP violation in mixing

The “untagged” asymmetry:

but there are other asymmetries to consider… 
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CP violation in B mixing?

Mika Vesterinen

How to measure?

Method B: Untagged asymmetry (used by LHCb)
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Look for an oscillating asymmetry as a function of decay time
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Figure 1.5: Bounds in the (Re�
s
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) plane from measurements as of fall 2010 [12]. The orange
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s

| given by �m
s

and �m
d

measurements; the blue bands are the
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; the light-grey band are derived from measurements of ��
s
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lifetime,
·
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; the dark-grey band is given by measurements of Ab

sl
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When we started the work described in this thesis, the phase „s was very poorly constrained by
experiments [9]. A summary of the situation in fall 2010 is summarized by the plot in Fig. 1.5,
which show the experimental bounds in the (Re�s, Im�s) plane [12]. At that time, new physics
in B0

s -B̄0
s mixing could accommodate the di�erent deviations from the SM expectations, such as

the measurement by the D0 Collaboration of the dimuon asymmetry. The dimuon asymmetry
Ab

sl is a linear combination of the semileptonic asymmetries in the B0 and B0
s systems:

Ab
sl = Cdad

sl + Csas
sl. (1.27)

where the coe�cients Cd and Cs depend on the mean mixing probabilities and the production
fractions of B0 and B0

s mesons, respectively. The other two parameters in Eq. (1.27) are the
CP asymmetries in charged-current semileptonic decays of neutral B mesons, B0

(s), B̄0
(s)æ¸±X:

aq
sl =

�(B̄0
(s)æ¸+X) ≠ �(B0

(s)æ¸≠X)
�(B̄0

(s)æ¸+X) + �(B0
(s)æ¸≠X)

= 1 ≠ |q/p|4
1 + |q/p|4 = aq + O((aq)2). (1.28)
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A little theory

• Time dependent Schrodinger equation

• CP-violation in mixing

asl = Im(M12/�12)
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Production asymmetries

Now need to measure:
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Integrate in time: 

a

s

sl = (1.9 ± 0.3) ⇥ 10�5 and a

d

sl = (�4.1 ± 0.6) ⇥ 10�4 [4]. More recently
D0 published measurements of adsl = (0.68 ± 0.45 ± 0.14)% [6], and a

s

sl =
(�1.12 ± 0.74 ± 0.17)% [7], consistent both with the anomalous asymmetry
A

b

sl and the SM predictions for a

s

sl and a

d

sl. If the measured value of Ab

sl is
confirmed, this would demonstrate the presence of physics beyond the SM
in the quark sector. The e

+
e

�
B-factory average asymmetry in B

0 decays
is adsl = (0.02± 0.31)% [8], in good agreement with the SM. A measurement
of assl with comparable accuracy is important to establish whether physics
beyond the SM influences flavour oscillations in the B

0
s

system.
When measuring a semileptonic asymmetry at a pp collider, such as the

LHC, particle-antiparticle production asymmetries, denoted as aP, as well as
detector related asymmetries, may bias the measured value of assl. We define
aP in terms of the numbers of produced b-hadrons, N(B), and anti b-hadrons,
N(B), as

aP ⌘ N(B)�N(B)

N(B) +N(B)
, (3)

where aP may in general be di↵erent for di↵erent species of b-hadron.
In this paper we report the measurement of the asymmetry between

D

+
s

Xµ

�
⌫ and D

�
s

Xµ

+
⌫ decays, with X representing possible associated

hadrons. We use the D

±
s

! �⇡

± decay. For a time-integrated measurement
we have, to first order in a

s
sl

Ameas ⌘
�[D�

s

µ

+]� �[D+
s

µ

�]

�[D�
s

µ

+] + �[D+
s

µ

�]
=

a

s

sl

2
+


aP � a

s

sl

2

� R1
t=0

e

��st cos(�M

s

t)✏(t)dtR1
t=0

e

��st cosh(��s t

2
)✏(t)dt

,

(4)
where �M

s

and �
s

are the mass di↵erence and average decay width of the
B

0
s

� B

0
s

meson system, respectively, and ✏(t) is the decay time acceptance
function for B0

s

mesons. Due to the large value of �M

s

, 17.768 ±0.024 ps�1

[9], the oscillations are rapid and the integral ratio in Eq. (4) is approximately
0.2%. Since the production asymmetry within the detector acceptance is
expected to be at most a few percent [10, 11, 12], this reduces the e↵ect of
ap to the level of a few 10�4 for B0

s

decays. This is well beneath our target
uncertainty of the order of 10�3, and thus can be neglected, therefore yielding
Ameas=0.5 a

s
sl.

The measurement could be a↵ected by a detection charge-asymmetry,
which may be induced by the event selection, tracking, and muon selection
criteria. The measured asymmetry can be written as

Ameas = A

c
µ

� Atrack � Abkg, (5)
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sl = (1.9 ± 0.3) ⇥ 10�5 and a

d

sl = (�4.1 ± 0.6) ⇥ 10�4 [4]. More recently
D0 published measurements of adsl = (0.68 ± 0.45 ± 0.14)% [6], and a

s

sl =
(�1.12 ± 0.74 ± 0.17)% [7], consistent both with the anomalous asymmetry
A

b

sl and the SM predictions for a

s

sl and a

d

sl. If the measured value of Ab

sl is
confirmed, this would demonstrate the presence of physics beyond the SM
in the quark sector. The e

+
e

�
B-factory average asymmetry in B

0 decays
is adsl = (0.02± 0.31)% [8], in good agreement with the SM. A measurement
of assl with comparable accuracy is important to establish whether physics
beyond the SM influences flavour oscillations in the B

0
s

system.
When measuring a semileptonic asymmetry at a pp collider, such as the

LHC, particle-antiparticle production asymmetries, denoted as aP, as well as
detector related asymmetries, may bias the measured value of assl. We define
aP in terms of the numbers of produced b-hadrons, N(B), and anti b-hadrons,
N(B), as

aP ⌘ N(B)�N(B)

N(B) +N(B)
, (3)

where aP may in general be di↵erent for di↵erent species of b-hadron.
In this paper we report the measurement of the asymmetry between

D

+
s

Xµ

�
⌫ and D

�
s

Xµ

+
⌫ decays, with X representing possible associated

hadrons. We use the D

±
s

! �⇡

± decay. For a time-integrated measurement
we have, to first order in a

s
sl

Ameas ⌘
�[D�

s

µ

+]� �[D+
s

µ
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=
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where �M

s

and �
s

are the mass di↵erence and average decay width of the
B

0
s

� B

0
s

meson system, respectively, and ✏(t) is the decay time acceptance
function for B0

s

mesons. Due to the large value of �M

s

, 17.768 ±0.024 ps�1

[9], the oscillations are rapid and the integral ratio in Eq. (4) is approximately
0.2%. Since the production asymmetry within the detector acceptance is
expected to be at most a few percent [10, 11, 12], this reduces the e↵ect of
ap to the level of a few 10�4 for B0

s

decays. This is well beneath our target
uncertainty of the order of 10�3, and thus can be neglected, therefore yielding
Ameas=0.5 a

s
sl.

The measurement could be a↵ected by a detection charge-asymmetry,
which may be induced by the event selection, tracking, and muon selection
criteria. The measured asymmetry can be written as

Ameas = A

c
µ

� Atrack � Abkg, (5)

2

<10-4 for ∆ms=18 ps-1
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Integrate in time: 

a

s

sl = (1.9 ± 0.3) ⇥ 10�5 and a

d

sl = (�4.1 ± 0.6) ⇥ 10�4 [4]. More recently
D0 published measurements of adsl = (0.68 ± 0.45 ± 0.14)% [6], and a

s

sl =
(�1.12 ± 0.74 ± 0.17)% [7], consistent both with the anomalous asymmetry
A

b

sl and the SM predictions for a

s

sl and a

d

sl. If the measured value of Ab

sl is
confirmed, this would demonstrate the presence of physics beyond the SM
in the quark sector. The e

+
e

�
B-factory average asymmetry in B

0 decays
is adsl = (0.02± 0.31)% [8], in good agreement with the SM. A measurement
of assl with comparable accuracy is important to establish whether physics
beyond the SM influences flavour oscillations in the B

0
s

system.
When measuring a semileptonic asymmetry at a pp collider, such as the

LHC, particle-antiparticle production asymmetries, denoted as aP, as well as
detector related asymmetries, may bias the measured value of assl. We define
aP in terms of the numbers of produced b-hadrons, N(B), and anti b-hadrons,
N(B), as

aP ⌘ N(B)�N(B)

N(B) +N(B)
, (3)

where aP may in general be di↵erent for di↵erent species of b-hadron.
In this paper we report the measurement of the asymmetry between

D

+
s

Xµ

�
⌫ and D

�
s

Xµ

+
⌫ decays, with X representing possible associated

hadrons. We use the D

±
s

! �⇡

± decay. For a time-integrated measurement
we have, to first order in a

s
sl

Ameas ⌘
�[D�

s

µ
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where �M

s

and �
s

are the mass di↵erence and average decay width of the
B

0
s

� B

0
s

meson system, respectively, and ✏(t) is the decay time acceptance
function for B0

s

mesons. Due to the large value of �M

s

, 17.768 ±0.024 ps�1

[9], the oscillations are rapid and the integral ratio in Eq. (4) is approximately
0.2%. Since the production asymmetry within the detector acceptance is
expected to be at most a few percent [10, 11, 12], this reduces the e↵ect of
ap to the level of a few 10�4 for B0

s

decays. This is well beneath our target
uncertainty of the order of 10�3, and thus can be neglected, therefore yielding
Ameas=0.5 a

s
sl.

The measurement could be a↵ected by a detection charge-asymmetry,
which may be induced by the event selection, tracking, and muon selection
criteria. The measured asymmetry can be written as

Ameas = A

c
µ

� Atrack � Abkg, (5)

2

<10-4 for ∆ms=18 ps-1
Expected sensitivity on asl:10-3
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Figure 1: Invariant mass distributions for: (a) K+K�⇡+ and (b) K+K�⇡� can-
didates for magnet up, (c) K+K�⇡+ and (d) K+K�⇡� candidates for magnet
down with K+K� invariant mass within ±20 MeV of the � meson mass. The
D+

s

[yellow (grey) shaded area] and D+ [red (dark) shaded area] signal shapes
are described in the text. The �2/ndf for these fits are 1.28, 1.25, 1.53, and 1.27
respectively, the corresponding p-values are 7%, 8%, 4%, 7%.

Table 1: Yields for D+
s

µ� and D�
s

µ+ events separately for magnet up and down
data. These yields contain very small contributions from prompt D

s

and b-hadron
backgrounds.

magnet up magnet down
D

�
s

µ

+ 38 742± 218 53 768± 264
D

+
s

µ

� 38 055± 223 54 252± 259

the angle between the D
s

momentum and the vector from the primary vertex
to the D

s

decay vertex must be larger than 0.99.

4 Analysis method

Signal yields are determined by fitting the K+
K

�
⇡

+ invariant mass distribu-
tions shown in Fig. 1. We fit both the signal D+

s

and D

+ peaks with double
Gaussian functions with common means. The D

+ channel is used only as a
component of the fit to the mass spectrum. The average mass resolution is
about 7.1 MeV. The background is modelled with a second-order Chebychev
polynomial. The signal yields from the fits are listed in Table 1.

The detection asymmetry is largely induced by the dipole magnet, which
bends particles of di↵erent charge in di↵erent detector halves. The magnet

5

M
ag

ne
t 

U
p

M
ag

ne
t 

D
ow

n

Ds+

Ds+D+

D+ Ds-

Ds-D-

D-

Yet, other spurious asymmetry to cancel… 

Phys. Lett. B728 (2014) 607 
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• !Single(arm!spectrometer!

• !Covering!2<!η!<5!

• !PID!provided!by!three!
!groups!of!detectors:!

13 

Muon 

1.  Ring Imaging 
Cherenkov (RICH) 
detectors 

2.  Calorimeters 

3.  Muon Chambers 

•  Provides µ-ID with high purity 

•  5 tracking stations (M1 – M5) 
 around hadron absorbers (~23λ) 

•  Two types of tracking technology: 

• !MulO(wire!
!ProporOonal!
!Chambers!
!(MWPCs)!

• !Gas!Electron!
!MulOpliers!
!(GEMs)!

MUONs 

Andrew Powell, University of Oxford                PIDCalib Packages                28th February 2012 
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Figure 13: Average measured hit e�ciency, in percent, for the di↵erent regions of the muon
detector. Statistic and systematic uncertainties are added in quadrature. The e↵ect of the few
known dead channels is not included. Measurement in the 2010 and 2011/2012 data taking
periods are shown separately due to the di↵erent pile-up conditions.

dead-time e↵ect is larger than originally expected. Nonetheless, most regions meet the526

99% e�ciency requirement. Taking into account the AND of the five stations, the detector527

is found to provide muon identification for trigger and o✏ine reconstruction with e�ciency528

larger than 95%.529

2.2 Track reconstruction530

The trajectories of the charged particles traversing the tracking system are reconstructed531

from the hits in the VELO, the TT, the IT and the OT detectors. Depending on their532

paths through the spectrometer the following track types are defined, as illustrated in533

Fig. 14:534

• Long tracks: traverse the full tracking system. They have hits in both the VELO535

and the T stations, and possibly in the TT. As they traverse through the full magnetic536

field they have the most precise momentum estimate and therefore are the most537

important set of tracks for the physics analyses.538

• Upstream tracks: traverse only through the VELO and TT stations. In general539

their momentum is too low to traverse the magnet and reach the T stations. However,540

they pass through the RICH1 detector and may generate Cherenkov photons if they541
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Reversed magnet polarity 

Effectiveness depends on high frequency (2 week) of changes.  
Does not cancel asymmetries to 10-3 level, but crucial systematic check of result. 
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Result

Table 2: Muon e�ciency ratio corrected asymmetry Ac

µ

. The errors account for
the statistical uncertainties in the B0

s

signal yields.

A

c

µ

[%] KS muon correction MS muon correction Average
Magnet p

x

p

y

pT� p

x

p

y

pT�

Up +0.38± 0.38 +0.30± 0.38 +0.64± 0.37 +0.63± 0.37 +0.49± 0.38
Down �0.17± 0.32 �0.25± 0.32 �0.60± 0.32 �0.62± 0.32 �0.41± 0.32
Avg. +0.11± 0.25 +0.02± 0.25 +0.02± 0.24 +0.01± 0.24 +0.04± 0.25

D

⇤+
/D

+ ratio in the measured exclusive final states. In addition, we consider
backgrounds coming from B

0
, B

+ ! D

�
s

Kµ

+ decays, that provide a back-
ground asymmetry with opposite sign. We estimate this background asym-
metry to be (+0.01±0.04)%. The systematic uncertainty includes the limited
knowledge of the inclusive branching fraction of the b-hadrons, uncertainties
in the b-hadron production ratios, and in the charm semileptonic branching
fractions, but is dominated by the uncertainty in the production asymmetry.
By combining these estimates, we obtain Abkg = (+0.05± 0.05)%.

6 Results

We perform weighted averages of the corrected asymmetries Ac

µ

observed in
each pT� and p

x

p

y

subsample, using muon identification corrections both in
the KS and MS sample (see Fig. 5). In order to cancel remaining detection
asymmetry e↵ects, the most appropriate way to combine magnet up and
magnet down data is with an arithmetic average [20]. We then perform an
arithmetic average of the four values of Ac

µ

obtained with the two binning
schemes chosen and with the two muon correction methods, assuming the
results to be fully statistically correlated, and obtain A

c

µ

= (+0.04± 0.25)%.
The results are shown in Table 2. Finally, we correct for tracking e�ciency
asymmetries and background asymmetries, and obtain

Ameas = (�0.03± 0.25± 0.18)%,

where the first uncertainty reflects statistical fluctuations in the signal yield
and the second reflects the systematic uncertainties. This gives

a

s

sl = (�0.06± 0.50± 0.36)%.

We consider several sources of systematic uncertainties on Ameas that are
summarized in Table 3. By examining the variations on the average A

c

µ

ob-
tained with di↵erent procedures, we assign a 0.07% uncertainty, reflecting

10

Phys. Lett. B728  
(2014) 607 
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Table 2: Muon e�ciency ratio corrected asymmetry Ac

µ

. The errors account for
the statistical uncertainties in the B0

s

signal yields.

A

c

µ

[%] KS muon correction MS muon correction Average
Magnet p

x

p

y

pT� p

x

p

y

pT�

Up +0.38± 0.38 +0.30± 0.38 +0.64± 0.37 +0.63± 0.37 +0.49± 0.38
Down �0.17± 0.32 �0.25± 0.32 �0.60± 0.32 �0.62± 0.32 �0.41± 0.32
Avg. +0.11± 0.25 +0.02± 0.25 +0.02± 0.24 +0.01± 0.24 +0.04± 0.25

D

⇤+
/D

+ ratio in the measured exclusive final states. In addition, we consider
backgrounds coming from B

0
, B

+ ! D

�
s

Kµ

+ decays, that provide a back-
ground asymmetry with opposite sign. We estimate this background asym-
metry to be (+0.01±0.04)%. The systematic uncertainty includes the limited
knowledge of the inclusive branching fraction of the b-hadrons, uncertainties
in the b-hadron production ratios, and in the charm semileptonic branching
fractions, but is dominated by the uncertainty in the production asymmetry.
By combining these estimates, we obtain Abkg = (+0.05± 0.05)%.

6 Results

We perform weighted averages of the corrected asymmetries Ac

µ

observed in
each pT� and p

x

p

y

subsample, using muon identification corrections both in
the KS and MS sample (see Fig. 5). In order to cancel remaining detection
asymmetry e↵ects, the most appropriate way to combine magnet up and
magnet down data is with an arithmetic average [20]. We then perform an
arithmetic average of the four values of Ac

µ

obtained with the two binning
schemes chosen and with the two muon correction methods, assuming the
results to be fully statistically correlated, and obtain A

c

µ

= (+0.04± 0.25)%.
The results are shown in Table 2. Finally, we correct for tracking e�ciency
asymmetries and background asymmetries, and obtain

Ameas = (�0.03± 0.25± 0.18)%,

where the first uncertainty reflects statistical fluctuations in the signal yield
and the second reflects the systematic uncertainties. This gives

a

s

sl = (�0.06± 0.50± 0.36)%.

We consider several sources of systematic uncertainties on Ameas that are
summarized in Table 3. By examining the variations on the average A

c

µ

ob-
tained with di↵erent procedures, we assign a 0.07% uncertainty, reflecting
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Table 1: Systematic uncertainties (in %) on adsl and AP for 7 and 8TeV pp centre-of-mass energies.
Entries marked with – are found to be negligible.

Source of uncertainty adsl AP(7TeV) AP(8TeV)
Detection asymmetry 0.26 0.20 0.14
B+ background 0.13 0.06 0.06
⇤0

b

background 0.07 0.03 0.03
B0

s

background 0.03 0.01 0.01
Combinatorial D background 0.03 – –
k-factor distribution 0.03 0.01 0.01
Decay-time acceptance 0.03 0.07 0.07
Knowledge of �m

d

0.02 0.01 0.01
Quadratic sum 0.30 0.22 0.17

that these decays correspond to approximately 1% of the data and their e↵ect is negligible.
The systematic e↵ect from the combinatorial background in the D mass distributions is
assessed by varying the mass model in the fit.

The uncertainty on the shape of the k-factor distributions comes from uncertainties
in the semileptonic branching fractions of B0 mesons to higher-mass D resonances. Such
decays are considered as signal, but have slightly di↵erent k-factor distributions. In the
D�µ+ sample about half of the D� candidates originate from higher-mass D resonances.
The uncertainties on these fractions are about 2%. The systematic e↵ect on adsl and AP is
determined by varying the fractions by 10% to account for possible unknown intermediate
states. The e↵ect of a dependence of the k-factor with B0 decay time is small, and the
e↵ect on the di↵erence in the B momentum distributions between data and simulation,
evaluated using B+ ! J/ K+ decays, is negligible.

Systematic e↵ects due to imperfect modelling of the decay time are tested by varying
the acceptance function and extending the fit region down to 0.4 ps. The e↵ect from
varying �m

d

within its uncertainty [11] is taken into account. E↵ects associated with
variations in B0 decay-time binning are negligible.

The B0–B0 production asymmetries for the two centre-of-mass energies are AP(7TeV) =
(�0.66±0.26±0.22)% and AP(8TeV) = (�0.48±0.15±0.17)%, where the first uncertainty
is statistical and the second systematic. These asymmetries refer to B0 mesons in the
ranges 2 < pT < 30GeV/c and 2.0 < ⌘ < 4.8, without correcting for pT- and ⌘-dependent
reconstruction e�ciencies. The production asymmetry at 7 TeV is compatible with previous
results [23] and with the production asymmetry at 8TeV. The determination of the CP
asymmetry in semileptonic B0 decays is

adsl = (�0.02± 0.19± 0.30)% ,

which is the most precise measurement to date and compatible with the SM prediction
and earlier measurements [24].
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Figure 3: Overview of the most precise measurements of ad
sl

and as
sl

. The horizontal and vertical
bands indicate the naive averages of pure as

sl

and ad
sl

measurements [20,28–32]. The yellow ellipse
represents the D0 dimuon measurement with ��

d

/�
d

set to its SM expectation value [5]. The
error bands and contours correspond to 68% confidence level.

of the previous analysis is repeated on the full 3.0 fb�1 data sample and the result is
compatible within one standard deviation.

The twelve values of as
sl

for each Dalitz region, polarity and data-taking period are
consistent with each other. The combined result, taking into account all correlations, is

as
sl

= (0.39± 0.26± 0.20)% ,

where the first uncertainty is statistical, originating from the size of the signal and
calibration samples, and the second systematic. There is a small correlation coe�cient of
+0.13 between this measurement and the LHCb measurement of ad

sl

[20]. The correlation
mainly originates from the muon detection asymmetry and from the e↵ect of ad

sl

, due to B0

background, on the measurement of as
sl

. Figure 3 displays an overview of the most precise
measurements of ad

sl

and as
sl

[5, 20, 28–32]. The simple averages of pure a
sl

measurements,
including the present as

sl

result and accounting for the small correlation from LHCb, are
found to be ad

sl

= (0.02± 0.20)% and as
sl

= (0.17± 0.30)% with a correlation of +0.07. In
summary, the determination of as

sl

presented in this letter is the most precise to date and
shows no evidence for new physics e↵ects.
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that these decays correspond to approximately 1% of the data and their e↵ect is negligible.
The systematic e↵ect from the combinatorial background in the D mass distributions is
assessed by varying the mass model in the fit.

The uncertainty on the shape of the k-factor distributions comes from uncertainties
in the semileptonic branching fractions of B0 mesons to higher-mass D resonances. Such
decays are considered as signal, but have slightly di↵erent k-factor distributions. In the
D�µ+ sample about half of the D� candidates originate from higher-mass D resonances.
The uncertainties on these fractions are about 2%. The systematic e↵ect on adsl and AP is
determined by varying the fractions by 10% to account for possible unknown intermediate
states. The e↵ect of a dependence of the k-factor with B0 decay time is small, and the
e↵ect on the di↵erence in the B momentum distributions between data and simulation,
evaluated using B+ ! J/ K+ decays, is negligible.

Systematic e↵ects due to imperfect modelling of the decay time are tested by varying
the acceptance function and extending the fit region down to 0.4 ps. The e↵ect from
varying �m

d

within its uncertainty [11] is taken into account. E↵ects associated with
variations in B0 decay-time binning are negligible.

The B0–B0 production asymmetries for the two centre-of-mass energies are AP(7TeV) =
(�0.66±0.26±0.22)% and AP(8TeV) = (�0.48±0.15±0.17)%, where the first uncertainty
is statistical and the second systematic. These asymmetries refer to B0 mesons in the
ranges 2 < pT < 30GeV/c and 2.0 < ⌘ < 4.8, without correcting for pT- and ⌘-dependent
reconstruction e�ciencies. The production asymmetry at 7 TeV is compatible with previous
results [23] and with the production asymmetry at 8TeV. The determination of the CP
asymmetry in semileptonic B0 decays is

adsl = (�0.02± 0.19± 0.30)% ,

which is the most precise measurement to date and compatible with the SM prediction
and earlier measurements [24].
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consistent with each other. The combined result, taking into account all correlations, is
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= (0.39± 0.26± 0.20)% ,

where the first uncertainty is statistical, originating from the size of the signal and
calibration samples, and the second systematic. There is a small correlation coe�cient of
+0.13 between this measurement and the LHCb measurement of ad
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So far (so good?)
★ No primordial antimatter observed, universe matter dominated

★ Need breaking of CP symmetry to explain this

★ C and P are violated by weak interactions (CP looks still healthy…)

★ Matter-antimatter oscillations: K0 can turn into anti-K0;  
the physical states are not the flavour eigenstates. 

★ Using flavour-specific decays we can observe the flavour oscillations

★ A very rich phenomenology of mixing of K, D, and B mesons

★ CP is broken! 

★ Observed CP violation in K mixing; no evidence so far for B mesons 
(neither for D mesons).
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If the final state is a CP eigenstate

B
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1. CP violation in decay

2. CP violation in mixing:

3. CP violation in interference mixing/decay:

Three ways to break CP... 
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CP violation: 3 ways
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Interference!
Write in terms of observables...
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where τS is in ps, and has negligible dependence on the value of∆m.

Figure 4: The time-dependent asymmetryA+− vs the neutral-kaon decay time. The solid circles represent
the data, including residual background, whereas the solid line is the result of our fit.

Using for < ∆m > and < τS > the world averages [8],< ∆m >= (530.1± 1.4)× 107!s−1 and

< τS >= (89.32 ± 0.08) ps, the results of the fit for φ+− and |η+−| are:

|η+−| = (2.264 ± 0.023) × 10−3

φ+− = 43.19◦ ± 0.53◦,

where the errors are purely statistical and χ2/d.o.f. = 1.2. Table 1 shows the correlation coefficients
between φ+−, |η+−| and α , given by the fit.

φ+− |η+−| α
φ+− 1 0.17 0.37

|η+−| - 1 0.65

α - 1

Table 1: Correlation coefficients for the fitted values in the case of fixed ∆m

An alternative way of presenting the data is given by the ‘reduced asymmetry’ Ared(τ) =
A+−(τ) × e−

1
2 (ΓS−ΓL)τ , as shown in Fig. 5. The physics content of this plot is identical to that of
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0 0Ž .Fig. 1. The measured decay rates for K open circles and K

Ž .solid circles after acceptance correction and background subtrac-

tion.

this asymmetry makes the measurement, to first or-

der, independent of absolute acceptances and there-

fore of Monte Carlo simulation, thus reducing sys-

tematic uncertainties.

3. The detector

The CPLEAR detector has been described else-
w xwhere 6 . It had a cylindrical geometry and was

mounted inside a solenoid of length 3.6 m and

internal radius 1 m, which produced a magnetic field

of 0.44 T parallel to the p beam. The beam, extracted
Ž .from the Low Energy Antiproton Ring LEAR at

CERN, had a momentum of 200 MeVrc and stopped
in the target at the centre of the detector. The target,

consisting of a 7 cm radius sphere filled with gaseous

hydrogen at 16 bar pressure, was replaced in mid

1994 by a 1.1 cm radius, 27 bar, cylindrical target

surrounded by a 1.5 cm radius, cylindrical propor-
Ž .tional chamber PC0 .

Tracking of the annihilation products was per-

formed by two layers of proportional chambers, six

layers of drift chambers and two layers of streamer

tubes. Kaon, pion and electron identification
Ž .Cherenkov light, time of flight and energy loss was

provided by a threshold Cherenkov counter sand-

wiched between two layers of plastic scintillator. An

18-layer, leadrgas-sampling electromagnetic calori-
meter completed the detector.

Because of the small branching ratio of the de-
Ž .sired annihilation channels, Eq. 1 , and the high

6Ž .beam-intensity f10 prs , a multi-level trigger
w xsystem 6 , based on custom-made hardwired proces-

sors, was used to provide fast and efficient back-

ground rejection. The PC0 information was incorpo-

rated into the trigger for all data taken during 1995

and 1996. Not more than two hits in this chamber

were required, thus ensuring that the neutral kaon

decayed outside PC0. This eliminated a large number

of unwanted, very short lifetime K decays as wellS

as background multikaon and multipion annihila-

tions, allowing the rate of useful recorded events to

be significantly increased.

4. Data analysis

Events corresponding to the desired annihilation

channels, followed by the decay of the neutral kaon

to pqpy, are selected by demanding four charged

tracks with zero total charge. In order to be well

above the pion threshold in the Cherenkov detector,

the charged kaon is required to have a momentum of

at least 350 MeVrc. Furthermore, to be consistent
with the trigger requirements, a momentum compo-

nent in the plane transverse to the beam axis of at

least 300 MeVrc is demanded. The events are then
passed through a geometrical and kinematical con-

strained fit, with a total of nine constraints. These

are:

Ø overall conservation of energy and momentum
Ž .4C ,

Ø missing mass at the annihilation vertex equal to
0 Ž .the K mass 1C ,

Ø at each vertex, corresponding to the intersection

in the transverse plane of two tracks, same coor-
Ž .dinate along the beam axis for both tracks 2C ,

Ø neutral-kaon momentum collinear with the line

joining the two vertices in both the transverse and
Ž .longitudinal planes 2C .

Events are required to have a probability from the

9C fit of at least 5%. At lifetimes beyond 11t S
tighter probability cuts are applied to reduce the

residual background, such that the signal-to-back-
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where τS is in ps, and has negligible dependence on the value of∆m.

Figure 4: The time-dependent asymmetryA+− vs the neutral-kaon decay time. The solid circles represent
the data, including residual background, whereas the solid line is the result of our fit.

Using for < ∆m > and < τS > the world averages [8],< ∆m >= (530.1± 1.4)× 107!s−1 and

< τS >= (89.32 ± 0.08) ps, the results of the fit for φ+− and |η+−| are:

|η+−| = (2.264 ± 0.023) × 10−3

φ+− = 43.19◦ ± 0.53◦,

where the errors are purely statistical and χ2/d.o.f. = 1.2. Table 1 shows the correlation coefficients
between φ+−, |η+−| and α , given by the fit.

φ+− |η+−| α
φ+− 1 0.17 0.37

|η+−| - 1 0.65

α - 1

Table 1: Correlation coefficients for the fitted values in the case of fixed ∆m

An alternative way of presenting the data is given by the ‘reduced asymmetry’ Ared(τ) =
A+−(τ) × e−
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2 (ΓS−ΓL)τ , as shown in Fig. 5. The physics content of this plot is identical to that of
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this asymmetry makes the measurement, to first or-

der, independent of absolute acceptances and there-

fore of Monte Carlo simulation, thus reducing sys-

tematic uncertainties.

3. The detector

The CPLEAR detector has been described else-
w xwhere 6 . It had a cylindrical geometry and was

mounted inside a solenoid of length 3.6 m and

internal radius 1 m, which produced a magnetic field

of 0.44 T parallel to the p beam. The beam, extracted
Ž .from the Low Energy Antiproton Ring LEAR at

CERN, had a momentum of 200 MeVrc and stopped
in the target at the centre of the detector. The target,

consisting of a 7 cm radius sphere filled with gaseous

hydrogen at 16 bar pressure, was replaced in mid

1994 by a 1.1 cm radius, 27 bar, cylindrical target

surrounded by a 1.5 cm radius, cylindrical propor-
Ž .tional chamber PC0 .

Tracking of the annihilation products was per-

formed by two layers of proportional chambers, six

layers of drift chambers and two layers of streamer

tubes. Kaon, pion and electron identification
Ž .Cherenkov light, time of flight and energy loss was

provided by a threshold Cherenkov counter sand-

wiched between two layers of plastic scintillator. An

18-layer, leadrgas-sampling electromagnetic calori-
meter completed the detector.

Because of the small branching ratio of the de-
Ž .sired annihilation channels, Eq. 1 , and the high

6Ž .beam-intensity f10 prs , a multi-level trigger
w xsystem 6 , based on custom-made hardwired proces-

sors, was used to provide fast and efficient back-

ground rejection. The PC0 information was incorpo-

rated into the trigger for all data taken during 1995

and 1996. Not more than two hits in this chamber

were required, thus ensuring that the neutral kaon

decayed outside PC0. This eliminated a large number

of unwanted, very short lifetime K decays as wellS

as background multikaon and multipion annihila-

tions, allowing the rate of useful recorded events to

be significantly increased.

4. Data analysis

Events corresponding to the desired annihilation

channels, followed by the decay of the neutral kaon

to pqpy, are selected by demanding four charged

tracks with zero total charge. In order to be well

above the pion threshold in the Cherenkov detector,

the charged kaon is required to have a momentum of

at least 350 MeVrc. Furthermore, to be consistent
with the trigger requirements, a momentum compo-

nent in the plane transverse to the beam axis of at

least 300 MeVrc is demanded. The events are then
passed through a geometrical and kinematical con-

strained fit, with a total of nine constraints. These

are:

Ø overall conservation of energy and momentum
Ž .4C ,

Ø missing mass at the annihilation vertex equal to
0 Ž .the K mass 1C ,

Ø at each vertex, corresponding to the intersection

in the transverse plane of two tracks, same coor-
Ž .dinate along the beam axis for both tracks 2C ,

Ø neutral-kaon momentum collinear with the line

joining the two vertices in both the transverse and
Ž .longitudinal planes 2C .

Events are required to have a probability from the

9C fit of at least 5%. At lifetimes beyond 11t S
tighter probability cuts are applied to reduce the

residual background, such that the signal-to-back-
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0 0Ž .Fig. 1. The measured decay rates for K open circles and K
Ž .solid circles after acceptance correction and background subtrac-
tion.

this asymmetry makes the measurement, to first or-
der, independent of absolute acceptances and there-
fore of Monte Carlo simulation, thus reducing sys-
tematic uncertainties.

3. The detector

The CPLEAR detector has been described else-
w xwhere 6 . It had a cylindrical geometry and was

mounted inside a solenoid of length 3.6 m and
internal radius 1 m, which produced a magnetic field
of 0.44 T parallel to the p beam. The beam, extracted

Ž .from the Low Energy Antiproton Ring LEAR at
CERN, had a momentum of 200 MeVrc and stopped
in the target at the centre of the detector. The target,
consisting of a 7 cm radius sphere filled with gaseous
hydrogen at 16 bar pressure, was replaced in mid
1994 by a 1.1 cm radius, 27 bar, cylindrical target
surrounded by a 1.5 cm radius, cylindrical propor-

Ž .tional chamber PC0 .
Tracking of the annihilation products was per-

formed by two layers of proportional chambers, six
layers of drift chambers and two layers of streamer
tubes. Kaon, pion and electron identification
Ž .Cherenkov light, time of flight and energy loss was
provided by a threshold Cherenkov counter sand-

wiched between two layers of plastic scintillator. An
18-layer, leadrgas-sampling electromagnetic calori-
meter completed the detector.
Because of the small branching ratio of the de-

Ž .sired annihilation channels, Eq. 1 , and the high
6Ž .beam-intensity f10 prs , a multi-level trigger

w xsystem 6 , based on custom-made hardwired proces-
sors, was used to provide fast and efficient back-
ground rejection. The PC0 information was incorpo-
rated into the trigger for all data taken during 1995
and 1996. Not more than two hits in this chamber
were required, thus ensuring that the neutral kaon
decayed outside PC0. This eliminated a large number
of unwanted, very short lifetime K decays as wellS
as background multikaon and multipion annihila-
tions, allowing the rate of useful recorded events to
be significantly increased.

4. Data analysis

Events corresponding to the desired annihilation
channels, followed by the decay of the neutral kaon
to pqpy, are selected by demanding four charged
tracks with zero total charge. In order to be well
above the pion threshold in the Cherenkov detector,
the charged kaon is required to have a momentum of
at least 350 MeVrc. Furthermore, to be consistent
with the trigger requirements, a momentum compo-
nent in the plane transverse to the beam axis of at
least 300 MeVrc is demanded. The events are then
passed through a geometrical and kinematical con-
strained fit, with a total of nine constraints. These
are:
Ø overall conservation of energy and momentum

Ž .4C ,
Ø missing mass at the annihilation vertex equal to

0 Ž .the K mass 1C ,
Ø at each vertex, corresponding to the intersection
in the transverse plane of two tracks, same coor-

Ž .dinate along the beam axis for both tracks 2C ,
Ø neutral-kaon momentum collinear with the line
joining the two vertices in both the transverse and

Ž .longitudinal planes 2C .
Events are required to have a probability from the
9C fit of at least 5%. At lifetimes beyond 11t S
tighter probability cuts are applied to reduce the
residual background, such that the signal-to-back-
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Fig. 4. The time-dependent asymmetry A vs the neutral-kaonqy
decay time. The solid circles represent the data, including residual
background, whereas the solid line is the result of our fit.

where the errors are purely statistical and
x 2rd.o.f.s1.2. Table 1 shows the correlation coef-

< <ficients between f , h and a , given by the fit.qy qy
An alternative way of presenting the data is given

Ž . Ž .by the ‘reduced asymmetry’ A t sA t =red qy
1y ŽG yG .tS L2e , as shown in Fig. 5. The physics content

of this plot is identical to that of Fig. 4, but it
emphasizes the lowrmedium lifetime region where
statistics are high and to which the fit is sensitive, at
the expense of the high-lifetime region where statis-
tics are low and to which the fit has little or no
sensitivity.

Ž .If the value of Dm is left free in the fit of Eq. 4
Žto the data, the result is Dms 524.0"4.4 "stat

. 7 y13.3 =10 "s , in agreement with the valuesyst
Ž . 7 y1529.5"2.0 "0.3 =10 "s obtained fromstat syst

w xthe total sample of CPLEAR semileptonic data 9 ;

Table 1
Correlation coefficients for the fitted values in the case of fixed
Dm

< <f h aqy qy

f 1 0.17 0.37qy
< <h – 1 0.65qy
a – 1

Ž . Ž .Fig. 5. The ‘reduced asymmetry’ A t see text versus thered
neutral-kaon decay time. The solid line is the result of our fit.

the correlation coefficient between Dm and f isqy
0.92. The systematic errors of this Dm measurement
are discussed in Section 8.

8. Systematic errors

The following sources of systematic error have
been investigated:

Ž .Ø level of background and its dependence shape
as a function of decay time,

Ø changes in cut values,
Ø neutral-kaon decay time resolution,
Ø normalization procedure,
Ø absolute time measurement,
Ø regeneration correction.
By varying both the level and decay time depen-

dence of the background within their estimated un-
certainties, the corresponding systematic errors on
the fitted parameters are determined.
The level and decay time dependence of the

background at long lifetimes can be varied by chang-
ing the values of the 9C-fit probability cuts at these

Ž .lifetimes see Section 4 . These changes in back-
ground level and shape lead to small variations in the
values of the fitted parameters. This is particularly
true for Dm which has much greater sensitivity than

< <f or h to data beyond 10–12 t . The valuesqy qy S

where τS is in ps, and has negligible dependence on the value of∆m.

Figure 4: The time-dependent asymmetryA+− vs the neutral-kaon decay time. The solid circles represent
the data, including residual background, whereas the solid line is the result of our fit.

Using for < ∆m > and < τS > the world averages [8],< ∆m >= (530.1± 1.4)× 107!s−1 and

< τS >= (89.32 ± 0.08) ps, the results of the fit for φ+− and |η+−| are:

|η+−| = (2.264 ± 0.023) × 10−3

φ+− = 43.19◦ ± 0.53◦,

where the errors are purely statistical and χ2/d.o.f. = 1.2. Table 1 shows the correlation coefficients
between φ+−, |η+−| and α , given by the fit.

φ+− |η+−| α
φ+− 1 0.17 0.37

|η+−| - 1 0.65

α - 1

Table 1: Correlation coefficients for the fitted values in the case of fixed ∆m

An alternative way of presenting the data is given by the ‘reduced asymmetry’ Ared(τ) =
A+−(τ) × e−

1
2 (ΓS−ΓL)τ , as shown in Fig. 5. The physics content of this plot is identical to that of
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tion.

this asymmetry makes the measurement, to first or-

der, independent of absolute acceptances and there-

fore of Monte Carlo simulation, thus reducing sys-

tematic uncertainties.

3. The detector

The CPLEAR detector has been described else-
w xwhere 6 . It had a cylindrical geometry and was

mounted inside a solenoid of length 3.6 m and

internal radius 1 m, which produced a magnetic field

of 0.44 T parallel to the p beam. The beam, extracted
Ž .from the Low Energy Antiproton Ring LEAR at

CERN, had a momentum of 200 MeVrc and stopped
in the target at the centre of the detector. The target,

consisting of a 7 cm radius sphere filled with gaseous

hydrogen at 16 bar pressure, was replaced in mid

1994 by a 1.1 cm radius, 27 bar, cylindrical target

surrounded by a 1.5 cm radius, cylindrical propor-
Ž .tional chamber PC0 .

Tracking of the annihilation products was per-

formed by two layers of proportional chambers, six

layers of drift chambers and two layers of streamer

tubes. Kaon, pion and electron identification
Ž .Cherenkov light, time of flight and energy loss was

provided by a threshold Cherenkov counter sand-

wiched between two layers of plastic scintillator. An

18-layer, leadrgas-sampling electromagnetic calori-
meter completed the detector.

Because of the small branching ratio of the de-
Ž .sired annihilation channels, Eq. 1 , and the high

6Ž .beam-intensity f10 prs , a multi-level trigger
w xsystem 6 , based on custom-made hardwired proces-

sors, was used to provide fast and efficient back-

ground rejection. The PC0 information was incorpo-

rated into the trigger for all data taken during 1995

and 1996. Not more than two hits in this chamber

were required, thus ensuring that the neutral kaon

decayed outside PC0. This eliminated a large number

of unwanted, very short lifetime K decays as wellS

as background multikaon and multipion annihila-

tions, allowing the rate of useful recorded events to

be significantly increased.

4. Data analysis

Events corresponding to the desired annihilation

channels, followed by the decay of the neutral kaon

to pqpy, are selected by demanding four charged

tracks with zero total charge. In order to be well

above the pion threshold in the Cherenkov detector,

the charged kaon is required to have a momentum of

at least 350 MeVrc. Furthermore, to be consistent
with the trigger requirements, a momentum compo-

nent in the plane transverse to the beam axis of at

least 300 MeVrc is demanded. The events are then
passed through a geometrical and kinematical con-

strained fit, with a total of nine constraints. These

are:

Ø overall conservation of energy and momentum
Ž .4C ,

Ø missing mass at the annihilation vertex equal to
0 Ž .the K mass 1C ,

Ø at each vertex, corresponding to the intersection

in the transverse plane of two tracks, same coor-
Ž .dinate along the beam axis for both tracks 2C ,

Ø neutral-kaon momentum collinear with the line

joining the two vertices in both the transverse and
Ž .longitudinal planes 2C .

Events are required to have a probability from the

9C fit of at least 5%. At lifetimes beyond 11t S
tighter probability cuts are applied to reduce the

residual background, such that the signal-to-back-
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So far (so good?)
★ No primordial antimatter observed, universe matter dominated

★ Need breaking of CP symmetry to explain this

★ C and P are violated by weak interactions (CP looks still healthy…)

★ Matter-antimatter oscillations: K0 can turn into anti-K0;  
the physical states are not the flavour eigenstates. 

★ Using flavour-specific decays we can observe the flavour oscillations

★ A very rich phenomenology of mixing of K, D, and B mesons

★ CP is broken! 

★ Observed CP violation in K mixing; no evidence so far for B mesons (neither for D mesons).

★ We can measure CP violation in 3 ways: decays, mixing, interference

★ (time-dependent) CP in interference allows to measure phases (difference)
 


