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We report on the recent observation of 
certain ‘matter–antimatter’ oscillations in 
neutral meson systems, which have long 
been theoretically predicted, but whose 
experimental verification has remained a 
great challenge. These are the 0 0D D−  
oscillations discovered by the BABAR 
and BELLE Collaborations at the PEP-II 
and KEK-B facilities in the USA and Japan 
respectively, and the 0 0

s sB B−  oscilla-
tions discovered by the CDF Collabora-
tion at the Fermi National Accelerator 
Laboratory, USA a little earlier. 
 Strongly interacting particles come in 
two varieties, baryons and mesons. For 
instance, protons and neutrons are bary-
ons and are made up of three constituent 
quarks. Among mesons, a familiar exam-
ple is the pion which is the transmitter of 
the internucleon force. It is made up of a 
quark and anti-quark pair. These particles 
are the residue of the strong interactions 
that bind quarks through the exchange of 
gluons, and the microscopic theory that 
describes these interactions is known as 
quantum chromodynamics. 
 It has now been experimentally estab-
lished that quarks come in six flavours, 
of which all but the u-quark are unstable 
due to the presence of the weak inter-
actions. The latter is responsible for the 
decay of a free neutron, and is the only 
force that allows for the change in parti-
cle type. Table 1 presents quarks and 
their electric charges. 
 It may be seen that we can form only 
four kinds of neutral mesons and their 
respective anti-particles out of this set, 
namely the K-system (sd, sd),  the B-system 
(bd, bd),  the Bs-system (bs, bs),  and the 
D-system (cu, cu). The top-quark, on the 
other hand, is so massive and conse-
quently so unstable that it does not have  
 
 
Table 1. Quarks and their electric charges 

Quark Symbol Charge 
 

Up u +2/3 
Down d –1/3 
Charm  c +2/3 
Strange  s –1/3 
Top  t +2/3 
Bottom  b –1/3 

time to form mesons before its decay. 
There are specific phenomena associated 
with these systems, which provide a sen-
sitive test of the ‘standard model’, the 
theory of electroweak and strong inter-
actions and of quantum mechanical pheno-
mena in general. Among these phenomena, 
we concentrate on a specific one known 
as oscillation between a meson and the 
corresponding anti-meson. The reason 
for the oscillation is the fact that the 
weak interactions do not conserve parti-
cle type. Recalling that the weak  
interaction at leading order in the inter-
action strength violates ‘flavour’ conser-
vation, viz. we can have transitions of 
the kind d → u, s → u, c → s, c → d, 
b → c, b → u, which leads to the decay 
of these particles. It is important to note 
that not all allowed transitions are 
equally likely. For instance, the transition 
c → s (∝cos θc) is favoured over c → u 
(∝sin θc), since θc which is known as the 
Cabibbo angle, is rather small (≈13.1°). 
A transition that is proportional to cos θc 
is referred as ‘Cabibbo favoured’, while 
a transition that is proportional to sin θc 
is referred as ‘Cabibbo suppressed’. 
 The same interaction at higher order 
can lead to the formation of virtual in-
termediate states which can then trans-
form by violating flavour conservation 
by one more unit, thereby leading effec-
tively to ∆F = 2, F = S, C, B (here S, C, 
B are the corresponding quantum num-
bers) interactions. Such interactions, can 
turn, for example a K0 meson into a 0K  
before the particle decays. This is the 
phenomenon of oscillation also known as 
mixing. This was detected in the K-system 
about 50 years ago1,2, and in the B-
system about 20 years ago3,4. Here we 
review the new developments in this 
field with the reported observations of 
oscillation phenomena in the D-meson 
system earlier this year, and the prior 
discovery in the Bs-system in 2006. The 
reason for the long delay in the observa-
tion of the former is intimately related to 
the structure of the standard model; the 
small masses of the b- and s-quarks ren-
der mixing in this B-system to be small. 
The corresponding delay in the detection 
of oscillation phenomena in the Bs sys-

tem is linked to the high oscillation fre-
quency. 
 The discovery of oscillation phenom-
ena in the D-meson system commenced 
with the announcement by the BABAR 
Collaboration5 at the PEP-II storage ring 
at the Stanford Linear Accelerator Center 
(SLAC). This was followed by the an-
nouncement of the BELLE Collaboration 
at the KEK-B in Japan6. These discover-
ies have taken place in what is known as 
B-factories. These experiments have de-
tected specific final states of the decays 
of mesons which are sensitive to mixing; 
they have now ruled out the absence of 
mixing at ‘3.9σ’ (BABAR) and ‘3.2σ’ 
(BELLE) levels, respectively. The CDF 
Collaboration in April 2006, announced 
the discovery of oscillation phenomena 
in the Bs system7, which confirmed the 
prior observations of the D0 Collabara-
tion8, also at the Fermilab Tevatron, 
which for technical reasons could not be 
considered a ‘discovery’. 
 The results are summarized in terms of 
specific parameters characterizing the 
mixing phenomena. Consider starting out 
with the two states D0 and 0D  in the ab-
sence of mixing. In the presence of mix-
ing, they would propagate effectively as 
two states, which are linear combinations 
of D0 and 0,D  as dictated by the princi-
ples of quantum mechanics, with masses 
M1, M2 and inverse lifetimes or ‘widths’ 
denoted by Γ1, Γ2, keeping in mind that 
that the weak interaction is the force that 
leads to mixing and to decay. In the lit-
erature9,10, the mixing phenomena are pa-
rametrized in terms of two dimensionless 
parameters defined as: 
 

 1 2 1 2
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In the absence of mixing, x and y would 
vanish identically. It may be recalled that 
it is only in the neutral meson systems 
that thus far the phenomenon of CP vio-
lation has been observed, where C stands 
for charge conjugation or particle-anti-
particle symmetry, and P stands for parity 
or invariance under reflection, with CP 
denoting the operation C following the 
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Figure 1.  Right-sign and wrong-sign events without the oscillation D0 → D0.  
 
 
 

 
 

Figure 2. Cabibbo favoured decay of D0 meson, after oscillation, going to K+π–. 
 
 
operation P. It turns out that many of the 
CP violating observations are intimately 
linked to the phenomena of mixing 
which have been observed in the K- and 
B-systems. However, in the two most re-
cent discoveries, this phenomenon is es-
sentially absent, thereby simplifying the 
analysis of the oscillation phenomena. 
 The BABAR detector at PEP-II storage 
rings at SLAC announced the evidence 
for 0 0D D−  mixing in D0 → K+π–  
decays from 348 fb–1 of e–e+ colliding 
beam data recorded near s =  10.6 GeV 
( s  is the total energy in the centre of 
mass frame of e– and e+ and fb–1 stands 
for inverse femtobarn, a standard unit of 
luminosity). 
 The BABAR Collaboration based its 
report on the observation of ‘right-sign’ 
(RS) and ‘wrong-sign’ (WS) events in 
the final state Kπ. The corresponding de-
cays are shown in Figures 1 and 2. 
 The BABAR Collaboration focussed 
on the WS decay D0 → K+π–, which bears 
the imprint of mixing. The desired 
‘wrong state’ K+π– can be obtained in 
two ways: (a) through Doubly Cabbibo 
Suppressed (DCS) decay and (b) through 
Cabibbo Favoured (CF) decay after  
oscillating to 0.D  Each of these two con-

tributions to the WS decays provides a 
different time dependence to the decay 
rates which the experiment measures. D0 
and 0D  are distinguished by their pro-
duction in the decay 0* ,sD Dπ+ +→  
where sπ +  is referred to as ‘slow pion’. 
Here D* + is an excited state of D+. Thus, 
the RS and WS decays are: 
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s
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K

π π π

π π

+ + + − +

+ + −

→ →

→
 

 
In RS decay, sπ +  and kaon have opposite 
charges, while in the WS decay sπ +  and 
kaon have the same charge. Time de-
pendence of the WS decay rate is used to 
separate DCS decays from 0 0D D−  mix-
ing. The BABAR Collaboration analysed 
1,141,500 ± 1200 RS signal events and 
4030 ± 90 WS signal events. Data were 
analysed in terms of parameters x′ and y′, 
where they are related to x and y by a 
strong phase (δ ) associated with the 
rescattering of the πK pair in the final 
state, and the relations are, 
 
 x′ = x cos δ + y sin δ, 
 
 y′ = y cos δ – x sin δ. 

The measured values are, 
 
 y′ = [9.7 ± 4.4(stat) ± 3.1(syst)] × 10–3 
 
 x′2 = [–0.22 ± 0.30(stat)  
      ± 0.21(syst)] × 10–3. 
 
This result is inconsistent with the no-
mixing hypothesis with a significance of 
3.9σ. 
 The BELLE Collaboration based their 
results on 540 fb–1 of data recorded at 
KEK-B asymmetric-energy collider. Their 
idea was based on the fact that if there is 
oscillation then there will be a time dif-
ference between decays D0 → K–π+, 
D0 → K+K–, and D0 → π+π–. Using the 
fact that there was no evidence for CP 
violation, the BELLE Collaboration was 
able to measure the lifetime difference of 
D0 mesons between these decays to be, 
 
 yCP = (1.31 ± 0.32(stat)  

± 0.25(syst)) × 10–2, 

 CP
( )

1,
( )

K
y

K K

τ π
τ

− +

+ −≡ −  

where τ(K–π+) and τ(K+K–) are the life-
times D0 → K–π+ and D0 → K+K– respec-
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tively, and yCP equals y in the limit of CP 
conservation. Thus the BELLE Collabo-
ration result differs from zero by 3.2σ. 
Non-zero lifetime difference between 
different decay modes represents clear 
evidence for transformation of the D0 
particle into its anti-particle. 
 Therefore, both BABAR and BELLE 
Collaborations are able to show that 
there is oscillation in D-systems and they 
did not observe any CP violation. It is 
partly because of the limitation on the 
sensitivity of the experiments. The new 
experiments with higher accuracy could 
reveal the fate of CP violation in D-
systems.  
 Turning now to the oscillation pheno-
mena in the Bs-system, these have been 
observed by the CDF Collaboration by 
considering the Bs hadronic decays 

0
s sB D π+ −→  and ,sD π π π+ − + −  and the  

semileptonic decays ( )*0 ,s s lB D l ν+ −→   
l = e or µ. Using the probability density 
functions that describe the measured time 
development of Bs mesons that decay 
with the same or opposite flavour as their 

flavour at production, they have meas-
ured the value of ∆ms (oscillation fre-
quency). The measured ∆ms = 17.77 ± 
0.10(stat) ± 0.07(syst) ps–1 with more than 
5σ confidence level. 
 In summary, we have reviewed the re-
cent experimental discoveries of oscilla-
tion phenomena in the two neutral 
systems where the effects are hardest to 
observe. In the coming years the oscilla-
tion parameters are likely to be well-
measured and CP violation may be seen. 
A large signal for CP violation in these 
neutral meson systems would imply the 
presence of interactions beyond those de-
scribed by the standard model. 
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Orchids practice deception 
 
Pooja Muralidharan 
 
The plant–animal interaction is one of the 
most fascinating sub-disciplines of biology, 
which has drawn the attention of res-
earchers. The animals often act as disper-
sal agents of pollination1. The pollination 
system that exists in the insect (bee) pol-
linated orchid of the genus Ophrys is 
fascinating. The structural specialization 
seen in orchids belonging to the family 
Orchidaceae, instegates pollination by its 
specific pollinator species (bees)1. 
 According to Ledford2, the orchid dis-
charges a scent which mimics the female 
sex pheromones offering a fallacious pro-
mise of sex to male bees (Andrena). The 
promise of quick profits allure the unwary 
visitor bee2. The bee, responding to the 
inviting waves of overwhelming scent, 
approaches the flower with a desire of 
finding a mate. However, the bee is taken 
by surprise when it finds a flower instead. 
Hence, the bee in its attempt to copulate 
the flower, adheres large packs of sticky 
pollen to its head and abdomen. The bee 
then flies-off in an attempt to look for its 

real mates. The process is repeated in 
another patch of the same orchid species, 
that is eventually pollinated. Hence the bee 
is a pollinator. The evolution of this type 
of deception in some species of orchids 
is speculated to be due to the high cost of 
production of the energy-rich nectar re-
ward2. 
 The orchid flower is bilaterally sym-
metrical. The basic orchid flower is com-
posed of three sepals in the outer whorl 
and three petals in the inner whorl. The 
medial petal called labellum or lip is 
modified and enlarged. This serves to at-
tract insects that pollinate the flower and 
acts as a landing platform for them. 
 Deception techniques in orchids that 
belong to the genus Ophrys can vary2. As 
noted earlier, there are orchids that  
reward the pollinator with nectar. How-
ever, there are orchids that deceive polli-
nators (bees) with their appearance, smell 
and texture. The deception usually involves 
mimicking a female partner, for example, a 
female bee. Hence, by a combination of 

visual, olfactory and tactile cues, the 
bees are deceived to act as pollinating 
agents for orchids (Figure 1). 
 

 
 

Figure 1.  An orchid flower that mimics a 
female bee using visual or olfactory sig-
nals. (Reference: http://www.blackwater-
valley.org.uk/bee_orchid.htm; Source: 
Alan Eggleton for Blackwater Valley 
Countryside Partnership.) 


