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Overview
Mixing
I Mixing in neutral mesons: mass 6=flavor eigenstates

I |D1,2〉 = p|D0〉 ± q|D0〉, |p|2 + |q|2 = 1

I x = m2−m1

Γ , y = Γ2−Γ1

2Γ , Γ = Γ1+Γ2
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D0 → K±π∓

I RS decays: dominated by
Cabibbo favored decay

I WS decays: two routes
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This Measurement [1]
I Charm decay reconstruction
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I Search for mixing and CPV using decay chain

B → µ−D∗+X
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I Doubly Tagged: µ− and π+
S tag the D0 at production

I Extremely clean

I Complements prompt D∗+ → D0π+
s measurement [3]

Goals:

I Measure WS(t)±/RS(t)±

using DT sample only

I Combined fit with prompt
result

Fit Variations

I No CPV: R+
D = R−D ,

y ′+ = y ′−, (x ′+)2 = (x ′−)2

I No Direct CPV: R+
D = R−D

I All CPV allowed: all
parameters free

Inclusion of Detector Effects

I Incorporate detector effects, backgrounds

Robs± = R(t)±(1− ∆±p )
(
ε(K+π−)
ε(K−π+)

)±1
+ p±other

What we
want

∝Fraction of Prompt
in DT Sample

Kπ Detection
Efficiency

Double MisID,
other peaking

Expectations

Theoretical Expectations
I Mixing at 1 loop level in SM, GIM and CKM suppressed

I Long-range effects may dominate short-range interactions,
difficult to calculate

I Short- and long-range calculations: x , y . 0.5%

I CPV expected to be O(10−3) in SM [4, 5, 6, 7]

I Any enhancement could be New Physics

Experimental Expectations

I From pseudo-experiments,
statistics alone will reduce
errors on RD, y ′ by 17% and
15%

I Gain comes from low
decay-time lever arm
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Selection

I Kinematically constrain daughter K , π to same vertex,
constrain µ, πS and D0 to come from same vertex

I Veto candidates which appear in both Prompt and DT
samples

I Subtract random muon and
muon mistag shape using
B → µ+D∗+X
(Unphysical “Same Sign”
sample)

I Scale to sideband in each
decay time bin ]2)[MeV/c-µ*+ m(D
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I Gauge systematic uncertainty by setting scaling factor to 1

These requirements set ∆±p = 0

Yield Extraction
I Binned Maximum Likelihood Fit

I Signal: 3 Gaussian Core + 1 Johnson SU [8]

I Background: Empirical shape

I Strategy: Fit full RS sample, fix signal shape, fit RS and WS
in each of 5 decay time bins
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I DT = ∼ 3% of Prompt

NRS = 1.7M NWS = 6.7K

[1]

Detection Asymmetries

AKπ =
ε(K+π−)− ε(K−π+)

ε(K+π−) + ε(K−π+)

≈ A(K 0
Sπ)raw − A(Kππ)raw − A(K

0
) + AMuon Trigger

[9, 10]

I A(K
0
) = −(0.05± 0.01)% from [9]

I AMuon Trigger directly from DT data

I To cancel D± production asymmetry, must weight samples
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A(Kπ) = [0.90± 0.18± 0.10]%

Peaking Backgrounds

I Divide low and high D0 sidebands into 6 regions each

I Fit m(D∗) in each bin, extract the number of peaking events

I Project into signal region, extract number of peaking events.
Total: 128± 31

I Integrated over decay time due to limited statistics

I Fraction of doubly misidentified D0 to RS yield:
(7.4± 1.8)× 10−5 ≡ pother

CPV Fit Strategy

I Fit by minimizing

χ2 =
∑

i ∈Time Bins

(r+
i − R̃(ti)

+

σ+
i

)2

+

(
r−i − R̃(ti)

−

σ−i

)2


+ χ2
ε + χ2

peaking + χ2
other

I r±i = measured WS±/RS±, with error σ±i
I R̃(ti)

± = Expected value from Robs± averaged over bin

I (χ2
ε + χ2

peaking + χ2
other) are gaussian constraints on A(Kπ),

∆p = 0, and pother
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Systematic Uncertainties

the inelastic cross-sections of K� and ⇡� mesons with matter, and those of their their
antiparticles. We measure ✏r, accounting for all detector e↵ects as well as cross-section
di↵erences in a similar manner to the prompt analysis [1]. The e�ciency is determined using
the product of D+ ! K�⇡+⇡+ and D+ ! K0

S (! ⇡+⇡�)⇡+ decay yields divided by the
product of the corresponding charge-conjugate decay yields. The expected CPV associated
with di↵ering K0 ! K0

S and K0 ! K0
S rates and the di↵erences in neutral kaon inelastic

cross-sections with matter are accounted for [15]. Trigger and detection asymmetries
associated with the muon candidates are calculated directly from data and included in
the determination. The 1% asymmetry between D+ and D� production rates [16] cancels
in this ratio, provided that the kinematic distributions are consistent across samples. To
ensure this cancellation, we weight the D+ ! K�⇡+⇡+ candidates such that the kaon pT

and ⌘ and pion pT distributions match those in the DT K⇡ sample. Similarly, D+ ! K0
S⇡

+

candidates are weighted by D+ pT and ⌘ and pion pT distributions to match those of
the D+ ! K�⇡+⇡+. The weighting is performed using a gradient boosted decision tree
implemented in scikit-learn [17] accessed using the hep ml framework [18]. We measure
the K⇡ detection asymmetry to be (✏r �1)/(✏r +1) = (0.90±0.18±0.10)% for the sample
of this analysis, and find it to be independent of decay time.

Table 1: Summary of systematic uncertainties for the DT analysis for each of the three fits
described in the text.

Source of systematic uncertainty Uncertainty on parameter

No CPV
RD[10�3] y0[10�3] x02[10�4]

D⇤+µ+ scaling 0.01 0.04 0.04
A(K⇡) time dependence 0.01 0.07 0.04
RS fit model time variation 0.00 0.01 0.03
No prompt veto 0.01 0.16 0.09
Total 0.01 0.18 0.11

No direct CPV

RD[10�3] y0+[10�3] (x0+)
2
[10�4] y0�[10�3] (x0�)

2
[10�4]

D⇤+µ+ scaling 0.01 0.04 0.04 0.03 0.04
A(K⇡) time dependence 0.01 1.17 0.98 1.64 1.67
RS fit model time variation 0.00 0.02 0.03 0.01 0.03
No prompt veto 0.01 0.11 0.00 0.19 0.19
Total 0.01 1.17 0.98 1.66 1.68

All CPV allowed

R+
D[10�3] y0+[10�3] (x0+)

2
[10�4] R�

D[10�3] y0�[10�3] (x0�)
2
[10�4]

D⇤+µ+ scaling 0.01 0.03 0.04 0.01 0.04 0.04
A(K⇡) time dependence 0.06 0.25 0.03 0.07 0.28 0.03
RS fit model time variation 0.00 0.01 0.01 0.00 0.04 0.05
No prompt veto 0.01 0.09 0.01 0.01 0.21 0.19
Simulated DT coverage 0.00 0.18 0.30 0.00 0.18 0.33
Total 0.06 0.32 0.31 0.07 0.40 0.38
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A(Kπ) time dependence

I Find variation in
RS−/RS+ ratio

I Consistent with flat line
at p = 0.06

I Assess systematic
uncertainty by adding
decay-time variation to
A(Kπ)
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Table 2: Fitted parameters of the DT sample. The first uncertainties include the statistical
uncertainty, as well as the peaking backgrounds and the K⇡ detection e�ciency, and the second
are systematic.

Parameter Value

No CPV

RD[10�3] 3.48± 0.10± 0.01

x02[10�4] 0.28± 3.10± 0.11

y0[10�3] 4.60± 3.70± 0.18

�2/ndf 6.3/7

No direct CPV

RD[10�3] 3.48± 0.10± 0.01

(x0+)
2
[10�4] 1.94± 3.67± 1.17

y0+[10�3] 2.79± 4.27± 0.98

(x0�)
2
[10�4] �1.53± 4.04± 1.68

y0�[10�3] 6.51± 4.38± 1.66

�2/ndf 5.6/5

All CPV allowed

R+
D[10�3] 3.38± 0.15± 0.06

(x0+)
2
[10�4] �0.19± 4.46± 0.32

y0+[10�3] 5.81± 5.25± 0.31

R�
D[10�3] 3.60± 0.15± 0.07

(x0�)
2
[10�4] 0.79± 4.31± 0.38

y0�[10�3] 3.32± 5.21± 0.40

�2/ndf 4.5/4

the fit variations as for the DT fit. These systematics are reported in Table 4. In general,
the uncertainties from the combined fits are 10% – 20% lower than those from the previous
measurement [1]. The decrease in the uncertainty comes from the improved precision that
the DT sample provides at low D0 decay time. The corresponding correlation matrices
are given in Appendix B.

The combined fit of the DT and prompt sample is consistent with CP symmetry. The
WS D0 and D0 rates at t/⌧ = 0 are equal within experimental uncertainties, indicating
no direct CP violation. Similarly, the mixing rates are consistent within experimental
uncertainties, as seen in the bottom plot of Fig. 3. In the combined fit of this analysis,
assuming no direct CP violation, the di↵erence between the projected WS/RS rates at
t/⌧ = 6.0 is only 0.15 ⇥ 10�3 (see the dash-dot line in the bottom plot of Fig. 3), where
the WS/RS rates themselves have increased by about 2.5 ⇥ 10�3 (see the top and middle
plots).

The determination of the CPV parameters |q/p| and ' from the di↵erence in rates of
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fitting the disjoint datasets of the two analyses improves the precision of the measured
parameters by 10% – 20%, even though the DT analysis is based on almost 40 times fewer
candidates than the prompt analysis. In part, this results from much cleaner signals in
the DT analysis, and, in part, it results from the complementary higher acceptance of
the DT trigger at low D decay times. The current results supersede those of our earlier
publication [1].

Table 3: Simultaneous fit result of the DT and prompt samples. The prompt-only results from [1]
are shown on the right for comparison. Statistical and systematic errors have been added in
quadrature.

Parameter DT + Prompt Prompt-only

No CPV

RD[10�3] 3.533 ± 0.054 3.568 ± 0.067

x02[10�4] 0.36 ± 0.43 0.55 ± 0.49

y0[10�3] 5.23 ± 0.84 4.8 ± 0.9

�2/ndf 96.6/111 86.4/101

No direct CPV

RD[10�3] 3.533 ± 0.054 3.568 ± 0.067

(x0+)
2
[10�4] 0.49 ± 0.50 0.64 ± 0.56

y0+[10�3] 5.14 ± 0.91 4.8 ± 1.1

(x0�)
2
[10�4] 0.24 ± 0.50 0.46 ± 0.55

y0�[10�3] 5.32 ± 0.91 4.8 ± 1.1

�2/ndf 96.1/109 86.0/99

All CPV allowed

R+
D[10�3] 3.474 ± 0.081 3.545 ± 0.095

(x0+)
2
[10�4] 0.11 ± 0.65 0.49 ± 0.70

y0+[10�3] 5.97 ± 1.25 5.1 ± 1.4

R�
D[10�3] 3.591 ± 0.081 3.591 ± 0.090

(x0�)
2
[10�4] 0.61 ± 0.61 0.60 ± 0.68

y0�[10�3] 4.50 ± 1.21 4.5 ± 1.4

�2/ndf 95.0/108 85.9/98
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