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Outline of Lecture II 
!The puzzle of matter-antimatter asymmetry

!Discovery of CP violation in the Neutral Kaon 
system: A brief historical overview

! Preparing for CP Violation studies beyond kaons: 
Discovery of the other Meson ↔ Antimeson
oscillations: 𝐵!" ↔ #𝐵!" , 𝐵#" ↔ #𝐵#", (𝐷"↔ %𝐷")
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!CP Violation beyond kaons:
– Verification of the CPV mechanism in the Standard Model 

!Search for CPV beyond SM

!Outlook for Flavor and CPV Experiments in the 
next two decades

!Summary
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Outline of Lecture IV 
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Some suggested readings as well as sources of experimental plots 

• J. Cronin and V. Fitch Nobel lectures 
(https://www.nobelprize.org/prizes/physics/1980/cronin/lecture/)
(https://www.nobelprize.org/prizes/physics/1980/fitch/lecture/)

• Discreet Symmetries and CP Violation (M.S. Sozzi)

• Physics of the B factories (BaBar & Belle) (1406.6311)
• Physics case for LHCb upgrade-II (CERN-LHCC-2018-027)

• Heavy Flavor Averaging group (HFLAV) (https://hflav.web.cern.ch)
• CKMfitter (http://ckmfitter.in2p3.fr)
• Utfit (http://www.utfit.org/UTfit/)
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The realization of relativistic quantum mechanics 
-The Dirac Equation- revealed the existence of 

antiparticles in nature

For every known elementary particle, there is an 
antiparticle counterpart of the same mass and lifetime 
(CPT Theorem) but with the additive quantum numbers 

reversed. Some are their own antiparticle.

5#

Antimatter vs Matter



For every particle there exits an antiparticle counterpart 
of the same mass & lifetime   

but opposite quantum numbers (charge, flavor,..) 
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e
− ⇔ e

+

p⇔ p

n⇔ n

γ ⇔ γ

ν ⇔ ν (?)

π + ⇔π−

π 0 ⇔π 0

..

(P : x→ −x)(T : t→ −t)

€ 

m(a) = m(a )

τ(a) = τ (a )

Discreet symmetries of nature:  

Today: The View from Particle Physics 

(C :a→ a )

CPT invariance  

equal and opposite EM properties; 
identical energy levels in atoms and their 

antimatter counterparts,… 

Has passed all CPT test- so far

Antimatter vs Matter: CPT tests

From M.S. Sozzi (Discreet Symmetries) 
[Compiled from Particle data group (PDG)]
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From CERN Antimatter 
Decelerator (AD)
! Antihydrogen spectrum
Laser driven 1s-2s transition

!𝐻: 𝑓d−d =
2,466,061,103,079.4(5.4)kHz

𝐻:  𝑓d−d =
2,466,061,103,080.3(0.6)kHz

∆"
"
= 2×10#$%
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Antimatter vs Matter
Is the universe matter-antimatter symmetric?
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" Measured energy spectrum of cosmic ray g’s shows no evidence 
for the expected features from matter-antimatter annihilations

" No evidence for primary antiprotons in cosmic rays

Excellent reviews: P. Coppi (SSI 2004), G. Steigman (1976)M. Aguilar, L.A. Cavasonza, G. Ambrosi et al. Physics Reports 894 (2021) 1–116

Fig. 61. (a) The antiproton-to-proton ratio. Recent results from BESS [105] and PAMELA [109] are also shown. (b) Behavior of the measured
antiproton-to-proton ratio in the low rigidity range (< 10GV).

in the behavior of the positron-to-proton flux ratio at

E0 = 256+67
�73 GeV.

The value of this transition energy is compatible with the transition energy of 284+91
�64 GeV from the fit of the power law

approximation, Eq. (4), to the positron flux (see Section 2).
It is important to note that positron and antiproton spectra have strikingly similar behavior at high energies, as seen

in Fig. 68. This suggests a possible common source of high energy positrons and antiprotons.
To further study the origin of positrons, Fig. 69 shows the positron-to-antiproton flux ratio above 60GeV. In our first

antiproton publication [44], this ratio was found to be consistent with a constant. This is also the case with the latest data
for positrons and antiprotons.

Fitting a constant to the flux ratio in the range [60 � 525]GeV, yields

�e+/�p̄ = 2.00 ± 0.035(stat.) ± 0.06(syst.)
with �2/d.o.f. = 7.2/12,

consistent with a constant. Thus, the antiproton data show nearly identical energy dependence as positrons at high
energies.

Antiprotons are not produced by pulsars. The existence of the cutoff in the antiproton energy spectrum is to be expected
if high energy antiprotons originate from dark matter annihilation. The continuation of data taking through the lifetime
of the ISS will provide an important confirmation of the origin of high energy positrons and antiprotons.

7. Nuclear cross section measurements

To accurately measure the fluxes of cosmic-ray nuclei, we need to know the interaction cross sections of these nuclei
with the thin material within AMS. Averaged over path lengths within the AMS acceptance, the material traversed by
particles is composed, by mass, of 73% carbon, 17% aluminum, and small amounts of silicon, oxygen, hydrogen, sodium,
gold, and other elements. The corresponding inelastic cross sections have only been measured below 10GV for He and C
projectiles [118].

To measure the cosmic nuclear interaction cross sections, we follow the procedure described in detail in Ref. [119].
In particular, the survival probabilities of light nuclei are measured using the data acquired when the ISS attitude was
such that AMS is pointing horizontally as shown in Fig. 70a. In these conditions, cosmic nuclei can pass in either direction

47

consistent with secondary production from 
interactions of (matter) cosmic rays: 
Observation of heavier anti-nuclei (e.g. antihelium) 
would constitute a very strong, low background 
signature of primary antimatter: extremely low rate 
expected in cosmic rate interactions. AMS has 
reported a few antihelium candidates (CERN 
Colloquium)- vs 3.7 billion helium candidates- still 
unpublished- Wait for their final word.

! Measurements of antiproton component 
of cosmic rays 

�̅�/𝑝 ≈ 10!"

Anti-Matter puzzle: 
No trace of primary antimatter in the cosmos 



In the Standard Model of Cosmology, the universe starts with: 
N(Baryons)=N(anti-Baryons)

Today: matter dominated universe with   #(%&'()#*)
#!

~ 6×10#$&

What happened to the antimatter? (Why is there any matter left? )
In 1967, Sakharov proposed the conditions under which a Matter-Antimatter 
symmetric early universe could evolve into a matter dominated universe:

1. Baryon non-conservation 
2. C and CP violation  (properties of matter and antimatter are different)
3. Non thermal equilibrium condition

The proposal came after the 1964 discovery of CP violation in kaons. 
But the observed CPV, consistent with SM, is considered insufficient 

to account for the observed baryon imbalance in the  universe.  

(Jure Zupan may comment further on baryogenesis in his 2nd lecture)
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Anti-Matter puzzle:  (2)
Matter dominated universe 
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The only evidence, thus far, for differences in the 
interaction properties of matter vs antimatter is 
the observation of CP violation in Weak 
Interactions (in the quark sector):

!First observed in neutral kaons (1964) 
! In the B (bottom) system (2001)
! In the Charm system (2019)

Enormous effort underway to measure CPV in the 
lepton sector (covered elsewhere).

Anti-Matter puzzle: (3)
Antimatter vs Matter in interactions



The first assault on the sacred discreet symmetries: P, C, T
! 𝜏−𝜃 puzzle (1950’s):  two long-lived particles, with similar masses, lifetimes, 

abundance &  interactions properties, but different apparent parity:
𝐾, 𝜗, → 𝜋,𝜋-,𝑃 = +1 , 𝐾, 𝜏 → 𝜋,𝜋,𝜋!,𝑃 = −1
inspired Lee and Yang (1956) to examine evidence for conservation of 

parity in weak interactions and propose experimental tests. 
=# P & C shown to be maximally broken in Weak Interactions (Wu 1957) 
(covered in other lectures)

The Kaon system: (a brief history)_ 
One of the most  powerful instruments of discovery in particle physics



The Kaon system: (a brief history)_ 
One of the most  powerful instruments of discovery in particle physics

For a while CP  symmetry seemed to be intact; Landau proposed CP as the appropriate 
“mirror” symmetry in nature

The first first assault on the sacred discreet symmetries: P, C, T
! 𝜏−𝜃 puzzle(1950’s):  two long-lived particles, with similar masses, lifetimes, 

abundance &  interactions properties, but different apparent parity:
𝐾, 𝜗, → 𝜋,𝜋-,𝑃 = +1 , 𝐾, 𝜏 → 𝜋,𝜋,𝜋!,𝑃 = −1
inspired Lee and Yang (1956) to examine evidence for conservation of 

parity in weak interactions and propose experimental tests. 
=# P & C shown to be maximally broken in Weak Interactions (Wu 1957) 
(covered in other lectures)



► 𝜏−𝜃 puzzle(1950’s):  two long-lived particles, with similar masses, lifetimes, 
abundance &  interactions properties, but different apparent parity:
𝐾, 𝜗, → 𝜋,𝜋-,𝑃 = +1 , 𝐾, 𝜏 → 𝜋,𝜋,𝜋!,𝑃 = −1
inspired Lee and Yang (1956) to examine evidence for conservation of parity 

in weak interactions and propose experimental tests. 
=# P & C shown to be maximally broken in Weak Interactions (1957)

► The other shoe dropped in 1964: Christenson, Cronin, Fitch and Turlay
showed that CP is Broken in Neutral Kaon Decays 
#Led to the CKM mechanism to accommodated CPV in the SM, requiring 
the 3rd fermion generation (Kobayashi, Maskawa 1973)

13 /
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The Kaon system: (a brief history)_ 
One of the most  powerful instruments of discovery in particle physics
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► 𝜏−𝜃 puzzle(1950’s):  two long-lived particles, with similar masses, lifetimes, 
abundance &  interactions properties, but different apparent parity:
𝐾, 𝜗, → 𝜋,𝜋-,𝑃 = +1 , 𝐾, 𝜏 → 𝜋,𝜋,𝜋!,𝑃 = −1
inspired Lee and Yang (1956) to examine evidence for conservation of parity 

in weak interactions and propose experimental tests. 
=# P & C shown to be maximally broken in Weak Interactions (1957)

► The other shoe dropped in 1964: Christenson, Cronin, Fitch and Turlay
showed that CP is Broken in Neutral Kaon Decays 
#Led to the CKM mechanism to accommodated CPV in the SM, requiring 
the 3rd fermion generation (Kobayashi, Maskawa 1973)

► Suppressed 𝐾. → 𝜇,𝜇!:Glashow-Illiopoulos-Mianni (GIM) Mechanism (1970)
#Predicted the fourth quark (charm),  
► 𝐾& ↔ .𝐾&mixing: (Gaillard, Lee 1974) approximate range of charm mass

14 /
23

The Kaon system: (a brief history)_ 
One of the most  powerful instruments of discovery in particle physics

14#
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The Neutral Kaon System 
𝐾/ ↔ #𝐾/ Oscillation
Gell-Mann – Pais Theory

M.S. Sozzi Flavour Physics: The Kaon sector 

ͻ Physical laws symmetric under C  [later CP] 
ͻ Two kinds of neutral particles; behaviour under C: 

1. ɽ0 o ɽ0 (self C-coniugate, e.g. ɶ,ʋ0) 
2. ɽ 0 o ɽ0 (distinguished by conserved q. numbers; e.g. n) 

ͻ K0 mesons belong to (2) with strong interactions only 
(strangeness conservation) but weak interactions do not 
conserve strangeness: 
K0 o K0 transitions are possible, with common decay modes 

M. Gell-Mann, A. Pais,  
Phys. Rev. 97 (1955) 1387 tĞŝƌĚŶĞƐƐ͙ 

M. Gell-Mann 
(1929-) 

A. Pais 
(1918-2000) 



Flavor (Strong)  (S=+1)

eigenstates (S=-1))d(sK0

d)s(K0

Neutral Kaon Oscillations
Gell-Mann – Pais Theory
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𝐾" ↔ %𝐾" Possible in Weak interactions
[Strangeness is not conserved in WI)

Predicts two different neutral kaons (eigenstates) -assuming CP symmetry

|𝐾/ >= /
0
(|𝐾- > −|9𝐾- >) |𝐾0 >= /

0
(|𝐾- > +|9𝐾- >)

CP |𝐾/ >= +|𝐾/ > CP |𝐾0 >= - |𝐾0 >

CP |𝐾& >= -|𝐾& >
CP |.𝐾& >= -|K& >

16#

16 Chapter 2: CP Violation in the Kaon System

The strange particles can decay only via weak interactions as strong and electromag-
netic interactions preserve the strangeness quantum numbers. If we assume that weak
interactions are symmetric under CP violation as strong and electromagnetic interactions
are, then the K1(2) states must decay into an state with even(odd) CP parity. Taking into
account that the main decay mode of K0-like states is !! and the fact that a two pion
state with charge zero in spin zero is always CP even, the decay K1 ! !! is possible (as
well as K2 ! !!!) but K2 ! !! is impossible. However, in 1969 it was observed the
decay of KL mesons, that were identified with K2, in states of two pions [1]. This meant
that or the physical KL were not purely CP eigenstates but the result of a mixing between
both CP odd K2 and CP even K1, or that these transitions directly violated CP since an
odd state decayed into an even state.

Assuming CPT symmetry to hold, the K0K̄0 system, seen as a two state system, can
be described by the Hamiltonian

i
d

dt

!
K0

K̄0

"
=

!
M11 " i

2!11 M12 " i
2!12

M21 " i
2!21 M22 " i

2!22

"!
K0

K̄0

"
(2.4)

where M = Mij and ! = !ij are hermitian matrices. However, the Hamiltonian itself
is allowed to have a non-hermitian part since the probability is not conserved. The kaons
can decay and the anti-hermitian part ! describes the decays of the kaons into states out
of this system.

If one impose CPT, not all the components in the mixing matrix are free (see Ref. [53]
for a derivation)

M11 = M22 , !11 = !22 ,

M12 = M!
21 , !12 = !!

21 . (2.5)

The physical propagating eigenstates of the Hamiltonian, obtained by diagonalizing the
mixing matrix, are

|KS(L)# =
1#

1 + |"̄K|2
$
|K1(2)# + "̄K |K2(1)#

%
(2.6)

with the parameter "̄K defined by

1 " "̄K

1 + "̄K
=

!
M!

12 " i
2!!

12

M12 " i
2!12

"
. (2.7)

If M12 and !12 were real, "̄K would vanish and the states |KS(L)# would correspond to
the CP-even(odd) |K1(2)# states. If this is not true and CP is violated, both states are no
longer orthogonal

$KL|KS# % 2Re("̄K) . (2.8)

The parameter "̄K depends on the phase convention chosen for K0 and K̄0. Therefore it
may not be taken as a physical measure of CP violation. On the other hand, Re ("̄K) is

Time evolution of the coupled 2-state quantum system  3!
.3! governed by:   
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|𝐾/ >= /
0
(|𝐾- > −|9𝐾- >) |𝐾0 >= /

0
(|𝐾- > +|9𝐾- >)

CP |𝐾/ >= +|𝐾/ > CP |𝐾0 >= - |𝐾0 >

K1$ pp (short lived) (Ks)

τS = 0.9·10− 10s

K2$ ppp (Long lived) (KL)  

(phase space suppressed)
τL = 0.5·10− 7s

Neutral Kaon Oscillations
Gell-Mann – Pais Theory

Some of the key consequences of 𝐾- ↔ 9𝐾- oscillation:
" Non- exponential time evolution of a state starting as 𝐾& (or .𝐾&) 

(mix of Ks & KL )

" Kaon Regeneration 

A small mass difference: ∆𝑚 ∝ < 𝐾- 𝐻1 9𝐾- >
= 3.842 ± .011 ×10!2 eV/𝑐0
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The probability to be in states 𝐾- or 9𝐾- after time t

9 / 23

A consequence of 𝐾/ ↔ #𝐾/ Oscillation
Non-exponential time evolution of the K0 system

Time evolution of a 𝐾- meson produced in strong interactions:

|𝐾/ >= 5
6 (|𝐾5 > +|𝐾6 >)

|𝐾/(𝑡) >= 5
6
(𝑒
7 "
#$%

789&:|𝐾5 > +𝑒7
"

#$'
789#:|𝐾6 >)

𝑃[𝐾&(𝑡 = 0) → 𝐾&(t) (.𝐾&(𝑡)) ]=$
'
[ 𝑒

# !
"#+𝑒#

!
"$ #

( 2 cos Δ𝑚𝑡 𝑒
# !
%("#'"$) ]

At t=0

|𝐾" >= #
" (|𝐾

$ > +| *𝐾$ >)
A pure KL beam
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K0(S = +1) and 9𝐾-(S = −1) interact differently with matter:
9𝐾-(𝑠 I𝑑) are more likely to be absorbed.

Thus, starting with a 𝐾. beam into a slab of material, the mix of K0

and 9𝐾- changes when the beam emerges from the slab 
# Both 𝐾* and 𝐾. beams will appear behind the plate (regeneration)

a Regenerated Ks beam develops a forward going coherent component, 
with nearly same phase and momentum as initial KL beam

𝜓~ |𝐾I > + |𝐴J|𝑒8K( |𝐾L >

Stefan Paul
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Another consequence of 𝐾/ ↔ #𝐾/ Oscillation
Kaon Regeneration

|𝐾) >= $
%
(|𝐾& > +|.𝐾& >)

19#

Fig. from Stefan Paul



K0(S = +1) and 9𝐾-(S = −1) interact differently with matter:
9𝐾-(𝑠 I𝑑) are more likely to be absorbed.

Thus, starting with a 𝐾. beam into a slab of material, the mix of K0

and 9𝐾- changes when the beam emerges from the slab 
# Both 𝐾* and 𝐾. beams will appear behind the plate (regeneration)

a Regenerated Ks beam develops a forward going coherent component, 
with nearly same phase and momentum as initial KL beam

𝜓~ |𝐾I > + |𝐴J|𝑒8K( |𝐾L >
Ar ∝ 𝑓 0 − ̅𝑓 0 -forward scattering amplitudes for 𝐾$ & *𝐾$- estimated with 

the aid of optical theorem and cross-sections for K-p and K+p

Stefan Paul
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Another consequence of 𝐾/ ↔ #𝐾/ Oscillation
Kaon Regeneration

|𝐾) >= $
%
(|𝐾& > +|.𝐾& >)

20#



A puzzling result

They found excess of regenerated 𝐾#$$p+p-

Attribute it to possible “new weak long-range 
interaction between proton and kaon”

But also “Can not exclude the possibility that the 
striking character of the data results from a 
combination of real effects underestimated by us 
together  with strong statistical fluctuations.”

21#



The CP Violation  
experiment

(Christenson, Cronin, Fitch, Turlay) 

► The experiment was aimed at 
studying regeneration effects 
and exploring the anomalous 
result of Leipuner et al

► Performed at the AGS 
synchrotron (Brookhaven 
National Lab)

► Spark chambers played a 
decisive role in the success of 
the experiment

22#



Stefan Paul
23 / 23

The CP Violation experiment 
A pure KL beam is obtained from an initial K0 beam travelling 57 feet from 
the production point. 
[ Initial K0 beam produced in proton beam (30 GeV) on a Beryllium Target ]

• The spectrometer calibrated for KS(L) → ππ
decays by inserting slabs of material before the KL 
beam in different locations.  

• The number of regenerated KS → ππ events  in He 
gas estimated to be negligible

He bag

23#



Stefan Paul
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The CP Violation experiment 
A pure KL beam is obtained from an initial K0 beam travelling 57 feet from 
the production point. 
[ Initial K0 beam produced in proton beam (30 GeV) on a Beryllium Target ]

• The spectrometer calibrated for KS(L) → ππ
decays by inserting slabs of material before the KL 
beam in different locations.  

• The number of regenerated KS → ππ events  in He 
gas estimated to be negligible

He bag

24#m(pp)



► 45±9  events in the kaon mass region 
and forward peak (cosθ > 0.9999)-after 
background subtraction

► With negligible  contribution expected 
from coherent regeneration of KS in 
He, all 45 events attributed to the CP 
Violating KL → π+ π− decay

BR = Γ(KL → π+ π−)
Γ(KL → all charged modes)

= (2.0 ± 0.4) ·10−3

! The momentum of true two-body 
KL$pp decays must lineup with 
the direction of KL beam

! Flat distribution for backgrounds 
from 3-body decays – below and 
above the Kaon mass region

25#

Distribution of cosθ- the angle between 
the pp system and the KL beam direction

The Kaon mass region



Not easily accepted, initially. But subsequent experiments showing 
interference of regenerated Ks $p+p- beam and KL$p+p- decays, 

provided conclusive proof that the observed events were indeed from the 
CP violating KL$p+p-

ruled out the presence of an accompanying very low energy light particle 
and other interpretations of the results 26#



Regeneration amplitude

CPV amplitude

VQLUME 15, NUMBER 2 PHYSICAL REVIEW LETTERS 12 Jvr.v 1965

Gi

DIFFUSE Be
REGENERATOR

I
I

725 MeV

TUNGSTEN PLUG C5

K

I380 MeV

36
Cg

FIG. 1. Plan view of detection equipment with a sample event superimposed.

cross over at a point which is, to a good ap-
proximation, on the extrapolated line of flight
of the decaying particle. The beam was moni-
tored by two separate neutron counters placed
17 ft upstream from the Kl'-decay region.
From the vector momenta of the two charged

particles the invariant mass of each event is
calculated assuming the two secondaries are
7t mesons. In addition, the angle 8 between
the vector sum of the two momenta and the
beam direction is computed. We obtain the
number of 2v events in a sample of data by
plotting a cos6I distribution of those events in
a mass range encompassing the K' mass and
determine the number that lie in the forward
peak above the background.
Beryllium was selected as the regeneration

material to minimize the multiple coulomb
scattering of the charged decay products. To
attain low density, 4&7 x 0.022-in. Be plates
were arranged at intervals of 0.400-in. Granu-
larity effects in such an array are negligible
if the element spacing is small compared with
the Ks' decay length (-3 in. in this experiment)
and small compared with the wavelength of the
oscillation associated with the Ks'-KZ ' mass
difference (-36 in. for 5 =0.5). The whole as-
sembly was 39.6 in. long. Equation (2) applies
to the equilibrium case, and we retain its ap-
plicability by using in the final sample only
those events which originated in the last 18 in.
of the assembly. Solid Be 3.125 in. thick was
used to obtain Iq. Spatial effects were averaged
out by moving the solid Be in 3-in. steps along
the beam and summing those data originating
in the pertinent 18 inches.
The angular distributions for those events

which have been obtained in the three experi-
mental configurations with the corresponding
monitor readings are shown in Fig. 2. The
mass has been restricted to 485&m*& 505 MeV.

400
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198 x 10 RELATIVE
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X
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287 x IO R EL AT I V E
MO Nl TOR COUN T S
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LLI
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SOLID Be REGENE R A TOR

53 x IO RELATIVE
MO Nt TOR COUN TS

200-

IOO-

0

COS OH

Flo. 2. Data obtained in the three experimental con-
figurations. The solid lines represent best fits to the
background.

74

𝜂,!=3(4%→6
&6')

3(4%→6&6')

𝐴' = 𝑖𝜋𝑁'Λ(
𝑓 − ̅𝑓)
𝑘

)/(𝑖Δ𝑚 +
1
2
)

Diffuse beryllium 
regenerator

& Phys. Review 
164, 5(1967)

𝜓(𝜋M𝜋7) ~ 𝜂M7|𝐾I > + |𝐴J|𝑒8K( |𝐾L >

For |𝐴*|~| 𝜂(#|,  𝜋(𝜋# rate was found to be ~ 4× (the rate for | 𝐴*|~0)
vs a factor of two, for incoherent sum- Evidence for constructive interference



Observation of interference 
conclusively demonstrated that the 

observed the KL decay candidates are 
the CP violating KL$p+p- decays

28#

𝛼 = 𝜙++ − 𝜙,)
VOLUME $4, NUMBER 19 PHYSICAL REVIEW LETTERS 12 MAY 1975
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FIG. 2. Invariant-mass distribution for the Euro—7I+& mode.

O

CD

CD

O

lO'

l02

at all momenta. The efficiency-corrected data
summed over all momenta are shown in Fig. I,
curve b, along with the intensity which would be
expected in the absence of K~-EJ. interference.
By use of the optimization program MINUIT, the

data for each momentum interval have been fitted
simultaneously by Eq. (2) for S(P~), I p/q+ I, p+
—y&, and an overall, momentum-independent F~,
with hm/h and I'~ fixed at values of 0.54 x10"/

lO I
I I I I I I I I I I I I I

0 2 4 6 8 l 0 l 2 l 4
IO

Proper time x t 0 seconds

FIG. 1. Curve a: The Monte Carlo-derived effi-
ciency for the momentum interval 5 &Pr & 6 GeV/c.
The absolute value is given by the right-hand ordinate.
Curve b: Efficiency-corrected data summed over PE.
The smooth curve is the intensity if Kz -Kz interfer-
ence is neglected. Curve c: Data for the interval 5
&Pz& 6 GeV/c, uncorrected for the detection efficiency.
The smooth curve is the fit of Eq. (5} to the data.
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Key DATA

The separation of the coherent and incoherent
events was accomplished by a subtraction in P j'
for each proper time and momentum bin. In ad-
dition to the removal of the diffractively and/or
inelastically scattered contribution, a very small
residual background of K» decays was also elim-
inated by a subtraction in the invariant-mass dis-
tribution.
Data for a representative momentum interval,

5&Pa&6 GeV/c, are shown in Fig. 1, curve c.
The existence of destructive interference around
v = 7.x10 ' sec is a prominent feature of the data
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FIG. 3. Results of the combined fit for op+ . The
data points for cd are from Table I of the preceding
Letter; the y+ -cp& data are from Table I. The fitting
procedure yields bvo parallel straight lines describing
the 2& and K~3 data, and whose difference at any mo-
mentum is y+ . The momentum dependence of q~ is
determined almost entirely by the 27I data.
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Fitch,etal
Several classic interference experiments: 
Interference of (𝜋(𝜋#) from regenerated 
𝐾- → 𝜋(𝜋# with (𝜋(𝜋#) from 𝐾) → 𝜋(𝜋#
led to measurements of (𝜙++ − 𝜙,)) & Δ𝑚

Carithers, et al
PRL 19(1975)



(1) The physical states KL and Ks are not pure CP 
eigenstates:  They contains a small amount of the opposite 
CP state (e)

Possible origin of the observed CP violation (1)  

Lincoln Wolfenstein (1964) proposed: 
A CP violating superweak (ΔS=2) interaction (with coupling ~10!7𝐺8) 
responsible for  𝐾- ↔ 9𝐾- oscillations & the observed CPV

#CPV in all modes is essentially governed by 𝜖
29#

|𝐾L >= 5
√6(5MT#) [(1 + 𝜖)|𝐾

/ > −(1 − 𝜖)|#𝐾/ >)

|𝐾I >
5

√6(5MT#) [(1 + 𝜖)|𝐾
/ > + (1 − 𝜖)|#𝐾/ >)

|𝐾I >= 5
√5MT# [|𝐾6 > + 𝜖|𝐾5 >]
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|𝐾I >= 5
√5MT#

[|𝐾6 > + 𝜖|𝐾5 >]

𝜋𝜋

𝜖.
𝜖

direct CPV
Quantified by

(2) CP violation in weak interactions-Within SM via the 
CKM mechanism. Thus, CPV in decay (direct CP violation); 
Consequence of |𝐴 𝐾& → 𝜋𝜋 | ≠ 𝐴 .𝐾& → 𝜋𝜋 (due to the presence of two

contributing amplitudes)

CPV via 
mixing

Possible origin of the observed CP violation (1)  

Must look for CPV 
in other modes
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|𝐾I >= 5
√5MT# [|𝐾6 > + 𝜖|𝐾5 >]

𝜋𝜋

𝜖.
𝜖

direct CPV
Quantified by

(2) CP violation in weak interactions-Within SM via the 
CKM mechanism. This CPV in decay (direct CP violation); 
Consequence of |𝐴 𝐾& → 𝜋𝜋 | ≠ 𝐴 .𝐾& → 𝜋𝜋 (due to the presence of two

contributing amplitudes)

The 𝜋𝜋 system can be in 
I=0 

𝐴& = < 𝜋𝜋(𝐼 = 0)|𝐻/|𝐾) >
I=2 

𝐴%= < 𝜋𝜋(𝐼 = 2)|𝐻/|𝐾) >

different Clebsh-Gordon Coeffs for  
projecting (pp)$p+p- & (pp)$p0p0

=#different CPV asymmetries
for KL$p+p- & KL$p0p0

CPV via 
mixing

Possible origin of the observed CP violation (1)  

Must look for CPV 
in other modes
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|𝐾I >= 5
√5MT#

[|𝐾6 > + 𝜖|𝐾5 >]

𝜋𝜋

𝜖.
𝜖

direct CPV
Quantified by

𝜂,! =
96&6'|;(|4)<
96&6'|;(|4%<

=| 𝜂,!|𝑒=>&'=𝜀 + 𝜖?
𝜂-- =

96*6*|;(|4)<
96*6*|;(|4%<

=| 𝜂--|𝑒=>**=𝜀 − 2𝜖?

The 𝜋𝜋 system can be in 
I=0 

𝐴& = < 𝜋𝜋(𝐼 = 0)|𝐻/|𝐾) >
I=2 

𝐴%= < 𝜋𝜋(𝐼 = 2)|𝐻/|𝐾) >

(2) CP violation in weak interactions-Within SM via the 
CKM mechanism. This CPV in decay (direct CP violation); 
Consequence of |𝐴 𝐾& → 𝜋𝜋 | ≠ 𝐴 .𝐾& → 𝜋𝜋 (due to the presence of two

contributing amplitudes)

different Clebsh-Gordon Coeffs for  
projecting (pp)$p+p- & (pp)$p0p0

=#different CPV asymmetries
for KL$p+p- & KL$p0p0

CPV via 
mixing

Possible origin of the observed CP violation (1)  

Must look for CPV 
in other modes
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|𝐾I >= 5
√5MT# [|𝐾6 > + 𝜖|𝐾5 >]

𝜋𝜋

𝜖.
𝜖

direct CPV
Quantified by

(2) CP violation in weak interactions-Within SM via the 
CKM mechanism. This CPV in decay (direct CP violation); 
Consequence of |𝐴 𝐾& → 𝜋𝜋 | ≠ 𝐴 .𝐾& → 𝜋𝜋 (due to the presence of two

contributing amplitudes)

For Superweak:
No direct CPV (𝜖+=0)

𝜂,!= 𝜂--
𝜋𝜋

𝜂,! =
96&6'|;(|4)<
96&6'|;(|4%<

=| 𝜂,!|𝑒=>&'=𝜀 + 𝜖?
𝜂-- =

96*6*|;(|4)<
96*6*|;(|4%<

=| 𝜂--|𝑒=>**=𝜀 − 2𝜖?

The 𝜋𝜋 system can be in 
I=0 

𝐴& = < 𝜋𝜋(𝐼 = 0)|𝐻/|𝐾) >
I=2 

𝐴%= < 𝜋𝜋(𝐼 = 2)|𝐻/|𝐾) >

different Clebsh-Gordon Coeffs for  
projecting (pp)$p+p- &  (pp)$p0p0

=#different CPV asymmetries
for KL$p+p- & KL$p0p0

CPV via 
mixing

Possible origin of the observed CP violation (1)  
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Major Experimental programs carried out over three decades to 
measure direct CPV  ( 𝜖? ) in kaon decays

Calculation of 𝜖? is extremely difficult- still on-going 

Experimental measurement also very difficult- took a long to show 𝜖?
is non-zero
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Major Experimental programs carried out over three decades to 
measure direct CPV  ( 𝜖? ) in kaon decays

Calculation of 𝜖? is extremely difficult- still on-going 

Experimental measurement also very difficult- took a long to show 𝜖?
is non-zero
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Fig. 11. Final measurements of !!/! made by the most precise experiments, E731, NA31, KTeV
and NA48 together with the average value. The figure is from the 2014 Particle Data Group.40

Using formulas (3)–(8), this fundamental result can be expressed as:

!(K0 ! !+!!) " !(K̄0 ! !+!!)
!(K0 ! !+!!) + !(K̄0 ! !+!!)

= 2Re "" = (5.3 ± 0.6) # 10!6,

!(K0 ! !0!0) " !(K̄0 ! !0!0)
!(K0 ! !0!0) + !(K̄0 ! !0!0)

= "4Re "" = ("10.6 ± 1.2)# 10!6

illustrating the occurence of direct CP violation.

5.2. CP violation in kaons: A portal to heavy meson systems

Since its unexpected discovery in 1964, CP violation opened new horizons in
experiments and it has been searched for in heavier meson systems. D0D̄0 and
B0B̄0 o"er a rich phenomenology, which has been exploited in the last 20 years by
dedicated experiments at e+e! colliders (CESR, LEP, PEP-2, KEK-B) and at pp̄
colliders (Tevatron, LHC). Given the high mass of these mesons, many final states
are allowed so that the decay widths of the “heavy” and “light” mass eigenstates
are much closer than in the kaon system.

In the D system, oscillations due to mixing have been observed and measured
recently,41 with x = (0.41 ± 0.14)% and y = (0.63 ± 0.07)%, where x = !M

"̄
and
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By 2002: 𝜀? is non-zero

Figure 10: Time evolution of Re(!!/!) measurements. The horizontal band
represents the current world average.

the empirical value of such parameter is used both in the computation and in
extracting the value of Re(!!/!) from the experiments.

With no constraint on the relative phase of !! and ! is imposed, the relation
at the same level of approximation is
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= 6Re(!!/!)
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2
cos("2 ! "0)
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3
"
2|#| sin("2 ! "0)

%

(102)

but the above phase di!erence is # "2 ! "0 + $/2 ! %SW = (!1.2 ± 1.5)# and
therefore the last term can be safely neglected.

While the order of magnitude of the measured value of Re(!!/!) is not at
odds with what can be expected in the Standard Model, it does not pose any
strong constraint on its underlying picture of CP violation, since the compu-
tation of the hadronic part of the decay process is not yet completely under
theoretical control. The common expectation is that improvements in the ac-
curacy of lattice QCD computations will ultimately allow precise quantitative
comparisons to be performed15.

Being evidence of direct CP violation, the measured non-zero value of Re(!!/!)

15It is interesting to note, however, that the two most recent lattice QCD computations of
!!/! in the SM are in gross disagreement with the experimental measurement [80].
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Time evolution
From/Sozzi-Mannelli

Superweak is ruled out as the sole source 
of CPV in kaons
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Major Experimental efforts  carried out over three decades to 
measure direct CPV  ( 𝜖? ) in kaon decays

Calculation of 𝜖? is extremely difficult- still on-going 

Experimental measurement also very difficult- took a long to show 𝜖?
is non-zero
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Fig. 11. Final measurements of !!/! made by the most precise experiments, E731, NA31, KTeV
and NA48 together with the average value. The figure is from the 2014 Particle Data Group.40

Using formulas (3)–(8), this fundamental result can be expressed as:

!(K0 ! !+!!) " !(K̄0 ! !+!!)
!(K0 ! !+!!) + !(K̄0 ! !+!!)

= 2Re "" = (5.3 ± 0.6) # 10!6,

!(K0 ! !0!0) " !(K̄0 ! !0!0)
!(K0 ! !0!0) + !(K̄0 ! !0!0)

= "4Re "" = ("10.6 ± 1.2)# 10!6

illustrating the occurence of direct CP violation.

5.2. CP violation in kaons: A portal to heavy meson systems

Since its unexpected discovery in 1964, CP violation opened new horizons in
experiments and it has been searched for in heavier meson systems. D0D̄0 and
B0B̄0 o"er a rich phenomenology, which has been exploited in the last 20 years by
dedicated experiments at e+e! colliders (CESR, LEP, PEP-2, KEK-B) and at pp̄
colliders (Tevatron, LHC). Given the high mass of these mesons, many final states
are allowed so that the decay widths of the “heavy” and “light” mass eigenstates
are much closer than in the kaon system.

In the D system, oscillations due to mixing have been observed and measured
recently,41 with x = (0.41 ± 0.14)% and y = (0.63 ± 0.07)%, where x = !M
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Figure 10: Time evolution of Re(!!/!) measurements. The horizontal band
represents the current world average.

the empirical value of such parameter is used both in the computation and in
extracting the value of Re(!!/!) from the experiments.

With no constraint on the relative phase of !! and ! is imposed, the relation
at the same level of approximation is
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but the above phase di!erence is # "2 ! "0 + $/2 ! %SW = (!1.2 ± 1.5)# and
therefore the last term can be safely neglected.

While the order of magnitude of the measured value of Re(!!/!) is not at
odds with what can be expected in the Standard Model, it does not pose any
strong constraint on its underlying picture of CP violation, since the compu-
tation of the hadronic part of the decay process is not yet completely under
theoretical control. The common expectation is that improvements in the ac-
curacy of lattice QCD computations will ultimately allow precise quantitative
comparisons to be performed15.

Being evidence of direct CP violation, the measured non-zero value of Re(!!/!)

15It is interesting to note, however, that the two most recent lattice QCD computations of
!!/! in the SM are in gross disagreement with the experimental measurement [80].
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of CPV in kaons

Difficult to compute theoretically
Not sufficient for  verification of the CKM
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Major Experimental efforts  carried out over three decades to 
measure direct CPV  ( 𝜖? ) in kaon decays

Calculation of 𝜖? is extremely difficult- still on-going 

Experimental measurement also very difficult- took a long to show 𝜖?
is non-zero
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Fig. 11. Final measurements of !!/! made by the most precise experiments, E731, NA31, KTeV
and NA48 together with the average value. The figure is from the 2014 Particle Data Group.40

Using formulas (3)–(8), this fundamental result can be expressed as:

!(K0 ! !+!!) " !(K̄0 ! !+!!)
!(K0 ! !+!!) + !(K̄0 ! !+!!)

= 2Re "" = (5.3 ± 0.6) # 10!6,

!(K0 ! !0!0) " !(K̄0 ! !0!0)
!(K0 ! !0!0) + !(K̄0 ! !0!0)

= "4Re "" = ("10.6 ± 1.2)# 10!6

illustrating the occurence of direct CP violation.

5.2. CP violation in kaons: A portal to heavy meson systems

Since its unexpected discovery in 1964, CP violation opened new horizons in
experiments and it has been searched for in heavier meson systems. D0D̄0 and
B0B̄0 o"er a rich phenomenology, which has been exploited in the last 20 years by
dedicated experiments at e+e! colliders (CESR, LEP, PEP-2, KEK-B) and at pp̄
colliders (Tevatron, LHC). Given the high mass of these mesons, many final states
are allowed so that the decay widths of the “heavy” and “light” mass eigenstates
are much closer than in the kaon system.

In the D system, oscillations due to mixing have been observed and measured
recently,41 with x = (0.41 ± 0.14)% and y = (0.63 ± 0.07)%, where x = !M
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2001: B factories also 
established CPV in B decays

Superweak is ruled out as the sole source 
of CPV in kaons

Difficult to compute theoretically
Not sufficient for  verification of the CKM

By 2002: 𝜀? is non-zero

Figure 10: Time evolution of Re(!!/!) measurements. The horizontal band
represents the current world average.

the empirical value of such parameter is used both in the computation and in
extracting the value of Re(!!/!) from the experiments.

With no constraint on the relative phase of !! and ! is imposed, the relation
at the same level of approximation is
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but the above phase di!erence is # "2 ! "0 + $/2 ! %SW = (!1.2 ± 1.5)# and
therefore the last term can be safely neglected.

While the order of magnitude of the measured value of Re(!!/!) is not at
odds with what can be expected in the Standard Model, it does not pose any
strong constraint on its underlying picture of CP violation, since the compu-
tation of the hadronic part of the decay process is not yet completely under
theoretical control. The common expectation is that improvements in the ac-
curacy of lattice QCD computations will ultimately allow precise quantitative
comparisons to be performed15.

Being evidence of direct CP violation, the measured non-zero value of Re(!!/!)

15It is interesting to note, however, that the two most recent lattice QCD computations of
!!/! in the SM are in gross disagreement with the experimental measurement [80].
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Broader Program of CPV studies in kaons
What is discusses here is only a very small part of decades of studies 

of CPV in kaons. My apologies for not being able to cover the many 
beautiful measurements performed since observation of CPV in kaons 

A partial list includes:
" Measurements of the charge asymmetry: KL$𝜋,𝑙𝜐 vs KL$𝜋!𝑙𝜐

" Series of interference experiments measuring the magnitude and 
sign of ∆𝑚 and the relative phase of CPV and regeneration 
amplitudes. 

" CPV studies in charged kaons and hyperons leading to limits on CPV 
effects

" Studies of CPV in Ks decays in e+e- colliders (VEPP and DAΦNE) 
leading to limits.

" Studies of T-violation in kaons (CPLEAR)
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From Nobel Lectures, 1980

1980: V. Fitch and J. Cronin awarded Physics Nobel Prize 
for their discovery of CP violation in kaons

At the time, the neutral Kaon system was the only known 
source of observed CPV

Origin still unclear (non-zero 𝜖Y not yet settled)
The CKM picture yet to be tested

Rev. Mod. Phys V53, P367 & P373 

39#
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From Nobel Lectures, 1980

1980: V. Fitch and J. Cronin awarded Physics Nobel Prize 
for their discovery of CP violation in kaons

Kaon system was the only known source of observed CPV
Origin still unclear

The CKM picture yet to be tested

Rev. Mod. Phys V53, P367 & P373 
1981
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The required elements of a program 
for CPV Measurements in the B system

Measure indirect CPV due to 
interference of the decay and 
mixing amplitudes in modes common 
to 𝐵& and [𝐵& (e.g. B$J/yKS)

And Carter & Sanda (1980)

𝐵/

6𝐵/

6𝐵/

𝐵/

vs
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The required elements of a program 
for CPV Measurements in the B system

Measure indirect CPV due to 
interference of the decay and 
mixing amplitudes in modes common 
to 𝐵& and [𝐵& (e.g. B$J/yKS)

And Carter & Sanda (1980)

Requires 𝐵-↔ I𝐵- oscillation for this scheme to work
Appropriate decay channels for CPV measurements are rare, 

thus, the need for large number of B’s  (B Factory)

𝐵/

6𝐵/

6𝐵/

𝐵/

vs
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Volume 192, number 1,2 PHYSICS LETTERS B 25 June 1987 
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Fig. 3. Distribution of the opening angle between the leptons for 
like-sign (a) - (c)  and unlike-sign (d ) - ( f )  pairs. 

mesons, this distribution should be isotropic. Lepton 
pairs from continuum or originating from the same 
B meson tend to be back-to-back. These contribu- 
tions are reduced by requiring cos 0~ > - 0.85. Table 
2 gives the number of  dilepton events surviving these 
cuts both on the "f (4S) resonance and in the con- 
tinuum below. The number of dilepton events from 
Y (4S) decays is determined by subtracting the con- 
tinuum contribution scaled by a factor 2.5 according 
to the ratio of  luminosities. Further, the e+e - and 
g + g -  pair events are corrected for losses due to the 
invariant mass cut to remove recognized J / ~ ( ~ ' )  
decays. 

The remaining dilepton events still include con- 
tributions from background due to lepton-hadron 
misidentiflcation, secondary leptons from charm 
decays, J/~ decays, and converted photons. 

The background due to lepton-hadron misiden- 
tification is evaluated from data. To determine the 
fake rate per track we use our data samples of 

x - - , v n - n - n + + n n  ° (n=0 ,  1) and D*+-*D°n ÷, 
D ° - , K - n  + decays which provide clean sources of  
high energy pions and kaons, respectively. Decay-in- 
flight and punch-through result in a n/g  misidenti- 
flcation probability of (2.2 + 0.2)% per pion. For K/g 
misidentification the fake rate is (1.9+0.5)% per 
kaon, including a correction for kaon decays between 
the interaction point and the drift chamber. The fake 
rates due to n/e and K/e misidentification are both 
(0.5 + 0.1 )%. The lepton-hadron misidentification 
rates have also been determined using hadronic 
decays of the Y (1 S) where the fraction of leptons is 
negligible. The results obtained agree with the quoted 
values. 

The number of  faked dilepton events is extracted 
from the observed hadron momentum spectrum in 
the events containing like-sign and unlike-sign lep- 
ton-hadron pairs. These momentum spectra, folded 
with lepton-hadron misidentification probabilities, 
are shown in fig. 4 for both like-sign and unlike-sign 
lepton-hadron samples. Since the fake rate per track 
is within errors the same for pions and kaons, it is 
not necessary to account for their relative fractions. 
One unlike-sign dimuon event is expected to occur 
where both muons are misidentified hadrons. 

The background due to secondary leptons is deter- 
mined by a Monte Carlo simulation of B decays. A 
spectator model [ 15 ] is used to describe the decay 
of the b quark, with the final state hadrons produced 
using the Lund string fragmentation model [ 16 ]. The 
simulation is checked by comparison with ARGUS 
measurements of  the inclusive spectra for leptons, 
D o mesons, pions and kaons from B decays, and with 
the inclusive electron spectrum for D O and D + decays 
from MARK I I I [  17 ]. All these data are well repro- 
duced. The uncertainty in the calculation is expected 
to be + 25°/0. The background from J/~ and ~ '  decays 
or converted photons where only one of the two lep- 
tons is observed in the detector is also determined by 
Monte Carlo simulation. 

The number of events are given in table 2. Out of 
the 50 like-sign dilepton events, 25 .2+5.0+3.8  
events are attributed to the background sources as 
described above. The first error is the statistical and 
the second one the systematical uncertainty in the 
background determination. The probability for the 
measured 50 events to be a fluctuation of the back- 
ground corresponds to 4.0 standard deviations. Thus, 
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3.8±3.9 ±0.9 54.9±9.8 ± 1.6

6.5±4.8 ± 1.4

14.5±5.8 ± 1.8

85.1±11.3 ± 3.1

130.3±12.4 ± 1.8

Observation of 𝐵/ ↔ 6𝐵/ Oscillation

Confirmation from CLEO 1988
r=0.19±0.08
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Using the ARGUS detector at the DORIS II storage ring we have searched in three different ways for B°-l] ° mixing in "17 (4S) 
decays. One explicitly mixed event, a decay Y (4S)-~B°B °, has been completely reconstructed. Furthermore, we observe a 4.0 
standard deviation signal of 24.8 events with like-sign lepton pairs and a 3.0 standard deviation signal of 4.1 events containing 
one reconstructed B°(13 °) and an additional fast ~* (~-). This leads to the conclusion that B°-l) ° mixing is substantial. For the 
mixing parameter we obtain r= 0.21 _+ 0.08. 

We report the observation of B°-l]  ° mixing. This 
conclusion is based on the study of B mesons pro- 
duced in "f (4S) decays, using the A R G U S  detector 
at the e+e - storage ring DORIS II at DESY. B'°-B ° 
mixing provides basic informat ion on the parame- 
ters and validity of the s tandard model [ 1 ], and is 
potentially a sensitive probe for new physics [2]. A 
B ° meson can either decay directly or, through mix- 
ing, transform into its anti-particle, the t~ °, before 
decaying. The ratio of the decay widths [3,4] 

F ( B °  ~ l ) ° ~ X  ' ) 
F ( B ° ~ X )  

of these two competing reactions describes the 
strength of mixing. In decays of the • (4S), pairs of 
B°B ° mesons are produced in a P-wave, so that r is 
given in this case [5] by the ratio 

N(B°B °) + N(]3°~ °) 
r =  N(BOi]O) 
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Thus, the existence of mixing leads to events con- 
sisting of B°B ° or 13°I3 ° pairs which can be detected 
experimentally. 

An upper l imit for B°-l)  ° mixing of 24% at 90% 
CL has been published by the CLEO Collaboration 
[6]. An investigation by the M A R K  II Collabora- 
t ion [7] of dilepton rates in con t inuum e+e - anni-  
hilations at 29 GeV, well above the Bs production 
threshold, resulted in combined upper limits for 
B°-I) ° and Bs-l)s mixing. The UA1 Collaboration [8] 
has reported evidence for an excess of like-sign lep- 
ton pairs produced in Pl) collisions, which they inter- 
preted as signature for Bs-l]~ mixing. 

The mixing study reported here is made with B 
mesons produced in 88000 Y (4S) decays. The event 
sample corresponds to an integrated luminosi ty of 
103 pb i on the Y (4S) and 42 pb -1 in the contin- 
uum just  below the "f (4S). A short description of 
the A R G U S  detector and its trigger can be found in 
ref. [ 9] and its particle identification capabilities in 
ref. [ 10]. 

Evidence for substantial  B°-B ° mixing is obtained 
by using three different analysis methods. The first 
approach is to search for fully reconstructed Y (4S) 
decays into B°B ° or B°I)° pairs. Efficient and clean 
reconstruction of B mesons is accomplished by using 
B decays involving D * -  mesons ~1 which are recon- 
structed through their decays D * - - ~ I ) ° n  , followed 
by 

13O+K+n - 

__+K+~-g o 

--+K+ g K+/t 

--+K°n + n - . 

~ References in this paper to a specific charged state are to be 
interpreted as implying the charge-conjugate state also. 

246 

Volume 192, number 1,2 PHYSICS LETTERS B 25 June 1987 

N 

5 

4 

3 

2 

1 

0 

-1 
1 . 4  

(Q) ,~-+h + - 

++++ , .  . 

i i i I i i 

1 .6 1 .8  2 2 . 2  2 . 4  2 . 6  2 . 8  

Phod [ G e V / c ]  

r 

0.3 

0.2 

0.1 

0 , , , , I i , , , I , , , , 

0 . 5  1 1 . 5  k 
4OSOS 

2 

1 

0 

-1 

t t ~ ( b )  J~ +hT 

+' + 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ! t .++....+. t 

i , ~ + L L 

1 ,4  1 . 6  1 .8  2 2 . 2  2 . 4  2 . 6  2 . 8  

Fig. 4. Momentum spectrum of misidentified hadrons for faked 
dilepton events: (a) like-sign, (b) unlike-sign. 

first me thod  descr ibed above, and  tagging the second 
B ° with a fast lepton. This  method  is considerably 
less sensit ive to background from lepton 
misident i f icat ion.  

Fig. 5 shows the spectrum for the recoil mass 
against  a D * -  £ ÷ system if  the event contains one 
addi t ional  lepton with m o m e n t u m  larger than 1.4 
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Fig. 5. Same as fig. 1 with requiring an additional lepton (~t, e) 
with momentum p > 1.4 GeV/c in the event. 

Fig. 6. The mixing parameter r as a function of the factor 2. The 
dotted line indicates our chosen value 2 = 1.2. 

GeV/c. Adding  two events where the B ° mesons are 
reconstructed in the hadronic  channels,  we obta in  a 
total  of  23 candidates  for unmixed  events and five 
candidates  for mixed  events. These five events are 
composed  of  two B°e ÷, two I)°e - and one l)°~t - 
events. The background for the mixed sample, deter- 
mined  in the same way as for the second method,  is 
expected to be 0.4 events due to mis ident i f ica t ion 
and 0.5 events due to secondary leptons. After  sub- 
tracting 0.9 + 0.3 events we are left with 4.1 events 
from B°-B ° mixing. The probabi l i ty  for the observed 
events to be a f luctuat ion o f  the background corre- 
sponds to 3.0 s tandard  deviat ions.  The background 
to the unmixed  events is 2.2 + 1.1 events. Thus, we 
f ind a value for the mixing paramete r  r of  

N(BO£ + ) + N ( B ° £  - ) 
r =  N(BO£_ ) + N ( ~ O £ + )  = 0 . 2 0 + 0 . 1 2 .  

Two like-sign and eleven unlike-sign events from 
this sample are also present  in the d i lepton sample. 
Taking this correlat ion into account,  we get a com- 
b ined  result o f  

r=0 .21  + 0.08 

for 2 = 1.2. The 2 dependence  of  this result is shown 
in fig. 6. The paramete r  z=r/(1 +r) turns out  to be 
Z = 0 . 1 7 + 0 . 0 5  for r=0 .21  +0.08.  

We discuss our  result in the f ramework of  the stan- 
dard  model  with three generations.  Assuming dom- 
inance o f  the box diagram, mixing is descr ibed by 
the paramete r  x [ 1 ]: 
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Soon the final result was worked out. H. Schröder had found his golden
event, shown in Fig.25. Instead of the usual BB-meson pair it contains two
B0-mesons each decaying via B0 ! D§°µ+∫ and demonstrates explicitely that
B0B0 mixing occurs.

Figure 25: The golden event found by H. Schröder. It shows the reaction ®(4S)!
B0B0 ! B0B0

, which is evidence for BB mixing.

In addition, H. Schröder analysed events containing a B-meson and a lep-
ton. Taking all reconstructed B0-mesons available, which decay like B0 !
D§`∫ or B0 ! D§nº, and asking for an additional lepton with a momentum
above 1.4 GeV/c, he found 5±0.9 candidates for mixing together with 23±2.5
normal events. The advantage of this method is its low background rate. The
mixing parameter r obtained was

r =
N(B0`+) + N(B0`°)

N(B0`°) + N(B0`+)
= 0.20± 0.12.

Yu. Zaitsev presented his results on lepton pairs using leptons with mo-
menta above 1.4GeV/c. He studied both electrons and muons and obtained

Excess of same sign di-leptons, 
ARGUS (1987)

Golden event

UA1 at SPS (1987): First report of 
Excess of like-sign dileptons 

Evidence for 

V24 's)→ 13° BT⇔B° )

↳ ,
↳ etx
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Besides the b quark mass mb, it depends on a bag factor BB and the B0-meson
decay-constant fB.

The loop integral is easily evaluated, if the masses of the lighter quarks are
set to zero, an approximation, which is well justified. The W -exchange term
simply gives the Fermi coupling constant G2

F for m2
t << m2

W . For a larger top
quark mass a slowly varying correction function A(z) has to be introduced

A(z) =
1

4
+

9

4(1° z)
° 3

2(1° z)2
° 3z2 ln z

2(1° z)3
.

Finally a small QCD correction ¥QCD must be applied. Thus the mixing
frequency is given by [13]

¢M =
G2

F

6º2
mbBBf2

B | V §
btVtd |2 m2

t A

µ
m2

t

m2
W

∂
¥QCD.

Since the observed mixing rate r is related to ¢M by

r º 1

2

µ
¢M

°

∂2

,

the observed mixing rate r is proportional to the fourth power of the top quark
mass which, however, was not known at that time. But our result on r allowed
to obtain a lower limit for mt.

In order to estimate the unknown parameters of the B-meson in the expres-
sion for ¢M , I assumed that the QCD of a B-meson is not much diÆerent from
the QCD of the K-meson. In both cases there is a heavy quark surrounded
by a light quark. Thus naively I set

p
BB ¥QCD fB = fK = 160 MeV.

The unknown CKM elements by 1987 were already constrained within

| Vtd |= 0.002 to 0.018, | Vtb |= 0.9986 to 0.9993.

Taking the upper limit for | Vtd | one obtains a lower limit for mt. Inserting
these numbers into ¢M led to the surprise

mt > 50 GeV.

By 1987 it was the general belief, that the top quark mass was much smaller
than 50GeV, but we found, that it is much larger. Meanwhile the top quark
was discovered. Indeed, its mass is 174.3±5.1GeV.

Besides the b quark mass mb, it depends on a bag factor BB and the B0-meson
decay-constant fB.

The loop integral is easily evaluated, if the masses of the lighter quarks are
set to zero, an approximation, which is well justified. The W -exchange term
simply gives the Fermi coupling constant G2
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the observed mixing rate r is proportional to the fourth power of the top quark
mass which, however, was not known at that time. But our result on r allowed
to obtain a lower limit for mt.

In order to estimate the unknown parameters of the B-meson in the expres-
sion for ¢M , I assumed that the QCD of a B-meson is not much diÆerent from
the QCD of the K-meson. In both cases there is a heavy quark surrounded
by a light quark. Thus naively I set

p
BB ¥QCD fB = fK = 160 MeV.

The unknown CKM elements by 1987 were already constrained within

| Vtd |= 0.002 to 0.018, | Vtb |= 0.9986 to 0.9993.

Taking the upper limit for | Vtd | one obtains a lower limit for mt. Inserting
these numbers into ¢M led to the surprise

mt > 50 GeV.

By 1987 it was the general belief, that the top quark mass was much smaller
than 50GeV, but we found, that it is much larger. Meanwhile the top quark
was discovered. Indeed, its mass is 174.3±5.1GeV.

#M(top)>50 GeV 

required to make the loop integral finite.

Figure 20: The box graphs implying the transition of a B0
-meson into its antipar-

ticle

Since B0-mesons transform into their antiparticles, the states

< B0 > and < B0 >

are not mass eigenstates. The two states mix and form the stationary mass
eigenstates

1p
2

< B0 + B0 > and
1p
2

< B0 °B0 >,

which diÆer in mass by an amount ¢M .

Assuming that the two mixed states have equal lifetime and total width °,
the quantum mechanics of such a two state system leads to a simple formula
for its time evolution. For a system which is entirely B0 at time zero, the
intensity to find it in a B0 state is

IB0(t) =
1

2
e°°t(1° cos ¢M t), IB0(0) = 1.

This relation shows an oscillation term, where ¢M is the oscillation frequency.
There are two competing reactions: A B0-meson can either decay with decay
width ° or transform into its antiparticle with frequency ¢M . The mixing
parameter x defined as

x =
¢M

°

is the relative strength of the two reactions. In order to present the results
of time integrated experiments, the mixing parameter r has been introduced,
which is defined as the rate to find a particle originally produced as a B0-meson
at the time of decay as a B0-meson, over the rate to find it as a B0-meson. On
the ®(4S) where B-meson pairs are produced in a correlated state r is related
to x by

r =
BR(B ! B ! X)

BR(B ! X)
=

x2

2 + x2
.

𝐵! ↔ #𝐵! oscillation in the SM
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Fig. 4. Momentum spectrum of misidentified hadrons for faked 
dilepton events: (a) like-sign, (b) unlike-sign. 

first me thod  descr ibed above, and  tagging the second 
B ° with a fast lepton. This  method  is considerably 
less sensit ive to background from lepton 
misident i f icat ion.  

Fig. 5 shows the spectrum for the recoil mass 
against  a D * -  £ ÷ system if  the event contains one 
addi t ional  lepton with m o m e n t u m  larger than 1.4 
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Fig. 5. Same as fig. 1 with requiring an additional lepton (~t, e) 
with momentum p > 1.4 GeV/c in the event. 

Fig. 6. The mixing parameter r as a function of the factor 2. The 
dotted line indicates our chosen value 2 = 1.2. 

GeV/c. Adding  two events where the B ° mesons are 
reconstructed in the hadronic  channels,  we obta in  a 
total  of  23 candidates  for unmixed  events and five 
candidates  for mixed  events. These five events are 
composed  of  two B°e ÷, two I)°e - and one l)°~t - 
events. The background for the mixed sample, deter- 
mined  in the same way as for the second method,  is 
expected to be 0.4 events due to mis ident i f ica t ion 
and 0.5 events due to secondary leptons. After  sub- 
tracting 0.9 + 0.3 events we are left with 4.1 events 
from B°-B ° mixing. The probabi l i ty  for the observed 
events to be a f luctuat ion o f  the background corre- 
sponds to 3.0 s tandard  deviat ions.  The background 
to the unmixed  events is 2.2 + 1.1 events. Thus, we 
f ind a value for the mixing paramete r  r of  

N(BO£ + ) + N ( B ° £  - ) 
r =  N(BO£_ ) + N ( ~ O £ + )  = 0 . 2 0 + 0 . 1 2 .  

Two like-sign and eleven unlike-sign events from 
this sample are also present  in the d i lepton sample. 
Taking this correlat ion into account,  we get a com- 
b ined  result o f  

r=0 .21  + 0.08 

for 2 = 1.2. The 2 dependence  of  this result is shown 
in fig. 6. The paramete r  z=r/(1 +r) turns out  to be 
Z = 0 . 1 7 + 0 . 0 5  for r=0 .21  +0.08.  

We discuss our  result in the f ramework of  the stan- 
dard  model  with three generations.  Assuming dom- 
inance o f  the box diagram, mixing is descr ibed by 
the paramete r  x [ 1 ]: 
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At the time the top quark was 
expected to be much lighter

A key element of CP 
violation studies in B 

decays was now in place 



Time evolution of a state prepared as B0

Δmd = 0.5065 ± 0.0019 ps−1 

∝ 𝑚@
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Negligible DGd

𝐵! ↔ #𝐵! oscillation Today 

Δms = 17.741 ± 0.020 ps−1
(first measurements by CDF & D0) 

DGs/Gs ~ +0.124 
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D0 Mixing is small, but now firmly established from:
(1) observation of mixing induced interference effects in the 

time-evolution of D0 (t=0) decays in flavor eigenstates  
& 

(2) measurements of D0 lifetime in CP eigenstates 
BaBar, Belle, CDF, LHCb

𝐷!(𝑐 #𝑢) ↔ )𝐷! ̅𝑐𝑢 oscillation 



Meson-AntiMeson Oscillations now established in all 
four Neutral Meson systems

The only hadrons that transform into their corresponding antiparticles. This 
happens through  the suppressed Flavor-Changing-Neutral-Current process.
Serves a powerful tool in CP violation studies in Neutral Mesons, in tests of 

quantum mechanics,..
Feynman characterized the successful1 description of the neutral system of 

K mesons “one of the greatest achievements of theoretical physics.“ 
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Three Lectures on

Meson Mixing and CKM phenomenology

Ulrich Nierste

Institut für Theoretische Teilchenphysik
Universität Karlsruhe
Karlsruhe Institute of Technology,
D-76128 Karlsruhe, Germany

I give an introduction to the theory of meson-antimeson mixing, aiming at students who
plan to work at a flavour physics experiment or intend to do associated theoretical studies.
I derive the formulae for the time evolution of a neutral meson system and show how the
mass and width di!erences among the neutral meson eigenstates and the CP phase in
mixing are calculated in the Standard Model. Special emphasis is laid on CP violation,
which is covered in detail for K!K mixing, Bd!Bd mixing and Bs!Bs mixing. I explain the
constraints on the apex (!, ") of the unitarity triangle implied by #K , "MBd , "MBd/"MBs

and various mixing-induced CP asymmetries such as aCP(Bd " J/$Kshort)(t). The impact
of a future measurement of CP violation in flavour-specific Bd decays is also shown.

1 First lecture: A big-brush picture

1.1 Mesons, quarks and box diagrams

The neutral K, D, Bd and Bs mesons are the only hadrons which mix with their antiparticles.
These meson states are flavour eigenstates and the corresponding antimesons K, D, Bd and Bs

have opposite flavour quantum numbers:

K ! sd, D ! cu, Bd ! bd, Bs ! bs,

K ! sd, D ! cu, Bd ! bd, Bs ! bs, (1)

Here for example “Bs ! bs” means that the Bs meson has the same flavour quantum numbers as
the quark pair (b, s), i.e. the beauty and strangeness quantum numbers are B = 1 and S = "1,
respectively. The meson states in Eq. (1) are also eigenstates of the strong and electromagnetic
interactions. As long as we neglect the weak interaction, they are also mass eigenstates, with
the same mass for meson and antimeson. In the Standard Model (SM) all interaction vertices
conserve flavour, except for the couplings of W bosons to fermions.1 The piece of the SM
Lagrangian which describes the W couplings to quarks reads

LW =
gw#

2

!

j,k=1,2,3

"
Vjk ujL !

µdkL W+
µ + V !

jk dkL !
µujL W"

µ

#
. (2)

1Strictly speaking, this statement assumes that the so-called unitary gauge for the weak gauge bosons is
adopted. The unphysical charged pseudo-Goldstone bosons, which appear in other gauges, also have flavour-
changing vertices. Changing the gauge shu!es terms between the pseudo-Goldstone bosons and the longitudinal
components of the gauge bosons.

HQ2008 1

The 2-state quantum system of 
Meson-AntiMeson

13# 

12# 

ML = p |M 0 > +q |M 0 >

ΔM=mH-mL 

ΔΓ=ΓH-ΓL    

The two-state quantum system of neutral mesons: 

Time evolution of a state 
prepared as 

MH = p |M 0 > −q |M 0 >

K 0 (sd)⇔ K 0 (sd )

D0 (cu )⇔ D(cu)

Bd
0 (bd)⇔ Bd

0 (bd )

Bs
0 (bs)⇔ Bs

0 (bs )

SM allows for Meson       anti-Meson oscillation ⇔

B0 B0

(Undergraduate quantum mechanics, eg. Feynman lectures volume III) 

K 0

 
PK 0→K 0 (t) = 1

2
(e− iEH t /! 〈K 0 |ψ H 〉 + e

− iEL t /! 〈K 0 |ψ L 〉)
2
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Next lecture: 
CPV beyond kaons and tests of 

the CKM mechanism
(CP Violation Studies in 21st Century) 



Backup
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𝐷"(𝑐#𝑢) ↔ %𝐷" ̅𝑐𝑢 oscillation
1) Measurement of mixing induced interference effects in the 
time-evolution of neutral D meson decays (starting as D0 at t=0) :

Wrong-sign (WS) (Doubly-Cabibbo-Suppressed-Decays(DCS) vs 
Right-sign(RS) (Cabibbo Favored) CF)

50#

𝑋 = 67
8 . 𝑦 =

ΔΓ
2Γ

2) measurement of D lifetime in CP eigenstates (e.g. D$K-K+ (CP 
even final state) vs D$K-p+ (mixed CP state)

3) Multibody states (e.g. 𝐷& → 𝐾-𝜋(𝜋# (mixing of methods 1) & 2) ] 
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D0 Mixing at Belle
L. M. Zhang (on behalf of the Belle Collaboration)
Syracuse University, Syracuse, New York 13244, USA

We report the recent two results of D0-D 0 mixing studies at Belle in D0
! K+K!/!+!! and D0

! K0
S
!+!!

decays. The former measures the relative di!erence of the lifetimes yCP , giving the evidence of D0-D 0 mixing;
the latter measures the D0 mixing parameters x and y.

1. Introduction

Mixing phenomenon, i.e. the oscillation of a neutral
meson into its corresponding anti-meson as a function
of time, has been observed in the K0, B0, and most
recently B0

s systems. This process is also possible in
the D-meson system, but has not previously been ob-
served.
Mixing in heavy flavor systems such as that of B0

and B0
s is governed by the short-distance box dia-

gram. However, in the D0 system this diagram is both
GIM-suppressed and doubly-Cabibbo-suppressed rel-
ative to the amplitude dominating the decay width,
and thus the short-distance rate is very small. Conse-
quently, D0-D 0 mixing is expected to be dominated
by long-distance processes that are di!cult to calcu-
late; theoretical estimates for the mixing parameters
x = (m1!m2)/" and y = ("1!"2)/2" range over two-
three orders of magnitude [1]. Here, m1,m2 ("1,"2)
are the masses (decay widths) of the mass eigenstates
|D1,2" = p|D0" ± q|D 0", and " = ("1 + "2)/2. The
parameters p and q are complex coe!cients satisfying
|p|2 + |q|2 = 1.
The general experimental method identifies the fla-

vor of the neutral D meson when produced by recon-
structing the decay D!+ # D0!+ or D!" # D 0!"

[2]; the charge of the accompanying pion identifies the
D flavor. Because the energy release in D! decays is
only $ 6 MeV, the background is largely suppressed.
The D0 decay time (t) is calculated via (l/p)%mD0 ,
where l is the distance between the D! and D0 de-
cay vertices and p is the D0 momentum. The D!

vertex position is taken to be the intersection of the
D0 momentum with the beamspot profile. To reject
D(!) decays originating from B decays, one requires
pD! > 2.5 GeV, which is the kinematic endpoint.

2. CP -eigenstates K+K! and !+!!

We have studied the decays to CP eigenstatesD0#
K+K"and D0 # !+!"; treating the decay-time dis-
tributions as exponential, we measured the quantity

yCP =
"K"!+

"K+K"

! 1, (1)

where "K"!+ and "K+K" are the lifetimes of D0 #
K"!+ and D0 #K+K"(or D0 # !+!") decays. It
can be shown that yCP = y cos# ! 1

2AMx sin # [3],
where AM parameterizes CPV in mixing and # is a
weak phase. If CP is conserved, AM = # = 0 and
yCP = y. This method has been used by numerous
experiments to constrain yCP [4]. Our measurement,
based on 540 fb"1 data, yields a nonzero value of yCP

with > 3$ significance [5]. We also searched for CPV
by measuring the quantity

A! =
"(D 0 # K"K+)! "(D0 # K+K")

"(D 0 # K"K+) + "(D0#K+K")
; (2)

this observable equals A! = 1
2AMy cos#! x sin# [3].

We reconstruct D!+ # D0!+
s decays and D0 #

K+K", K"!+, and !+!". Candidate D0 mesons are
selected using two kinematic observables: the invari-
ant mass of the D0 decay products, M , and the energy
release in the D!+ decay, Q = (MD! !M !m!+)c2.
According to Monte Carlo (MC) simulated distribu-
tions of t, M and Q, background events fall into four
categories: (1) combinatorial, with zero apparent life-
time; (2) true D0 mesons combined with random slow
pions (this has the same apparent lifetime as the sig-
nal) (3) D0 decays to three or more particles, and (4)
other charm hadron decays. The apparent lifetime of
the latter two categories is 10-30% larger than "D0 .

For the lifetime measurements, we select the events
satisfying |#M |/$M < 2.3, |Q ! 5.9 MeV| < 0.80
MeV and $t < 370 fs, where #M & M ! mD0 , and
$t is the decay time uncertainties calculated event-
by-event. The invariant mass resolution $M varies
from 5.5-6.8 MeV/c2, depending on the decay chan-
nel. The selection criteria are chosen to minimize the
expected statistical error on yCP using the MC. We
find 111% 103 K+K", 1.22% 106 K"!+ and 49% 103

!+!" signal events, with purities of 98%, 99% and
92% respectively.

The relative lifetime di$erence yCP is determined
by performing a simultaneous binned maximum like-
lihood fit to the D0 # K+K", D0 # K+!", D0 #
!+!"decay time distributions. Each distribution is
assumed to be a sum of signal and background con-
tributions, with the signal contribution being a con-
volution of an exponential and a detector resolution
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Figure 2: Ratio of the lifetime distributions of D0 ! K+K�

to D0 ! K�⇡+
and D0 ! ⇡+⇡�

to D0 ! K�⇡+

decays [67].

unsuitable, even at B-factories, because of the poor resolution on the proper time.

4.3.2. Measurements with flavour eigenstates
Decays into flavour-specific final states, in particular those that can be accessed by both

CF and DCS amplitudes, play a central role in charm-mixing analyses. The most studied of
these channels is the so-called wrong-sign decay D0 ! K+⇡�, to be distinguished from the
right-sign decay D0 ! K�⇡+.

In the absence of CP violation the time-dependent ratio between wrong-sign and right-sign
decays is

R(t/⌧) ⇡ RD +
q
RDy

0(t/⌧) +
x

02 + y
02

4
(t/⌧)2 . (35)

Here the first term, RD ⇡ 0.34%, is the squared ratio of the DCS to CF amplitudes, the second
term arises from interference between the mixing and the DCS amplitudes, and the final term
is generated by the mixing amplitude alone. The parameters x0 = x cos � + y sin � and y0 =
y cos � � x sin �, where � is the strong-phase di↵erence between the CF and DCS amplitudes,
the value of which must be known in order to interpret the results in terms of the mixing
parameters. Although this strong-phase di↵erence may be measured in quantum-correlated
decays at charm threshold, the uncertainty on our current knowledge, � = (16.1+7.9

�10.1)
�, is
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Figure 2: a) Projections of the proper-time distribution of
combined D0 and D0 WS candidates and fit result inte-
grated over the signal region 1.843 < mK! < 1.883GeV/c2

and 0.1445 < !m < 0.1465GeV/c2. The result of the fit
allowing (not allowing) mixing but not CP violation is
overlaid as a solid (dashed) curve. b) The points repre-
sent the di"erence between the data and the no-mixing
fit. The solid curve shows the di"erence between fits with
and without mixing.
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Figure 3: The central value (point) and confidence-level
(CL) contours for 1! CL = 0.317 (1!), 4.55 " 10!2 (2!),
2.70 " 10!3 (3!), 6.33 " 10!5 (4!) and 5.73 " 10!7 (5!),
calculated from the change in the value of !2 lnL com-
pared with its value at the minimum. Systematic uncer-
tainties are included. The no-mixing point is shown as a
plus sign (+).

from the no-mixing hypothesis. The shapes of the
(x!2±, y!±) CL contours are similar to those shown in
Fig. 3. All cross checks indicate that the close agree-
ment between the separate D0 and D0 fit results is
coincidental.

As a cross-check of the mixing signal, we perform
independent {mK!, !m} fits with no shared param-
eters for intervals in proper time selected to have ap-

Table I Results from the di"erent fits. The first uncer-
tainty listed is statistical and the second systematic.

Fit type Parameter Fit Results (/10!3)
No CP viol. or mixing RD 3.53 ±0.08 ± 0.04

No CP
violation

RD 3.03 ±0.16 ± 0.10
x"2 !0.22 ±0.30 ± 0.21
y" 9.7 ± 4.4 ± 3.1

CP
violation
allowed

RD 3.03 ±0.16 ± 0.10
AD !21 ± 52 ± 15
x"2+ !0.24 ±0.43 ± 0.30
y"+ 9.8 ± 6.4 ± 4.5
x"2! !0.20 ±0.41 ± 0.29
y"! 9.6 ± 6.1 ± 4.3

proximately equal numbers of RS candidates. The
fitted WS branching fractions are shown in Fig. 4 and
are seen to increase with time. The slope is consistent
with the measured mixing parameters and inconsis-
tent with the no-mixing hypothesis.

t (ps)
-2 -1 0 1 2

 (%
)

W
S

R

0.3

0.35

0.4

0.45

Figure 4: The WS branching fractions from indepen-
dent {mK! , !m} fits to slices in measured proper time
(points). The dashed line shows the expected wrong-sign
rate as determined from the mixing fit shown in Fig. 2.
The "2 with respect to expectation from the mixing fit is
1.5; for the no-mixing hypothesis (a constant WS rate),
the "2 is 24.0.

We validated the fitting procedure on simulated
data samples using both MC samples with the full
detector simulation and large parametrized MC sam-
ples. In all cases we found the fit to be unbiased. As
a further cross-check, we performed a fit to the RS
data proper-time distribution allowing for mixing in
the signal component; the fitted values of the mixing
parameters are consistent with no mixing.
In evaluating systematic uncertainties in RD and

the mixing parameters we considered variations in the
fit model and in the selection criteria. We also consid-
ered alternative forms of the mK!, !m, proper time,
and !t PDFs. We varied the t and !t requirements. In
addition, we considered variations that keep or reject
all D"+ candidates sharing tracks with other candi-
dates.

𝐷!(𝑐 #𝑢) ↔ )𝐷! ̅𝑐𝑢 oscillation
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sible sign change, the e!ect upon x and y is small,
and the results for |q/p| and ! are consistent with
no CPV . The sets of Dalitz parameters (ar, "r) and
(ār, "̄r) are consistent with each other, indicating no
direct CPV . Taking aj= āj and "j= "̄j (i.e., no direct

CPV ) and repeating the fit gives |q/p| = 0.95+0.22
!0.20

and ! = (!2+10
!11)

".
The dominant systematic errors are from the time

dependence of the Dalitz plot background, and the
e!ect of the pD! momentum cut used to reject D#’s
originating from B decays. The default fit includes ##
scalar resonances $1 and $2; when evaluating system-
atic errors, the fit is repeated without any ## scalar
resonances using K-matrix formalism [10]. The influ-
ence upon x and y is small and included as a system-
atic error.
The 95% C.L. contour for (x, y) is plotted in Fig. 3.

The contour is obtained from the locus of points where
!2 lnL rises by 5.99 units from the minimum value;
the distance of the points from the origin is subse-
quently rescaled to include systematic uncertainty.
We note that for the CPV -allowed case, the reflec-
tions of the contours through the origin are also al-
lowed regions.

x (%)
y 

(%
)

no CPV (stat. only)
no CPV
CPV (stat. only)
CPV

-1

0

1

2

-1 0 1 2

Figure 3: 95% C.L. contours for (x, y): dotted (solid)
is statistical (statistical plus systematic) contour for no
CPV ; dashed-dotted (dashed) is statistical (statistical
plus systematic) contour allowing for CPV . The point
is the best-fit value for no CPV .
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computed from the data in Fig. 3 for a particular set of
fit parameters. The normalization factor is the integral
of L over the parameter space. A flat prior is used for all
three parameters, and RD is treated as a Bayesian nui-
sance parameter. The contours are insensitive to modest
changes in the prior. The contours in the x!2-y! plane
are shown in Fig. 4. The no-mixing point lies on the
contour which excludes a region containing a probability
of 1.5! 10"4, equivalent to 3.8 Gaussian standard devi-
ations. We also computed contours with the constraint
x!2 " 0 and find a probability for no-mixing consistent
with the value obtained without the constraint.
We tried alternate procedures to determine the prob-

ability for no mixing. We fit the data in Fig. 3 with the
constraint y! = x!2 = 0, with results as given in Table I.
The change in log likelihood (#2! lnL) between the un-
constrained and no-mixing fits has an approximately chi-
square distribution for two degrees of freedom. From
Table I, #2! lnL = 17.6, which corresponds to a prob-
ability of 1.6 ! 10"4. We also made a frequentist check
using ensembles of simulated R(t/!) measurements with-
out mixing. The probability for a simulation to have a
value of #2! lnL " 17.6 is 1.3 ! 10"4. The probabil-
ities from both of these checks are consistent with that
obtained using Bayesian contours.
In conclusion, our data shows evidence for D0 # D̄0

mixing in the K+"" channel, providing the first con-
firmation of the evidence from the BABAR experiment.
The mixing could be due to standard model long-range
intermediate states or due to new physics. Improved re-
liability of standard model calculations and future mea-
surements of mixing signatures with improved precision

are needed to explain this phenomenon.
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Figure 3: Two-dimensional confidence regions in the (x02, y0) plane obtained (a) without any
restriction on CP violation, (b) assuming no direct CP violation, and (c) assuming CP conserva-
tion. The dashed (solid) curves in (a) and (b) indicate the contours of the mixing parameters
associated with D0 (D0) decays. The best-fit value for D0 (D0) decays is shown with an open
(filled) point. The solid, dashed, and dotted curves in (c) indicate the contours of CP -averaged
mixing parameters at 68.3%, 95.5%, and 99.7% confidence level (CL), respectively. The best-fit
value is shown with a point.

in the (x02, y0) plane. For each fit, 104 WS-to-RS ratio data points are used, corresponding
to 13 ranges of decay time, distinguishing D⇤+ from D⇤� decays, TOS from TOS decays,
and 2011 data from 2012 data. The consistency with the hypothesis of CP symmetry is
determined from the change in �2 between the fit without and with CP violation, taking
into account the di↵erence in number of degrees of freedom. The resulting p value, for the
fit with direct and indirect (indirect only) CP violation allowed, is 91% (81%), showing
that the data are compatible with CP symmetry.

The uncertainties incorporate both statistical and systematic contributions, since all
relevant systematic e↵ects depend on the true values of the mixing parameters, and are
thus incorporated into the fit �2. These include the uncertainty in the fraction of charm
mesons from b-hadron decays, and their bias on the observed decay time; the uncertainty
in the fraction of peaking background; and the uncertainty in the determination of the
instrumental asymmetry. The statistical uncertainty is determined in a separate fit and
used to calculate the systematic component by subtraction in quadrature.

Direct CP violation would produce a nonzero intercept at t = 0 in the e�ciency-
corrected di↵erence of WS-to-RS yield ratios between D0 and D0 mesons shown in
Fig. 2 (c). It is parametrized by the asymmetry measured in the first fit AD ⌘
(R+

D �R�
D)/(R

+
D +R�

D) = (�0.7 ± 1.9)%. Indirect CP violation results in a time de-
pendence of the e�ciency-corrected di↵erence of yield ratios. The slope observed in
Fig. 2 (c) is about 5% of the individual slopes of Figs. 2 (a) and (b) and is consistent
with zero. From the results of the fit allowing for direct and indirect CP violation, a
likelihood for |q/p| is constructed using the relations x0± = |q/p|±1(x0 cos�± y0 sin�) and
y0± = |q/p|±1(y0 cos�⌥ x0 sin�). Confidence intervals are derived with a likelihood-ratio
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