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Mixing of neutral mesons: idea

2

Phys. Rev. 97 (1955) 1387

• Known: K0 (θ0) can decay to !+!! 

• Hypothesis: K0 has a distinct anti-particle K0

• Claim: K0 (K0) is a “particle mixture” with two distinct lifetimes, each lifetime has 
its own set of decay modes

_

_

http://inspirehep.net/record/845
http://inspirehep.net/record/845


Mixing of neutral mesons: formalism

• Time-evolution described by Schrödinger’s equation

• Eigenstates can have different masses and decay width

• If CP is conserved, q and p are real, i.e. |q/p| = 1 and φ = arg(q/p) = 0
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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)

[arXiv:1209.5806]

Mixing of neutral mesons: phenomenology

Blue line:
   given a P0, at t=0,
   the probability of 
   finding a P0 at t

Red Line:
   given a P0, at t=0,
   the probability of 
   finding a P0 at t

_

|�P 0(0)|P 0(t)�|2 ∝ e−Γt [cosh(yΓt) + cos(xΓt)]

|�P 0(0)|P 0
(t)�|2 ∝ e−Γt [cosh(yΓt)− cos(xΓt)] 4

http://arxiv.org/abs/1209.5806
http://arxiv.org/abs/1209.5806
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To compare the expected time distribution (1)with 
the observed distribution we require knowledge of the 
time-dependent acceptance of the apparatus e(r). This 
function has been calculated by a realistic simulation 
of the experiment using Monte Carlo m. ethods. The 
procedure simulates the production of K ° with the 
help of experimental K ° -~ n+n - data [10]. Details of 
the spark chamber performance such as the resolution 
and its angular dependence, and the local efficiency 
are derived frorfl the data sample. Particles undergo 
scattering in traversing matter or are absorbed. The full 
field map is used to track orbits through the magnet. 
The reliability of this simulation, is, however, only 
weakly dependent on either of these inputs, and on the 
precise location of the geometrical aperture of the de- 
tector. 

This is due to two design features of the apparatus: 
1) it accepts for each decay point K°-origins distri- 

butes over 5 K~ lifetimes and thereby smears out rela- 
tions between geometrical aperture and a given eigen- 
time; 

2) the frequency distribution of electrons over the 
cells of the Cerenkov counter and over the allowed 
phase space depends even more weakly on eigentime 
because of the preceding momentum analysis. 

We have done several tests to convince ourselves 
that this simulation gives a reliable acceptance func- 
tion including time resolution effects. 

The time distribution of K ° -~ r r + n  - events has 
been fitted with the result 

r s = (0.877 -+ 0.018) ! 10-10s, (5) 

in good agreement wiht the world average [11 ]. 
Using I~3 data we have done two additional tests. 

The time dependence of the charge asymmetry in Ke°3 
decays follows from eq. (2) 
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What about charm?
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• Charm mixing ‘‘known’’ since 2007

• As of November 2012, no single 5σ 
observation

• No-mixing excluded at ~10σ when 
all results are combined

• So far no evidence for CP violation in 
charm mixing

• After years of dedicated experiments, 
LHCb can now probe the charm 
sector with unprecedented precision x (%)
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Why is charm interesting?

• Low standard model rate, potentially a powerful probe
for new physics

• Small contributions from box diagrams

• b loop CKM suppressed ⇐ |VubV*cb|2≪1

• s, d loops GIM suppressed ⇐ (m2s-m2d)/m2W~0

• Long-distance effects important (and difficult to 
calculate)

• Charm is the only up-type quark where we can look 
for flavor/CP violation

• In the standard model the largest flavor/violating effects appear in the down 
sector, no reason this should be true if new physics is present at the 
electroweak scale

6



“Charming puzzle”

• Observed mixing rate is on the upper end of most standard model 
predictions

• Could be interpreted as a hint for the presence of new physics

• More precise measurements (and reliable theory calculations) are 
needed to clear the picture

7
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Charm mixing: experimental status
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E791

E791

E791

D0 → K+π−

D0 → h+h−

D0 → K+π−π0

D0 → K+π+2π−

D0 → K0
Sh

+h−

D0 → K+�−ν

ψ(3770) → D0D0
= mixing probability > 3σ

JHEP 04 (2012) 129
2010 data

From HFAG page:

http://arxiv.org/abs/1112.4698
http://arxiv.org/abs/1112.4698
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Charm mixing with D0→K+!!

• Exploit interference between mixing and doubly-Cabibbo-suppressed 
decay amplitudes

• Compare to RS events which are dominated by Cabibbo-favored amplitude

• Assuming |x|,|y|<<1 and no CPV

x� = x cos δ + y sin δ
y� = y cos δ − x sin δR(t) =

NWS(t)

NRS(t)
= RD +

�
RDy�t+

x�2 + y�2

4
t2

9
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Experimental apparatus
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When ‘‘charm is more than just beauty’’...

11

At the LHC charm production is ~20 times more abundant than beauty:

              σ(pp→ccX) = 1419 ± 134 μb *
              σ(pp→bbX) = 75 ± 14 μb **

The LHC is effectively a c-hadron factory!

@ 7 TeV and in LHCb acceptance

_
_

* Nucl. Phys. B 871 (2013) 1
** Phys. Lett. B 694 (2010) 209

http://inspirehep.net/record/1218996
http://inspirehep.net/record/1218996
http://inspirehep.net/record/867355
http://inspirehep.net/record/867355


Hadronic charm 
decays at LHCb
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Hadronic charm 
decays at LHCb
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Hadronic charm 
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Hadronic charm 
decays at LHCb
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Silicon Vertex Locator:
20 μm impact parameter resolution, 
corresponding to ~0.1τ decay-time 
resolution for a 2-body charm decay

Excellent tracking:
Δp/p = 0.4-0.6% at 5-100 GeV/c,
corresponding to ~8 MeV/c2 mass 

resolution for a 2-body charm decay

LHCb Particle identification

4

Excellent pion-kaon-proton separation between 
2 and 100 GeV/c of momentum

RICH detectors:
K-" separation in wide 
range of momentum
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LHCb trigger on hadronic charm decays

LHC rate ~ 15 MHz cc fraction ~ 10%

Hardware ET trigger ~ 1 MHz cc fraction ~ 50%

High pT, IP track ~ 80 kHz efficiency ~ 50%

Exclusive D→hh/3h/4h ~ 2 kHz efficiency ~ 50-90%

No possibility of an inclusive charm trigger!

Use exclusive triggers tuned for the needs of specific 
analyses to deliver high signal efficiency and purity

_

_
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Online charm peaks!



Analysis
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• Assume CP conservation

• Strategy similar to CDF’s analysis:

• Count WS and RS events in bins 
of decay time

• separate signal from 
backgrounds

• Fit the ratio of yields vs decay 
time

• flat? no mixing

• not flat? mixing

15

Analysis outline

momentum of the D0 candidate with respect to the beam
line, and !xy is the uncertainty on Lxy. The tagging pion
track must have d0 < 500 "m, where the transverse im-
pact parameter d0 is the distance of closest approach
between a track and the primary vertex in the plane trans-
verse to the beam line. The tagging pion must also have a
point of closest approach to the primary vertex less than
1.5 cm along the beam line.

The ratio t=# is determined for each D0 candidate by
t=# ! mD0Lxy="pT##, where mD0 ! 1:8648 GeV=c2 and
# ! 410:1 fs are the world average values for the D0

invariant mass and lifetime, respectively [21]. To study
R"t=##, we divide the data into 20 bins of t=# ranging
from 0.75 to 10.0, choosing bins of increasing size from

0.25 to 2.0 to reduce statistical uncertainty at larger times.
The bin sizes are larger than the t=# resolution of $0:16.

After RS and WS candidates are separately divided into
t=# bins, they are further divided into bins of mass differ-
ence !m % mK$$ &mK$ &m$. For each !m bin, we
perform a binned maximum likelihood fit of the corre-
sponding mK$ distribution to determine the D0 signal
yield. The distribution of D0 signal yield versus !m is fit
using a least-squares method to get the D' signal for each
time bin. The D' fit procedure is illustrated by the time-
integrated WS !m distribution shown in Fig. 1 (left).

The signal shapes for the mK$ and !m distributions are
fixed from the RS time-integrated fits. For each mK$

distribution, a parabola with floating parameters is used
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FIG. 2. (left) Ratio of prompt D' ‘‘wrong-sign’’ to ‘‘right-sign’’ decays as a function of normalized proper decay time. The dashed
curve is from a least-squares parabolic fit, which determines the parameters RD, y0, and x02. The dotted line is the fit assuming no
mixing. (right) Bayesian probability contours in the x02 & y0 parameter space corresponding to one through four equivalent Gaussian
standard deviations. The closed circle shows the unconstrained fit values for the mixing parameters. The open diamond shows the
values from the physically allowed fit (x02 ( 0). The cross shows the no-mixing point.
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PRL 100, 121802 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
28 MARCH 2008

121802-5

CDF

Phys. Rev. Lett. 100 (2008) 121802

http://inspirehep.net/record/770344
http://inspirehep.net/record/770344
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D*→D0(→K!)! signal vs backgrounds
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D*→D0(→K!)! signal vs backgrounds

Cut tight on PID and D0 mass to reduce physics bkg and fit D0!s 
mass, then consider only signal and random pions in the fit
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constraining D0"s vertex to measured 
position of primary vertex allows 
mass resolution of ~0.3 MeV/c2



Time-dependent fit strategy

• In each decay-time bin

1. Fit RS sample to 
determine shape’s 
parameters

2. Fit WS sample with 
signal shape fixed to 
RS and bkg shape 
free to float

3. Calculate WS/RS 
ratio from measured 
yields
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Pseudo-experiments
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Measurements on pseudo-experiments indicate that the 
fit procedure is stable and free of any bias



Systematics

• Most systematic cancel in the ratio between WS and RS events

• The main sources of systematic uncertainty are those which could alter 
the observed decay-time dependence of the ratio:

• charm mesons from b-hadron decays

• backgrounds from"mis-identified charm decays which peak in M(D0!s)

• These effects are expected to depend on the true value of the mixing 
parameters and are accounted for in the time-dependent fit
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Secondary D decays

Rm(t) =
NWS(t) +NWS

B (t)

NRS(t) +NRS
B (t)

= R(t)

�
1− fRS

B (t)

�
1− RB(t)

R(t)

��

fRS
B (t) =

NRS
B (t)

NRS(t) +NRS
B (t)

, RB(t) =
NWS

B (t)

NRS
B (t)

• D from B decays have wrong decay time

• Neglecting the secondary component could induce a time-dependent bias on 
the measured WS/RS ratio:

where

D0

D*
Bt

PV

X

πs

π
K
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• cτ(B) " 450 μm, D from B have 
non-zero impact parameter

• Cut on χ2(IP) removes most of them 
but still ~3% of our candidates are 
likely to come from a B decay

• Fit log χ2(IP) vs decay time and 
extrapolate fraction below cut

• Secondary shape estimated from 
events reconstructed also as 
B→D*(3)#, B→D*μX or B→D0μX

Measuring fBRS(t)
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Bias from secondary D decays

• R(t) is a monotonic increasing function and 
for secondaries t # t' (real decay time), then

• The bias is bounded by

• The contamination fraction is small enough 
that we can assume the maximum bias in 
the time-dependent fit
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where R(t) is the ratio of promptly-produced candidates, whose time dependence is298

expressed by Eq. (1);299
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is the ratio of secondary D decays reconstructed at the given decay time t; and300
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.

is the contamination fraction of secondary D decays in the RS sample. Because R is a301

monotonic non-decreasing function (see Eq. (1) and App. D) and the reconstructed decay302

time, t, for secondary decays overestimates the true decay time of the D0
meson, t� (see303

Fig. 10), one has304

R(0) = RD � RB(t) = R(t�) � R(t) =⇒ RD
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� RB(t)
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Hence, the bias in the evaluation of R(t) when neglecting the contamination from secondary305
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As one would expect, the bias is proportional to the fraction of secondary contamination,308

but from Eq. (5) we also learn that it can be as small as possible (even zero) or bounded309

from the upper side by simply measuring fRS
B (t). The lower bound corresponds to the case310

of no bias, i.e. the parent B meson decays instantaneously and the reconstructed D decay311

time corresponds to the true decay time t = t�. The upper bound corresponds to the case312

of maximum bias, i.e. the D0
decays instantaneously, t� = 0, and the reconstructed decay313

time t is entirely due to the B meson lifetime. Since the bias is positively defined, it also314

follows, as a consequence of the minus sign in Eq. (4), that the net effect of the secondary315

background is to reduce the true WS/RS ratio, i.e. to suppress any possible mixing effect.316

The no-mixing exclusion probablity will then be robust against this systematic bias, i.e.317

19

the measured WS/RS ratio, Rm
(t), is:297

Rm
(t) =

NWS
(t) +NWS

B (t)

NRS(t) +NRS
B (t)

=
NRS

B (t)

NRS(t) +NRS
B (t)

�
R(t)

NRS
(t)

NRS
B (t)

+
NWS

B (t)

NRS
B (t)

�

=
�
1− fRS

B (t)
�
R(t) + fRS

B (t)RB(t) = R(t)

�
1− fRS

B (t)

�
1− RB(t)

R(t)

��

= R(t) [1−∆B(t)] (4)

where R(t) is the ratio of promptly-produced candidates, whose time dependence is298

expressed by Eq. (1);299

RB(t) =
NWS

B (t)

NRS
B (t)

;

is the ratio of secondary D decays reconstructed at the given decay time t; and300

fRS
B (t) =

NRS
B (t)

NRS(t) +NRS
B (t)

.

is the contamination fraction of secondary D decays in the RS sample. Because R is a301

monotonic non-decreasing function (see Eq. (1) and App. D) and the reconstructed decay302

time, t, for secondary decays overestimates the true decay time of the D0
meson, t� (see303

Fig. 10), one has304

R(0) = RD � RB(t) = R(t�) � R(t) =⇒ RD

R(t)
� RB(t)

R(t)
� 1 ∀ t.

Hence, the bias in the evaluation of R(t) when neglecting the contamination from secondary305

D decays in the WS/RS ratio,306

∆B(t) = fRS
B (t)

�
1− RB(t)

R(t)

�
,

is bounded as:307

0 � ∆B(t) � fRS
B (t)

�
1− RD

R(t)

�
. (5)

As one would expect, the bias is proportional to the fraction of secondary contamination,308

but from Eq. (5) we also learn that it can be as small as possible (even zero) or bounded309

from the upper side by simply measuring fRS
B (t). The lower bound corresponds to the case310

of no bias, i.e. the parent B meson decays instantaneously and the reconstructed D decay311

time corresponds to the true decay time t = t�. The upper bound corresponds to the case312

of maximum bias, i.e. the D0
decays instantaneously, t� = 0, and the reconstructed decay313

time t is entirely due to the B meson lifetime. Since the bias is positively defined, it also314

follows, as a consequence of the minus sign in Eq. (4), that the net effect of the secondary315

background is to reduce the true WS/RS ratio, i.e. to suppress any possible mixing effect.316

The no-mixing exclusion probablity will then be robust against this systematic bias, i.e.317

19

the measured WS/RS ratio, Rm
(t), is:297

Rm
(t) =

NWS
(t) +NWS

B (t)

NRS(t) +NRS
B (t)

=
NRS

B (t)

NRS(t) +NRS
B (t)

�
R(t)

NRS
(t)

NRS
B (t)

+
NWS

B (t)

NRS
B (t)

�

=
�
1− fRS

B (t)
�
R(t) + fRS

B (t)RB(t) = R(t)

�
1− fRS

B (t)

�
1− RB(t)

R(t)

��

= R(t) [1−∆B(t)] (4)

where R(t) is the ratio of promptly-produced candidates, whose time dependence is298

expressed by Eq. (1);299

RB(t) =
NWS

B (t)

NRS
B (t)

;

is the ratio of secondary D decays reconstructed at the given decay time t; and300

fRS
B (t) =

NRS
B (t)

NRS(t) +NRS
B (t)

.

is the contamination fraction of secondary D decays in the RS sample. Because R is a301

monotonic non-decreasing function (see Eq. (1) and App. D) and the reconstructed decay302

time, t, for secondary decays overestimates the true decay time of the D0
meson, t� (see303

Fig. 10), one has304

R(0) = RD � RB(t) = R(t�) � R(t) =⇒ RD

R(t)
� RB(t)

R(t)
� 1 ∀ t.

Hence, the bias in the evaluation of R(t) when neglecting the contamination from secondary305

D decays in the WS/RS ratio,306

∆B(t) = fRS
B (t)

�
1− RB(t)

R(t)

�
,

is bounded as:307

0 � ∆B(t) � fRS
B (t)

�
1− RD

R(t)

�
. (5)

As one would expect, the bias is proportional to the fraction of secondary contamination,308

but from Eq. (5) we also learn that it can be as small as possible (even zero) or bounded309

from the upper side by simply measuring fRS
B (t). The lower bound corresponds to the case310

of no bias, i.e. the parent B meson decays instantaneously and the reconstructed D decay311

time corresponds to the true decay time t = t�. The upper bound corresponds to the case312

of maximum bias, i.e. the D0
decays instantaneously, t� = 0, and the reconstructed decay313

time t is entirely due to the B meson lifetime. Since the bias is positively defined, it also314

follows, as a consequence of the minus sign in Eq. (4), that the net effect of the secondary315

background is to reduce the true WS/RS ratio, i.e. to suppress any possible mixing effect.316

The no-mixing exclusion probablity will then be robust against this systematic bias, i.e.317

19

World average
with 68% CL band

23



/t
0 2 4 6 20

(d
ou

bl
e 

m
is

-I
D

)
f

0.05

0.1

0.15

0.2

0.25
-310!

Data

68% C.L. band
Linear fit with

Constant fit

LHCb
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• Mass fits do not distinguish between 
signal and backgrounds which peak in 
M(D0!s)

• Such backgrounds are highly 
suppressed by tight PID cuts and 
reduced D0 mass window

• Dominant residual contamination is from 
(0.4±0.2)% doubly mis-identified RS 
events in the WS sample

• (Un)observed time-dependence is 
included as a possible bias in the fit

Rm(t) = R(t) +
NRS(double mis-ID)

NRS
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data sideband enriched 
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Table 1: Results of the time-dependent fit to the data. The uncertainties include statistical
and systematic sources; ndf indicates the number of degrees of freedom.

Fit type Parameter Fit result Correlation coefficient
(χ2/ndf) (10−3) RD y� x�2

Mixing RD 3.52± 0.15 1 −0.954 +0.882
(9.5/10) y� 7.2± 2.4 1 −0.973

x�2 −0.09± 0.13 1
No mixing RD 4.25± 0.04
(98.1/12)
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Figure 3: Estimated confidence-level (CL) regions in the (x�2, y�) plane for 1− CL = 0.317
(1σ), 2.7× 10−3 (3σ) and 5.73× 10−7 (5σ). Systematic uncertainties are included. The
cross indicates the no-mixing point.

estimated uncertainties on RD, y� and x�2 become respectively 6%, 10% and 11% smaller,
showing that the quoted uncertainties are dominated by their statistical component. To
evaluate the significance of this mixing result we determine the change in the fit χ2 when
the data are described under the assumption of the no-mixing hypothesis (dashed line
in Fig. 2). Under the assumption that the χ2 difference, ∆χ2, follows a χ2 distribution
for two degrees of freedom, ∆χ2 = 88.6 corresponds to a p-value of 5.7 × 10−20, which
excludes the no-mixing hypothesis at 9.1 standard deviations. This is illustrated in Fig. 3
where the 1σ, 3σ and 5σ confidence regions for x�2 and y� are shown.

As additional cross-checks, we perform the measurement in statistically independent
sub-samples of the data, selected according to different data-taking periods, and find
compatible results. We also use alternative decay-time binning schemes or alternative
fit methods to separate signal and background, and find no significant variations in the

6
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Figure 4: Bayesian probability contours in x�2 − y� parameter space.
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Few months after LHCb...

• ...also CDF presented an observation 
of charm mixing using WS D0→K+!! 
decays

• Full Tevatron Run II dataset

• Signal yield comparable to LHCb, 
but worse signal-to-background 
ratio

• No-mixing excluded at 6.1σ

27

Paolo Maestro                                                                          Measurement of  D0-D0 mixing at  CDF!                                                                      LHCP 2013 

!! The D* signal for each time bin is determined from a !2 fit of the D0 signal yield versus "m.  

•! The signal shape is modeled by double-Gaussian and an asymmetric tail function. 

•! Background is modeled by an empirical shape form extracted from data by forming an artificial random 
combination of a well-reconstructed D0 from each event combined with #s  from other events. 

•! WS signal shape is fixed to RS signal shape. 

•!  Independent signal and bkg amplitudes for all time bins. 
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Step 2: "m fits  

RS D* signal   
7.6!106 events  

(time-integrated) 
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CDF Note 10990

http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf
http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf
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Comparison between available measurements

• LHCb measurement nicely agree with 
other experiments

• Results dominated by statistical 
uncertainties

• Fit with no systematics estimates 
6%, 10% and 11% smaller 
uncertainties on RD, y′ and x′2, 
respectively
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BaBar: Phys. Rev. Lett. 98 (2007) 211802
Belle: Phys. Rev. Lett. 96 (2006) 151801
CDF: Public Note 10990

Experiment RD (10
−3

) y� (10−3
) x�2

(10
−4

)

BaBar 3.03± 0.19 9.7± 5.4 −2.2± 3.7
Belle 3.64± 0.17 0.6+0.4

−3.9 1.8+2.1
−2.3

CDF 3.51± 0.35 4.3± 4.3 0.8± 1.8
LHCb 3.52± 0.15 7.2± 2.4 −0.9± 1.3

http://inspirehep.net/search?p=find+eprint+hep-ex/0703020
http://inspirehep.net/search?p=find+eprint+hep-ex/0703020
http://inspirehep.net/search?p=find+eprint+hep-ex/0601029
http://inspirehep.net/search?p=find+eprint+hep-ex/0601029
http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf
http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf
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Conclusions

• Charm physics is a unique probe of beyond-standard model flavor effects, quite 
complementary to tests in K and B systems

• It is quite plausible that new physics contributions affect mostly the up sector

• Presented the first observation of charm mixing from a single measurement 
using D0→K+#! and D0→K!#+ decays reconstructed in 1.0 fb!1 of LHCb data
[Phys. Rev. Lett. 110 (2013) 101802]

• The measured values of the mixing parameters are compatible with and have 
substantially better precision than those from other measurements

• LHCb will soon start challenging the standard model with many precision 
measurements of charm dynamics...
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http://inspirehep.net/record/1198431
http://inspirehep.net/record/1198431


Expect more charm to come...
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Recorded luminosity more than doubled during 2012 data-taking...
stay tuned for new results to come

2012

2011

2010



Backup slides
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• No mass hypothesis for D0 final state 
particle

• Equivalent to Δm when mass hypo is 
correct

• 2-body decays have same MD* but 
different Δm distributions

Definition of D0!s mass
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Figure 2: D0πs mass for the RS (left) and WS (right) candidates selected in the corre-
sponding D0 mass signal regions. Left plot has the logarithmic scale on the y-axis.

as D∗ momentum, and the known D0 mass [8] in the determination of the D∗ energy:128

M(D0πs) =
�
E2

D∗ − p2D∗ ,

E2
D∗ =

�
m2

D0 + p2D0

�
+
�
m2

π + p2πs

�
,

pD∗ = pD0 + pπs ,

pD0 = p+ + p−.

where mπ is the known mass of the charged pion [8] and p+,p− and pπs are the three-129

momenta of the positively-, negatively-charged D0 daughters and of the tagging pion from130

the D∗ decay, respectively. This quantity has the same resolution advantages of the more131

customary ∆mh+h(�)− = M(h+h(�)−π+
s )−M(h+h(�)−)−mπ mass difference and offers the132

additional advantage of being independent of the mass assigned to the D0 decay products.133

Therefore all D∗+ → D0(→ h+h(�)−)π+
s modes have the same D0πs mass distribution134

because they are fully reconstructed, while partially-reconstructed decays will exhibit135

different distribution with larger M(D0πs) resolutions [9].136
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Other (neglected) systematics
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ΔRD Δy’ Δx’2

Asymmetries in 
detection or 
production

VELO length 
scale

Multiple 
candidates

<0.001σ <0.001σ <0.001σ

0 0.003σ 0.001σ

0.02σ 0.06σ 0.07σ



Experimental assumption

• The acceptance/efficiency for WS events is the same as for RS

• valid up to terms that are quadratic in detection/production 
asymmetries:

• corrections are O(10-4) then completely negligible

reconstructed. The “wrong-sign” (WS) process D∗+ → D0
(→ K+π−

)π+
and “right-sign”37

(RS) process D∗+ → D0
(→ K−π+

)π+
are nearly flavor specific decays that offer the38

advantage of a fully-reconstructed signal. The WS decay can proceed either through39

direct doubly-Cabibbo-suppressed (DCS) decay or through flavor oscillation followed by a40

Cabibbo-favored (CF) decay D∗+ → D0
(←→ D0 → K+π−

)π+
and its rate is compared41

with the RS process, which is dominated by the simple CF decay. For |x|, |y| � 1, and42

assuming negligible CP violation, the ratio R of WS over RS decay rates approximates a43

quadratic function of the D0
decay time t (expressed in units of D0

lifetimes),44

R(t) = RD +

�
RD y�t+

x�2
+ y�2

4
t2, (1)

where RD is the ratio of DCS to CF branching fractions, x�
= x cos δ + y sin δ, y� =45

y cos δ − x sin δ, and δ is the strong phase difference between the DCS and CF amplitudes.46

Hence, the time-evolution of the ratio between the WS and RS yields provides information47

of the mixing parameters. Experimental effects such different efficiencies for reconstructing48

a WS or a RS decays may bias the “observed” ratio of reconstructed events and the49

corresponding measurement of mixing parameters. Assuming that the efficiency for50

detecting the three final state particles factorizes as the product of efficiencies of the D0
51

decay daugthers, �K∓π± , and the efficiency for reconstructing the charged soft pion, �π±
s
,52

the number of reconstructed RS or WS decays, for a given charge of the D∗
meson, is53

expressed as, respectively54

Nobs
RS± = ND∗± B(D∗ → D0π) B(D → K∓π±

) �K∓π± �π±
s
,

Nobs
WS± = ND∗± B(D∗ → D0π) B(D → K±π∓

) �K±π∓ �π±
s
,

where ND∗± is the number of produced D∗±
mesons by the primary pp interaction,55

B(D∗ → D0π) is the branching ratio of D∗±
mesons decaying into a neutral D meson56

and a charged pion (assumed to be charge symmetric since it proceed through strong57

interactions, and B(D → K∓π±
) is the effective branching ratio of the neutral D decay,58

which also includes the D0 − D0
oscillation rate. Then, assuming no CP violation in59

both the RS (B(D0 → K−π+
) = B(D0 → K+π−

)) and WS decays (B(D0 → K+π−
) =60

B(D0 → K−π+
)), the observed WS/RS yield ratio is related to the true ratio R as61

Robs
=

Nobs
WS+ +Nobs

WS−

Nobs
RS+ +Nobs

RS−

= R
(1 + AP )(1− δKπ)(1 + δπs) + (1− AP )(1 + δKπ)(1− δπs)

(1 + AP )(1 + δKπ)(1 + δπs) + (1− AP )(1− δKπ)(1− δπs)

≈ R (1− 2AP δKπ − 2δKπδπs + products of four asymmetries) ,

where we further defined the following asymmetries:62

AP =
ND∗+ −ND∗−

ND∗+ +ND∗−
, δKπ =

�K−π+ − �K+π−

�K−π+ + �K+π−
, δπs =

�π+
s
− �π−

s

�π+
s
+ �π−

s

2
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New HFAG average
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|q/p| = (0.69+0.17
−0.14)%

φ = (−29.6+8.9
−7.5)

◦

NB: new CDF result not yet included



New HFAG average

37

NB: new CDF result not yet included



Time-dependent fit configuration

38

7 Time-dependent measurement of the WS/RS ratio525

The projections of the D0πs mass fits in each decay time bin are shown in App. F. The526

estimated signal yields are then used to compute the WS/RS ratio as a function of decay527

time. A subsequent binned χ2 fit to the resulting distribution is used to measure the528

mixing parameters. The χ2 which is minimized in the fit of the WS/RS time dependence,529

when including systematic uncertainties, reads as follows:530

χ2(ri, ti, σi|θ) =
�

i

�
ri −R(ti)[1−∆B(ti)]−Rp(ti)

σi

�2

+ χ2
B + χ2

p,

R(t) = RD +
�
RD y�t+

x�2 + y�2

4
t2,

∆B(t) = fRS
B (t)

�
1− RD

R(t)

�
,

fRS
B (t) = B0 Erf(B1t+B2)× 10−2,

χ2
B = (B0 − b0 B1 − b1 B2 − b2)V

−1
B




B0 − b0
B1 − b1
B2 − b2



 ,

Rp(t) = P0(1 + P1t)× 10−2,

χ2
p = (P0 − p0 P1 − p1)V

−1
p

�
P0 − p0
P1 − p1

�
,

where ri and σi are the measured WS/RS ratio and its uncertainty in the decay time531

bin i, whose average decay time value is ti. The fitting parameters, θ, are the three532

mixing parameters, RD, y�, x�2, and the coefficients Bi and Pi used to describe the decay533

time evolution of the secondary D fraction, fRS
B , and of the peaking background, Rp,534

respectively. The coefficients Bi (Pi) are treated as nuisance parameters and are Gaussian535

constrained to their measured values bi (pi) by the additional term χ2
B (χ2

p), where VB536

(Vp) indicates the corresponding covariance matrix:537

b =




13.9
0.16
−0.03



 , VB =




56.54 −0.7861 0.2188

0.0112 −0.0034
0.0014



 ;

538

p =

�
1.75× 10−3

6.21× 10−2

�
, Vp =

�
7.96× 10−7 −4.32× 10−5

2.80× 10−3

�
.

Those measured quantities corresponds to the results of the fits shown in Figs. 12 and 19539

respectively. For the peaking background we consider a (0.4±0.2)% relative contamination540

as extrapolated into the signal region from the sidebands.541

The fit to the decay-time evolution of the WS/RS ratio is shown in Fig. 23 (solid line),542

the values and uncertainties for the parameters RD, y� and x�2 are listed in Tab. 4. The543
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Cross-checks

• We perform the measurement in statistically independent sub-samples of the 
data and find consistent results

• different data-taking periods,

• magnet polarities,

• number of reconstructed primary vertices 

• Also use alternative decay-time binning schemes or alternative fit methods to 
separate signal and background, and find no significant variations in the 
estimated mixing parameters

39


