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• Measure property of 
charmed hadrons 
‣ Lifetimes 
‣ -  mixing 
‣ CP violation
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• lifetime is inverse of decay rate, 
 

• e.g. decay of muon 
• proportional to particle mass  
• besides additional electro-weak 

corrections, this provides good 
estimate

τ = 1/Γ

m−5

Lifetime

4

Hence the total decay rate of the muon reads (see, e.g., [10] for an early reference)

Γµ→νµ+e+ν̄e =
G2

Fm
5
µ

192π3
f

(

me

mµ

)

=
G2

Fm
5
µ

192π3
c3,µ . (2.5)

f denotes the phase space factor for one massive particle in the final state. It is given by

f(x) = 1− 8x2 + 8x6 − x8 − 24x4 ln(x) . (2.6)

The coefficient c3,µ is introduced here to be consistent with our later notation. The result in
Eq.(2.5) is already very instructive, since we get now for the measurable lifetime of the muon

τ =
1

Γ
=

192π3

G2
Fm

5
µf

(

me

mµ

) . (2.7)

Thus the lifetime of a weakly decaying particle is proportional to the inverse of the fifth power
of the mass of the decaying particle. Using the measured values [1] for GF = 1.1663787(6) ·
10−5 GeV−2 , me = 0.510998928(11) MeV and mµ = 0.1056583715(35) GeV we predict2 the
lifetime of the muon to be

τTheo.
µ = 2.18776 · 10−6 s , (2.8)

which is in excellent agreement with the measured value [1] of

τExp.
µ = 2.1969811(22) · 10−6 s . (2.9)

The remaining tiny difference (the prediction is about 0.4% smaller than the experimental
value) is due to higher order electro-weak corrections. These corrections are crucial for a
high precision determination of the Fermi constant. The dominant contribution is given by
the 1-loop QED correction, calculated already in the 1950s [11, 12]:

c3,µ = f

(

me

mµ

)[

1 +
α

4π
2

(

25

4
− π2

)]

. (2.10)

Taking this effect into account (α = 1/137.035999074(44) [1]) we predict

τTheo.
µ = 2.19699 · 10−6 s , (2.11)

2This is of course not really correct, because the measured muon lifetime was used to determine the Fermi
constant, but for pedagogical reasons we assume that the Fermi constant is known from somewhere else.
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Lifetime
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Γ = Γ3 + Γ5
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Now the hadronic structure is more complicated. We have the binding of hadrons in
the initial state and in the final states. Moreover there is the possibility of having
strong interactions between the initial state and the final states. The non-perturbative
physics is in this case described by so-called form factors.

• Non-leptonic decays have only hadrons in the final state, e.g., B− → D0 π−.

These are the most complicated decays and they can only be treated by making addi-
tional assumptions that allow then for a factorisation.

Related to this considerations we introduce the notation for two classes of decays - inclusive
and exclusive decays. In exclusive modes every final state hadron is identified. This is
in principle what experiments can do well, while theory has the problem to describe the
peculiar QCD binding effects in the hadronic states. An example from above would be the
decay B− → D0 π−, where one explicitly detects the D0 and π− in the final state. The
corresponding inclusive decay is b → cūd. In inclusive modes we only care about the quark
content of the final state, this is clearly theoretically easier, while experiments have the
problem of summing up all decays that belong to a certain inclusive decay mode. Another
example that will appear later on, is the inclusive b → c c̄ s transition; corresponding
exclusive decays are in this case

B0
d → D∗− D∗+

s , D− D∗+
s , D∗− D+

s , D− D+
s , J/Ψ KS , . . . .
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• lifetime is inverse of decay rate, 
  

• for hadrons:  
‣ need to consider different types of 

weak decays 
‣ QCD effects for initial/final states and 

everything in between 
• use HQE:  

‣ expansion in mass of heavy quark 
‣ corrections are significant for charm 

hadrons

τ = 1/(Γsemi−lept + Γlept + Γhad)

Γi ∼
G2

Fm5
c

192π3
|Vcs |2
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• what we want 
‣ determine decay time  by measuring 

vertex displacement and momentum 
‣ decay-time uncertainty  is obtained by 

propagating uncertainties of  and   
• what we need 

‣ accurate VXD alignment,  
‣ precise calibration of final-state particle 

momenta 
‣ powerful background discrimination

t

σt ⃗L ⃗p

How to measure a lifetime

6

t = mC

⃗L ⋅ ⃗p
| ⃗p |2

e+ e−

IP

⃗L

⃗p

decay vertex

⃗L ⋅ ⃗p

PXD: 2-layer all-silicon pixel 
SVD: 4-layer double-sided silicon strip



Michel Bertemes - BNL

How to measure a lifetime
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e+ e−

IP

⃗L

⃗p

decay vertex

⃗L ⋅ ⃗p

• what we want 
‣ determine decay time  by measuring 

vertex displacement and momentum 
‣ decay-time uncertainty  is obtained by 

propagating uncertainties of  and   
• what we need 

‣ accurate VXD alignment,  
‣ precise calibration of final-state particle 

momenta 
‣ powerful background discrimination

t

σt ⃗L ⃗p

t = mC

⃗L ⋅ ⃗p
| ⃗p |2
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Measurements

8
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For both the Λ0 and the Ω− candidates, the angle be-
tween its momentum and its displacement from the IP
must be smaller than 90◦. Candidate Ω0

c → Ω−π+ de-
cays are formed by combining the selected Ω− candidates
with positively charged particles that are consistent with
originating from the e+e− interaction and have momenta
greater than 0.5GeV/c. We require the scaled momentum
of the Ω0

c candidate be larger than 0.6. The scaled mo-
mentum is pcms/

√

s/4−m(Ω−π+)2, where pcms is the
momentum of the Ω0

c candidate in the e+e− center-of-
mass system, s is the squared center-of-mass energy, and
m(Ω−π+) is the reconstructed Ω0

c mass. The scaled
momentum requirement eliminates Ω0

c candidates orig-
inating from decays of B mesons and greatly suppresses
combinatorial background. A decay-chain vertex fit con-
strains the tracks according to the decay topology and
constrains the Ω0

c candidate to originate from the e+e−

interaction region [25]. The interaction region has typi-
cal dimensions of 250µm along the z axis and of 10µm
and 0.3µm in the two directions transverse to the z axis.
Its position and size vary over time and are measured
using e+e− → µ+µ− events. Only candidates with fit
probabilities larger than 0.001 and with σt values smaller
than 1.0 ps are retained for further analysis. The ver-
tex fit updates the track parameters of the final-state
particles, and the updated parameters are used in the
subsequent analysis. The Λ0 and Ω− candidates are re-
quired to have masses within approximately three units of
mass resolution (or standard deviations) of their known
values [7]. The mass of the Ω0

c candidate must be in
the range [2.55, 2.85]GeV/c2. After these requirements,
about 0.5% of events have multiple Ω0

c candidates; for
these events, the candidate with the highest vertex-fit
probability is retained. An unbinned maximum likeli-
hood fit to the m(Ω−π+) distribution is used to deter-
mine the signal purity in the signal region defined by
2.68 < m(Ω−π+) < 2.71GeV/c2 (Fig. 1). In the fit, the
Ω0

c signal is modeled with a Gaussian distribution, and
the background is modeled with a straight line. The sig-
nal region contains approximately 132 candidates with a
signal purity of (66.5± 3.3)%.

The lifetime is determined using a maximum-likelihood
fit to the unbinned (t,σt) distribution of the candidates
populating the signal region. The likelihood is defined as

L(fs, θ) = G(fs|0.665, 0.033)
∏

i

[fsPs(ti,σt i|θ) + (1− fs)Pb(ti,σt i|θ)] ,

where i runs over the candidates and θ is a short-hand
notation for the set of fit parameters, which are specified
in the following. The signal fraction fs is constrained to
the value measured in the m(Ω−π+) fit with the Gaus-
sian distribution G(fs|0.665, 0.033). The signal proba-
bility density function (PDF) is the convolution of an
exponential distribution in t with a Gaussian resolution
function that depends on σt, multiplied by the PDF of
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Figure 1: Mass distribution for Ω0
c
→ Ω

−

π
+ candidates with

fit projections overlaid. The vertical dashed lines enclose the
signal region; the shaded area indicates the sideband.

σt,

Ps(t,σt|τ, b, s) = Ps(t|σt, τ, b, s)Ps(σt)

∝

∫

∞

0

e−t′/τG(t− t′|b, sσt)dt
′ Ps(σt) .

The resolution function’s mean b is a free parameter of
the fit to account for a possible bias in the determination
of the decay time; its width is the per-candidate σt scaled
by a free parameter s to account for a possible misestima-
tion of the decay-time uncertainty. The background in
the signal region is empirically modeled from data with
m(Ω−π+) in the sideband [2.55, 2.65]∪[2.75, 2.85]GeV/c2

(Fig. 1). The sideband is assumed to contain exclu-
sively background candidates and be representative of
the background in the signal region, as verified in sim-
ulation. The background PDF is the conditional PDF
of t given σt multiplied by the PDF of σt, Pb(t,σt|θ) =
Pb(t|σt, θ)Pb(σt). The distribution in t is the sum of a
δ function at zero and an exponential component with
lifetime τb, both convolved with a Gaussian resolution
function having a free mean bb and a width correspond-
ing to σt scaled by a free parameter sb,

Pb(t|σt, τb, fτb , bb, sb) = (1− fτb)G(t|bb, sbσt)

+ fτbPb(t|σt, τb, bb, sb) ,

where fτb is the fraction of the exponential component
relative to the total background and

Pb(t|σt, τb, bb, sb) ∝

∫

∞

0

e−t′/τbG(t− t′|bb, sbσt)dt
′ .
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ulated using Geant4 [27]. Final-state radiation is in-
cluded in the simulation via Photos [28]. Both MC-
simulated events and collision data are reconstructed us-
ing the Belle II analysis software framework [29, 30]. To
avoid introducing bias in our analysis, we analyze the
data in a “blind” manner, i.e, we finalize all selection
criteria and the fitting procedure before evaluating the
lifetime of signal candidates.

We reconstruct D+
s !�⇡+ decays by first reconstruct-

ing � ! K+K� decays and subsequently pairing the
� candidate with a ⇡+ track. We select well-measured
tracks by requiring that each track have at least one hit
(measured point) in the PXD, four hits in the SVD, and
30 hits in the CDC. We select tracks that originate from
near the interaction point (IP) by requiring |�z| < 2.0 cm
and �r < 0.5 cm, where �z is the displacement of the
track from the IP along the z axis, and �r is the radial
displacement in the plane transverse to the z axis. The
IP position is measured at regular intervals of data-taking
using e+e� ! µ+µ� events. The spread of the IP posi-
tion is typically 250 µm in the z direction, 10 µm in the
transverse horizontal direction (x), and only 0.3 µm in
the transverse vertical direction (y).

We identify tracks as pions or kaons based on
Cherenkov light recorded in the TOP and ARICH, and
specific ionization (dE/dx) information from the CDC
and SVD. This information is combined to calculate a
likelihood LK,⇡ for a track to be aK+ or ⇡+. Tracks hav-
ing a ratio LK/(LK + L⇡) > 0.60 are identified as kaon
candidates, while tracks having LK/(LK + L⇡) < 0.55
are identified as pion candidates. These requirements are
90% and 95% e�cient for kaons and pions, respectively.

To reconstruct � ! K+K� decays, we combine two
kaon candidate tracks having opposite charge and an in-
variant mass satisfying 1.010 GeV/c2 < M(K+K�) <
1.030 GeV/c2. This selected range retains 91% of �!
K+K� decays. We pair � candidates with ⇡+ tracks to
form D+

s candidates and require that the invariant mass
satisfy a loose requirement of 1.922 GeV/c2 < M(�⇡+) <
2.020 GeV/c2. We fit the three tracks to a common ver-
tex using the TreeFitter algorithm [31]. The vertex
position resulting from the fit is taken as the decay ver-
tex of the D+

s . The fit includes a constraint that the D+
s

trajectory be consistent with originating from the IP; this
constraint improves the resolution on the D+

s decay time
by a factor of three.

To eliminate D+
s mesons originating from B decays,

which would not have a properly determined decay time,
we require that the momentum of the D+

s in the e+e�

center-of-mass frame be greater than 2.5 GeV/c. This se-
lection eliminates all D+

s mesons from B decays while re-
taining 67% of those produced via e+e�!cc̄. We reduce
background arising from random combinations of � and
⇡+ candidates by requiring | cos ✓K | > 0.45, where ✓K is
the angle in the � rest frame between the K� momentum
and the direction of the D+

s . This requirement reduces

combinatorial background by 40% while retaining 90% of
signal decays. After applying all selection criteria, about
2% of events have more than one D+

s !�⇡+ candidate.
False signal candidates arise mainly from combinations
of � decays with unrelated ⇡+ tracks. These do not peak
in M(�⇡+) and are counted as background in our fits for
signal yield and D+

s lifetime; consequently, they have a
negligible e↵ect on the fitted lifetime. We thus retain all
signal candidates.
The final M(�⇡+) distribution is shown in Fig. 2. We

perform an unbinned maximum likelihood fit to M(�⇡+)
to determine the yield of D+

s !�⇡+ decays. The signal
shape is modeled as the sum of two Gaussian functions
and an asymmetric Student’s t distribution. The back-
ground contains no peaking structure (> 95% consists
of random combinations of � and ⇡+ candidates) and
is well-modeled by a 2nd-order Chebyshev polynomial.
To measure the D+

s lifetime, we select candidates having
an invariant mass satisfying 1.960 GeV/c2 < M(�⇡+) <
1.976 GeV/c2. This range retains 95% of D+

s !�⇡+ de-
cays. In this signal region, the fit yields 115560 signal
decays and 9970 background events; the signal purity
(ratio of signal over the total) is 92%.
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FIG. 2. Distribution of M(�⇡+) for D+
s ! �⇡+ candidates,

with the fit result overlaid. Black dots correspond to the data;
the red dashed curve shows the background component; and
the blue solid curve shows the overall fit result. Vertical dot-
ted lines denote the signal region, and vertical dot-dashed
lines denote the upper and lower boundaries of the lower and
upper sidebands (see text). The corresponding pull distribu-
tion is shown in the lower panel, where the pull is defined as
(data� fit)/(uncertainty in data).

The decay time of a D+
s candidate is calculated as

t =

 
~d · ~p
p2

!
m

D+
s
, (1)

where ~d is the displacement vector from the IP to the
D+

s decay vertex, ~p is the D+
s momentum, and m

D+
s

is

the known D+
s mass [17]. The average resolution on t

is 108 fs. We determine the D+
s lifetime by performing

• select high-purity samples of: 
‣ ,  
‣  
‣  
‣  

• avoid selection criteria that bias the decay time 
• extract lifetime with a fit to the  

distribution 
‣  is used as a width of a Gaussian resolution 

function 
• detector misalignment among syst. 

uncertainties

D0 → K−π+ D+ → K−π+π+

Λ+
c → pK−π+

Ω0
c → Ω−π+

D+
s → ϕπ+

(t, σt)

σt

D+
s

Ω0
c
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To better constrain the background parameters, a simul-
taneous fit to the candidates in the signal region and the
sideband is performed. The PDFs of σt, which differ be-
tween signal and background, are histogram templates
derived directly from the data. The signal template is
derived from the candidates in the signal region after
subtracting the scaled distribution of the sideband data.
The background template is obtained directly from the
sideband data. No direct input from simulation is used
in the fit.
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Figure 2: Decay-time distributions for Ω
0
c
→ Ω

−

π
+ candi-

dates populating (top) the signal region and (bottom) the
sideband with fit projections overlaid.

The distributions of decay time and decay-time uncer-
tainty are shown in Figs. 2 and 3 with fit projections over-
laid. The Ω0

c lifetime is measured to be 243± 48 fs, the
mean of the signal resolution function is b = −18± 41 fs,
and the scaling factor of the width is s = 1.35 ± 0.20,
where the uncertainties are statistical only.
The following sources of systematic uncertainties are

considered: fit bias, resolution model, treatment of back-
ground contamination, imperfect alignment of the track-
ing detectors, and uncertainties in the momentum scale
and in the input Ω0

c mass. Table I lists all contributions
and their total, calculated as the sum in quadrature of
the individual contributions.
The lifetime fit is tested on data generated by ran-
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Figure 3: Decay-time-uncertainty distributions for Ω
0
c

→

Ω
−

π
+ candidates populating (top) the signal region and (bot-

tom) the sideband with fit projections overlaid.

Table I: Systematic uncertainties.

Source Uncertainty (fs)
Fit bias 3.4
Resolution model 6.2
Background model 8.3
Detector alignment 1.6
Momentum scale 0.2
Input Ω0

c
mass 0.2

Total 11.0

domly sampling the fit PDF with parameters fixed to
the values found in the fit to the data and with lifetime
values varied between 60 fs and 300 fs. One thousand
pseudoexperiments, each the same size as the data, are
generated for each tested lifetime value. A −3.4 fs bias
is observed for lifetime values close to the fit result of
243 fs. The bias is mostly due to the small sample size
and reduces when simulating larger sizes. Its absolute
value is assigned as a symmetric systematic uncertainty.
Simulation shows that the resolution function has tails

that are inconsistent with a Gaussian model. The ef-
fect on the measured lifetime due to using our imperfect
resolution model is quantified using one thousand sam-

4

an unbinned maximum likelihood fit to two observables:
the decay time t and the per-candidate uncertainty on t
(�t) as calculated from the uncertainties on ~d and ~p. The
likelihood function for the ith candidate is given by

L(⌧ |ti,�t
i) = fsig Psig(t

i|⌧,�t
i)Psig(�t

i) +

(1� fsig)Pbkg(t
i|⌧,�t

i)Pbkg(�t
i), (2)

where fsig is the fraction of events that are signal D+
s !

�⇡+ decays; Psig(t|�t) and Pbkg(t|�t) are probability den-
sity functions (PDFs) for signal and background events,
respectively, for a reconstructed decay time t given an
uncertainty �t; and Psig(�t) and Pbkg(�t) are the respec-
tive PDFs for �t. To reduce highly mismeasured events
that are di�cult to simulate, we impose loose require-
ments �2000 fs < t < 4000 fs and �t < 900 fs. These
requirements reject less than 0.1% of signal candidates.
The signal PDF is the convolution of an exponential

function and a resolution function R:

Psig(t
i|⌧,�t

i) =
1

⌧

Z
e�t0/⌧ R(ti � t0;µ, s,�t

i) dt0, (3)

where R(ti � t0;µ, s,�t
i) is a single Gaussian function

with mean µ and a per-candidate standard deviation
s⇥ �t

i. The scaling factor s accounts for under- or over-
estimation of the uncertainty �t

i. The PDF Pbkg(t |�t)
is determined by fitting the decay-time distribution of
events in the M(�⇡+) “upper” sideband 1.990 GeV/c2 <
M(�⇡+) < 2.020 GeV/c2, which has no contamination
from signal decays with final-state radiation. We model
Pbkg(t|�t) as the sum of three asymmetric Gaussians with
a common mean. We use MC simulation to verify that
the decay-time distribution of background events in this
sideband describes well the decay-time distribution of
background events in the signal region.

The PDFs Psig(�t) and Pbkg(�t) are taken to be finely
binned histograms. The former is determined from the �t

distribution of events in the signal region, after subtract-
ing the �t distribution of events in the M(�⇡+) sideband.
The latter is determined from background events in the
M(�⇡+) sideband. The resulting distribution matches
well that of MC-simulated signal decays. The signal frac-
tion fsig is obtained from the earlier fit to the M(�⇡+)
distribution (Fig. 2) and fixed in this fit. Thus there are
three floated parameters: the lifetime ⌧ , and the mean
parameter µ and scaling factor s of the resolution func-
tion. These are determined by maximizing the total log-
likelihood

P
i lnL(⌧ |ti,�t

i), where the sum runs over all
events in the signal region.

The result of the fit is ⌧ = 498.70± 1.71 fs, where the
uncertainty is statistical only. The projection of the fit
for t is shown in Fig. 3 along with the resulting pulls; the
�2 divided by the number of degrees of freedom (100 �
4 = 96) is 1.02. The values µ = 0.56 ± 0.86 fs and
s = 1.22 ± 0.01 obtained for the resolution function are
similar to those obtained from MC-simulated samples.
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FIG. 3. Distribution of t for D+
s !�⇡+ candidates, with the

fit result overlaid. Black dots correspond to the data; the red
dashed curve shows the background component; and the blue
solid curve shows the overall fit result. The corresponding
pull distribution is shown in the lower panel.

The main systematic uncertainties are listed in Table I
and evaluated as follows. Uncertainty arising from pos-
sible mismodeling of the detector response and possible
correlations between t and �t not accounted for by the
resolution function is assessed by fitting a large ensemble
of MC signal events. The mean fitted value is calculated,
and the signed di↵erence between the mean value and
the input value is assigned as a systematic uncertainty.
There is uncertainty arising from modeling the back-

ground decay-time distribution. We model this distri-
bution using background events in the upper M(�⇡+)
sideband 1.990 GeV/c2 < M(�⇡+) < 2.020 GeV/c2. To
evaluate uncertainty in this model, we choose a lower
sideband 1.922 GeV/c2 < M(�⇡+) < 1.946 GeV/c2,
a combination of the two sidebands, and also the MC-
simulated background spectrum in the signal region. The
largest di↵erence observed between the resulting fitted
lifetime and our nominal result is assigned as a system-
atic uncertainty.
We model both signal and background �t distributions

using histogram PDFs, and there is systematic uncer-
tainty arising from our choice for the number of bins (i.e.,
statistical fluctuations of the sideband data used to ob-
tain the histogram PDF). We evaluate this by changing
the number of bins from the nominal value (80) to other
values in the range 60–400. For each choice of binning,
we refit for ⌧ . The largest di↵erence observed between
the resulting values and our nominal value is taken as a
systematic uncertainty.
As measuring the decay time depends on a precise de-

termination of the displacement vector ~d and momentum
~p (Eq. 1), there is uncertainty arising from possible mis-
alignments of the PXD, SVD, and CDC detectors. We
study the e↵ect of such possible misalignment using MC
events reconstructed with various misalignments. Each

• select high-purity samples of: 
‣ ,  
‣  
‣  
‣  

• avoid selection criteria that bias the decay time 
• extract lifetime with a fit to the  

distribution 
‣  is used as a width of a Gaussian resolution 

function 
• detector misalignment among syst. 

uncertainties

D0 → K−π+ D+ → K−π+π+

Λ+
c → pK−π+

Ω0
c → Ω−π+

D+
s → ϕπ+

(t, σt)

σt

Measurements

9

Psig(ti |τ, σi
t) ∝ ∫ e−t′ /τR(ti − t′ ; σi

t)dt′ 

D+
s

Ω0
c
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• The eigenstates of the neutral  meson are a mixture of the flavor states:D

12
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M12 and Γ12 determine the mass and width splittings ∆M and ∆Γ, respectively:

∆M ≡ M1 −M2 = 2Re

[

q

p
(M12 −

i

2
Γ12)

]

(15)

∆Γ ≡ Γ1 − Γ2 = −4Im

[

q

p
(M12 −

i

2
Γ12)

]

, (16)

and therefore the characteristics of D0-D0 mixing. We show the unmixed and mixed
intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
earlier. In the K0 system, both |x| and |y| are both of order 1; in the D0 system,
|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| # |y|.
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Fig. 3. The unmixed (blue) and mixed (red) intensities for an initially pure (a) K0; (b) D0; (c)
B0; (d) Bs state. The vertical scale in (b) is logarithmic, the others linear. The values of the mixing
parameters as defined in Eqs. 1 and 2 are obtained using data from Ref. 19, assuming ||q/p| = 1.

From Eq. 9 (Eq. 10), the amplitude that a D0 (D0) produced at t = 0 will
develop into a linear combination of D0 and D0 and decay into f (f̄) at time t is:

〈f |H|D0(t)〉 = Afg+(t) + Āf
q

p
g−(t), (17)

〈f̄ |H|D0(t)〉 = Āf̄g+(t) +Af̄

p

q
g−(t), (18)

K0 = (ds̄) K̄0 = (d̄s)

B0 = (b̄d) B̄0 = (bd̄)

D0 = (cū) D̄0 = (c̄u)

B0
s = (b̄s) B̄0

s = (bs̄)

To mix or not to mix

x~1, y~1

x~10-3, y~10-3

x~1, y~10-3 x~25, y~10-2

|D1,2⟩ = p |D0⟩ ± q | D̄0⟩ x =
m2 − m1

Γ1 + Γ2
y =

Γ2 − Γ1

Γ1 + Γ2
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• mixing at short distances 
‣ box diagram involves loops with 

 quarks 
‣ GIM suppression,  
‣ CKM suppression, 

  
• mixing at long distances 

‣ non-perturbative, difficult to describe 
‣ inclusive (HQE) and exclusive 

(summing over intermediate 
resonances) approaches give varying 
estimates 

• more to come

(d, s, b)
(m2

s − m2
d)2/m2

Wm2
c

|VubV*cb |2 / |VusV*cs |2 ∼ 10−6

Short & Long

13

November 2, 2018 13:28 WSPC/INSTRUCTION FILE D˙mixing˙review

Review of D Mixing 3

u

c u

c

d, s, b d, s, b

W

W

D0 D0(a)

(b)

c
d, s, b

u

cu

WW

d, s, b

D0 D0

u

c u

c

D0D0(c) g

c

W
u

cu

d, s, b

H+

D0 D0 (e)d, s, b

u

c

(f )

c

u

d, s, b d, s, b

H+

H−

D0 D0

u

c u

c

D0 D0 (d)
Z ′0

λuc λ∗
uc

Fig. 1. Possible short-distance amplitudes contributing to D0-D0 mixing. (a–b) SM boxes; (c)
SM di-penguin; (d): new physics flavor-changing neutral current process mediated by a heavy Z′0;
(e–f): charged Higgs in the mixing loop.

D0 D0I
H H

Fig. 2. Long-distance contribution from an intermediate state I to D0-D0 mixing. H is the
Hamiltonian governing weak decays. From Ref. 16.

1.1. D0-D0 Mixing Formalism

The D0 and D0 mesons are produced as flavor eigenstate with charm quantum
numbers C = +1 and −1, respectively. They propagate and decay according to the
Schrödinger equation:

i
∂

∂t

(

D0(t)
D0(t)

)

=

(

M−
i

2
Γ

)(

D0(t)
D0(t)

)

. (3)

Mixing betweenD0 andD0 occurs because these flavor states are not the eigenstates
D1 and D2 of the D0-D0 mass matrix M− iΓ/2, but linear combinations of them.
Assuming that the product of charge conjugation, parity and time reversal (CPT)
is conserved,17 the eigenstates of Eq. 3, |D1,2〉 are given by:17,18

|D1〉 = p|D0〉+ q|D0〉,
|D2〉 = p|D0〉 − q|D0〉, (4)
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Michel Bertemes - BNL

Three types of CP violation 
(I) in decay,  
(II) in mixing,  
(III) in interference between a decay with and 

without mixing, , 

| Āf̄ /Af | ≠ 1
|q/p | ≠ 1

ℑ(λf ) ≠ 0 λf = q/p Āf /Af

CP Violation

14

Strange Beauty Charm

(I), (II) and (III) in K → ππ

(II) also in , K → πℓν
KL → π+π−e+e−

(I) in various decays of 
,  and B0 B+ B0

s

𝒜(K+π−) ∼ 0.08
𝒮(ϕK) ∼ 0.7

(III) in , , 
, …

b → cc̄s b → cc̄d
b → cūd b → qq̄s

ϵ ∼ 10−3
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Strange Beauty Charm

(I), (II) and (III) in K → ππ

(II) also in , K → πℓν
KL → π+π−e+e−

(I) in various decays of 
,  and B0 B+ B0

s

𝒜(K+π−) ∼ 0.08
𝒮(ϕK) ∼ 0.7

(III) in , , 
, …

b → cc̄s b → cc̄d
b → cūd b → qq̄s

ϵ ∼ 10−3

(I) in difference of 
asymmetries for 

 and D0 → K+K−

D0 → π+π−

Δ𝒜 ∼ 10−3



Michel Bertemes - BNL

• direct CPV has been established in 2019 (LHCb, link): 
‣  

• observed value is consistent with SM, challenges calculations 
and raises the question whether the signal is due to NP 

• recent measurement from LHCb indicates direct CP violation in 
at 3.8  (link) 

• at Belle II focus on  and  (isospin sum rule)

ΔACP = ACP(D0 → K+K−) − ACP(D0 → π+π−) = (−0.154 ± 0.029) %

D0 → π+π− σ
D+ → π+π0 D0 → π0π0

CPV in charm

16

�ACP = ACP (D0
! K+K�)�ACP (D0

! ⇡+⇡�) = (�0.154±0.029)% [8], where each

asymmetry is given by:

ACP (D ! f) =
�(D ! f) � �(D̄ ! f̄)

�(D ! f) + �(D̄ ! f̄)
(1)

with �(D ! f) and �(D̄ ! f̄) being the decay rates of a given process and its CP

conjugate, respectively.

While the observed value is consistent with the naive SM expectation, it challenges

first principles calculations and raised the question whether the CP-violation signal is

due to new physics (NP) or an enhancement of rescattering e↵ects [9]. Measurements

in further decay channels can therefore help unveiling the underlying dynamics. SCS

decays such as D+
! ⇡+⇡0, D0

! ⇡0⇡0 and D0
! ⇡+⇡� are particularly interesting

due to di↵erent isospin constraints [10]: the first final state, having isospin I = 2, cannot

be reached from the I = 1/2 initial state via �I = 1/2 penguin operators, so that only

�I = 3/2 NP amplitudes can contribute. This does not apply for the two latter decays

as the final state can have both I = 2 and I = 0 and even I = 1 for the last one, leading

to di↵erent predictions for CP violation e↵ects: while ACP = 0 is expected for the ⇡+⇡0

decay, a non-zero value can be accounted for within the SM for ⇡0⇡0 and ⇡+⇡�. The

measurement of CP violation in ⇡+⇡0 combined with a verification of the isospin sum

rule relating all ⇡⇡ decays therefore represents a unique probe for NP [10]:

R =
ACP (D0

! ⇡+⇡�)

1 +
⌧D0

B+�

⇣
B00
⌧D0

+ 2
3

B+0

⌧D+

⌘ +
ACP (D0

! ⇡0⇡0)

1 +
⌧D0

B00

⇣
B+�
⌧D0

+ 2
3

B+0

⌧D+

⌘ �
ACP (D+

! ⇡+⇡0)

1 + 3
2

⌧D+

B+0

⇣
B00
⌧D0

+ B+�
⌧D0

⌘ (2)

where ⌧D0 and ⌧D+ are the respective lifetimes of D+ and D0; B+�, B00 and B+0 are

the branching ratios of the ⇡+⇡�, ⇡0⇡0 and ⇡+⇡0 decays respectively. There are two

di↵erent outcomes: if R is non-zero, there are �I = 1/2 contributions to CP violation,

they can be due to SM or NP. In case that R is found to be compatible with 0, but

the individual asymmetries are non-zero, the CP asymmetries are likely dominated by

�I = 3/2 contributions, leading to a NP signature.

The current world average for ACP (⇡+⇡�) is (0.13 ± 0.14)% [11]. The Belle collabo-

ration measured ACP (⇡0⇡0) to be (0.03± 0.64± 0.10)%[12], as well as ACP (⇡+⇡0) to be

(2.31 ± 1.24 ± 0.23)% [13], where the first error indicated is statistical and the second

systematic. Recently the LHCb collaboration published a result for ACP (⇡+⇡0) equal

to (�1.3± 0.9± 0.6)% [14], leading to a value of R = (0.1± 2.4)⇥ 10�3. All of these ob-

servations are thus compatible with SM expectations. However, given that these results

are dominated by their statistical uncertainties, it is crucial to update the measurements

once larger data sets are available. If �ACP is indeed due to NP, then the latest theory

estimate predicts e↵ects to be at the order of ANP
CP (⇡+⇡0) . 2�ANP

CP ⇠ 0.3% [15].

The next generation of heavy-flavor experiments at an e+e� collider is hosted at

the High Energy Accelerator Research Organization (KEK) in Tsukuba, Japan. The

3

0.004− 0.002− 0 0.002 0.004

+K−K
da
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0
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+
π

−
πd
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CPVNo direct 

LHCb

contours hold 68%, 95% CL

Figure 2: Central values and two-dimensional confidence regions in the (adK�K+ , ad⇡�⇡+) plane

for the combinations of the LHCb results obtained with the dataset taken between 2010 and

2018 and the one taken between 2010 and 2012, corresponding to an integrated luminosity of

8.7 fb
�1

and 3.0 fb
�1

, respectively.

8

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
http://www.apple.com
https://cerncourier.com/a/lhcb-digs-deeper-in-cp-violating-charm-decays/
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CP Asymmetry

17

ACP(D → f ) =
Γ(D → f ) − Γ(D̄ → f̄ )
Γ(D → f ) + Γ(D̄ → f̄ )
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CP Asymmetry

18

ACP(D → f ) =
Γ(D → f ) − Γ(D̄ → f̄ )
Γ(D → f ) + Γ(D̄ → f̄ )

One of the main ingredients of any CPV (mixing) measurements is flavor tagging 
→determine the signal flavor at the time of production
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A typical beauty event

19

B0B̄0

signal decay

signal decay 
products

same sideopposite side

D+

ν̄

‣ →  → two beauty mesons 
✦ quantum entanglement  
✦ flavor of signal  can be determined from flavor of opposite-side 

e+e− Υ(4S)

B B

Υ(4S)
K0

S

l−
π+
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A charm event is different

20

c
D0(cū)

c̄c̄q

signal decay

signal decay 
products

D*+
π+

s

same sideopposite side

K+(s̄u)

ν̄ μ−
W−

K− π−

p K+e−

‣ → two charm hadrons + fragmentation 
✦ no entanglement, inaccessible strong phase  

‣ standard approach (since 1977): exclusive reconstruction of strong decay  
✦ inefficient reconstruction of slow=low momentum pion 
✦ loss in statistics (only ~25% of all charm quarks hadronize into ) 

‣ a new more inclusive method is desirable to exploit correlation between signal flavor and 
charge of tagging particles

e+e−

D*+ → D0π+
s

D*
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A charm event is different

21

c
D0(cū)

c̄c̄q

signal decay

signal decay 
products

D*+
π+

s

same sideopposite side

ν̄ μ−
W−

K− π−

p K+e−

‣ → two charm hadrons + fragmentation 
✦ no entanglement, inaccessible strong phase  

‣ standard approach (since 1977): exclusive reconstruction of strong decay  
✦ inefficient reconstruction of slow=low momentum pion 
✦ loss in statistics (only ~25% of all charm quarks hadronize into ) 

‣ a new more inclusive method is desirable to exploit correlation between signal flavor and 
charge of tagging particles

e+e−

D*+ → D0π+
s

D*

M(D*+) − M(D0) ≈ 145 MeV/c2slow pion:

K+(s̄u)



Michel Bertemes - BNL

A charm event is different

22

c
D0(cū)

c̄c̄q

signal decay

signal decay 
products

D*+
π+

s

ν̄ μ−
W−

K− π−

K+e−

same sideopposite side

p

‣ → two charm hadrons + fragmentation 
✦ no entanglement, inaccessible strong phase  

‣ standard approach (since 1977): exclusive reconstruction of strong decay  
✦ inefficient reconstruction of slow=low momentum pion 
✦ loss in statistics (only ~25% of all charm quarks hadronize into ) 

‣ a new more inclusive method is desirable to exploit correlation between signal flavor and 
charge of tagging particles

e+e−

D*+ → D0π+
s

D*

K+(s̄u)
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The Charm Flavor Tagger (CFT)

23

=+1 for  and -1 for  
=1 perfect prediction, =0 random guessing

q D0 D̄0

r r

• reconstruct particles most collinear with signal meson 
• uses kinematic features ( , recoiling mass) and PID of tagging particles 
• based on BDT, predicts  (tagging decision  and dilution ) 
• trained using simulation and calibrated with Belle II data

ΔR
qr q r

ϵeff
tag = (47.91 ± 0.07(stat.) ± 0.51(syst.)) %

tagging power: ϵeff
tag = ϵtag⟨r2⟩
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The Charm Flavor Tagger (CFT)

24

• double the sample size w.r.t -tagged events 
• provide discrimination between signal and background 
• CFT will increase sensitivity for many charm decays: 

‣

D*+

D0 → π0π0, K0
SK0

S , Kππ0, πππ0 . . .

D0 → K−π+ D0 → K+π−π0(WS)



What we are doing
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• Direct CPV in: 
‣ Mesons 

✦ (link), (link), 
 

✦ neutrals in final state → Belle II territory  
‣ Baryons 

✦  ( ) (link) 
✦ largely unexplored domain

D0 → π0π0 D0 → K0
S K0

S
D+ → π+π0

Ξ+
c → Σ+h+h− h = K, π

CP Violation

26

Araw = ACP + Adet + Aprod + Atag

https://indico.belle2.org/event/9085/contributions/59808/attachments/21910/32416/pi0pi0_status.pdf
https://indico.belle2.org/event/9085/contributions/59809/attachments/21928/32449/CharmWG_19_04_23_sanjee.pdf
https://indico.belle2.org/event/9084/contributions/59807/attachments/21792/32263/charm_update.pdf
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• flavor eigenstates 
‣  (link) 
‣ ratio of DCS over CF  
‣ x, y rotated by strong phase 

• self-conjugate final states 
‣ (link) 
‣ direct access to x,y 

parameters 
‣ model-independent 

approach

D0 → K+π−π0

D0 → K0
Sπ+π−

Mixing & CPV

27
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Figure 4
Dalitz plot of D0 → K0

Sπ
+π− decays, with m2

± = m2(K0
Sπ

± ). (a) Distribution of data (17). (b) Bins of equal-interval strong-phase
difference as de!ned in Reference 84.

4.3.3. Measurements with multibody self-conjugate decays. As is evident from its Dalitz
plot (Figure 4a), the mode D0 → K0

Sπ
+π− has a rich resonance structure. The decay receives

contributions both from CP eigenstates, such as D0 → K0
Sρ

0, and from "avor eigenstates, such as
D0 → K∗∓π±. Hence, as !rst pointed out in Reference 83, an analysis that pays attention to the
position of each decay in phase space can be considered as a combination of the two strategies
discussed above. Moreover, the strong-phase difference varies over the Dalitz plot, ensuring that
the analysis has greater sensitivity to the parameter x than in the case of D0 → K∓π± decays. The
measurement may be performed separately forD0 and D̄0 mesons to probe forCP violation.There
is suf!cient information in the Dalitz plot to allow a simultaneous !t of x, y, φD, and |q/p|, giving
D0 → K0

Sπ
+π− a particularly important role in charm studies.

Knowledge of the strong-phase variation is available from two alternative sources, following
similar considerations to those discussed for multibody decays in Section 4.3.2. First, an am-
plitude model may be constructed from a !t to the time-integrated Dalitz plot to describe the
contribution of each resonance and the interference between them. A second approach is to use
charm-threshold data to measure the mean strong-phase difference (or, in practice, the amplitude-
weighted cosine and sine of this quantity) in bins of phase space. The de!nition of these bins is
itself guided by amplitude models. Figure 4b shows one such partitioning of the Dalitz plot, in
which eight pairs of symmetrical bins are chosen. The bin boundaries separate the expected phase
difference into intervals of 2π/8 radians. Measurements of the strong-phase difference within
these bins have been performed by both the CLEO and BESIII Collaborations (22, 84).

Themixing analysis is performed either through an unbinned !t of the data set that assumes the
amplitude variation given by the model or through a binned analysis that makes use of the charm-
threshold inputs (85, 86). The latter strategy has the bene!t of incurring no model dependence, at
the expense of some loss of statistical sensitivity. At hadron collider experiments, the trigger can
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• Absolute BR of  (link) 
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Γ(D*+
s → D+

s π0)/Γ(D*+
s → D+

s γ)
Ξc(2790)0

Ds(2460)
D+ → π+ℓ+ℓ+

Λ+
c → Ξ0K+

T Λ+
c → ΛK0

Sh+

And much more
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