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

I |D1,2i = p|D0i ± q|D0i, |p|2 + |q|2 = 1
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D0 ! K±⇡⌥

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 ⇡+
S tag the D0 at production

I Extremely clean

I Complements prompt D⇤+ ! D0⇡+
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 0+ = y 0�, (x 0+)2 = (x 0�)2

I No Direct CPV: R+
D = R�

D

I All CPV allowed: all
parameters free

Inclusion of Detector E↵ects

I Incorporate detector e↵ects, backgrounds

Robs± = R(t)±(1 � �±
p )
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K⇡ Detection
E�ciency

Double MisID,
other peaking

Expectations

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

I Long-range e↵ects may dominate short-range interactions,
di�cult 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 0 by 17% and
15%

I Gain comes from low
decay-time lever arm
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Selection

I Kinematically constrain daughter K , ⇡ to same vertex,
constrain µ, ⇡S 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

AK⇡ =
✏(K+⇡�) � ✏(K�⇡+)

✏(K+⇡�) + ✏(K�⇡+)

⇡ A(K 0
S⇡)raw � A(K⇡⇡)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(K⇡) = [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
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�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] y�[10�3] x�2[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] y�+[10�3] (x�+)
2
[10�4] y��[10�3] (x��)

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] y�+[10�3] (x�+)

2
[10�4] R�

D[10�3] y��[10�3] (x��)
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(K⇡) 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(K⇡)
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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

x�2[10�4] 0.28± 3.10± 0.11

y�[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

(x�+)
2
[10�4] 1.94± 3.67± 1.17

y�+[10�3] 2.79± 4.27± 0.98

(x��)
2
[10�4] �1.53± 4.04± 1.68

y��[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

(x�+)
2
[10�4] �0.19± 4.46± 0.32

y�+[10�3] 5.81± 5.25± 0.31

R�
D[10�3] 3.60± 0.15± 0.07

(x��)
2
[10�4] 0.79± 4.31± 0.38

y��[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

x�2[10�4] 0.36 ± 0.43 0.55 ± 0.49

y�[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

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

y�+[10�3] 5.14 ± 0.91 4.8 ± 1.1

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

y��[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

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

y�+[10�3] 5.97 ± 1.25 5.1 ± 1.4

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

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

y��[10�3] 4.50 ± 1.21 4.5 ± 1.4

�2/ndf 95.0/108 85.9/98
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Outline

▸ Overview of Charm Mixing/CPV
▸ Some recent measurements

▸ Mixing and CPV in D0 → K+π−

▸ AΓ(D0 → hh)
▸ Some uses of quantum correlated measurements

▸ Global fit outlook
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Mixing in a nutshell

▸ Mixing in Neutral Mesons: mass≠flavor
eigenstates

▸ Mass Eigenstates: ∣D1,2⟩ = p∣D0⟩ ± q∣D0⟩,
∣p∣2 + ∣q∣2 = 1

x = m2−m1
Γ , y = Γ2−Γ1

2Γ , Γ = Γ1+Γ2
2

▸ Time evolution written as
∣D0
(t)⟩ = 1

2
((e−iλ1t + e−iλ2t) ∣D0

⟩ +
q
p
(e−iλ1t − e−iλ2t) ∣D

0
⟩)

∣D
0
(t)⟩ = 1

2
((e−iλ1t + e−iλ2t) ∣D

0
⟩ +

p
q
(e−iλ1t − e−iλ2t) ∣D0

⟩)

λ1,2 = m1,2 −
1
2
iΓ1,2

▸ Other useful definitions:

( x ′

y ′ ) = (
cos δ sin δ
− sin δ cos δ

)( x
y
)

CP Violation

▸ Direct CPV: ∣Af

Af
∣ ≠ 1 → See Talk by E. Gersabeck

Af = ⟨f ∣H∣D⟩,Af = ⟨f ∣H∣D⟩

▸ CPV in Mixing: ∣ q
p
∣ ≠ 1

Weak Phase: φ = arg ( q
p
) ≠ 0

▸ CPV in Interference between Mixing and Decay:

arg ( q
p
Af

Af
) ≠ 0
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Mixing/CPV Expectations

▸ Only up-type quark system with mixing

▸ Mixing enters at 1 loop level in SM, GIM and
CKM suppressed

▸ Non-perturbative long-range effects may
dominate short-range interactions, difficult to
calculate

▸ x , y expected to be ≲ 0.5%

▸ CPV expected to be O(10−3) in SM

▸ If enhancement of CPV is seen, could be
caused by New Physics (NP)

What and Why How Background Studies Next Steps and Proposal

Theory
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D0 − D̄0 mixing and CPV from B → µD∗X 6 / 16
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Why is it important?

22

Updates from UTfit

Marcella Bona

L > 114 TeV

L > 3.4 TeV

NMFV:    C(L) =  × |FSM|/L2,
Fi~|FSM|, arbitrary phase

 ~ W in case of loop coupling
through weak interactions

 results from the Wilson coefficients

for lower bound for loop-mediated contributions,
simply multiply by s (  ∼ 0.1) or by W (  ∼ 0.03).

Generic:  C(L) = /L2,
Fi~1, arbitrary phase

L > 1.5 104 TeV

 ~ W in case of loop coupling
through weak interactions

 L > 5.0 105 TeV Lower bounds on NP scale
(in TeV at 95% prob.)

 ~ 1 for strongly
   coupled NP

▸ From Marcella Bona,
EPS 2017,

▸ Ci(Λ) = L×Fi

Λ2

▸ Use Fi ≃ L ≃ 1
bounds on Ci
give lower bound on Λ

H∆F=2
eff =

5

∑
i=1

CiQ
qjqk
i +

3

∑
i=1

C̃i Q̃
qjqk
i

Q
qi qj
1 = qαjLγµqαiLqβjLγµqβiL

Q
qi qj
2 = qαjRqαiLqβjRqβiL

Q
qi qj
3 = qαjRqβiLqβjRqαiL

Q
qi qj
4 = qαjRqαiLqβjLqβiR

Q
qi qj
5 = qαjRqβiLqβjLqαiR

Definitions from [0707.0636]
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Mixing and CPV in D0
→ K+π−
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Mixing and CPV in D0
→ K+π− [LHCb-PAPER-2017-046]

▸ Restricting to D0 → Kπ, time
dependence of WS/RS ratio

WS±(t)
RS±(t) ≡ R±(t) ≈ R±

D +
√
R±
Dy

′±Γt + (x ′±)2+(y ′±)2

4 (Γt)2

x ′± = (+ ∣q
p
∣ ,− ∣p

q
∣) × (x ′ cosφ ± y ′ sinφ)

y ′± = (+ ∣q
p
∣ ,− ∣p

q
∣) × (x ′ sinφ ∓ y ′ cosφ)

▸ Three fits:

1. No CPV→ R+ = R−, x ′+ = x ′−,
y ′+ = y ′−

2. No Direct CPV → R+ = R−

3. All CPV allowed

▸ Use prompt D∗+ → D0π+s , updated
with Run I + 2015 + 2016 Data

▸ Detector Asymmetries, peaking
backgrounds included in the fit
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N(RS) = 1.77 × 108 N(WS) = 7.22 × 105
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Mixing and CPV in D0
→ K+π− [LHCb-PAPER-2017-046]
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▸ No evidence of CPV

▸ Precision increased by a factor of 2 w.r.t.
Run I analysis

Results [10−3] Correlations
Direct and indirect CP violation

Parameter Value R+
D y′+ (x′+)2 R−D y′− (x′−)2

R+
D 3.454± 0.040± 0.020 1.000 −0.935 0.843 −0.012 −0.003 0.002

y′+ 5.01± 0.64 ± 0.38 1.000 −0.963 −0.003 0.004 −0.003
(x′+)2 0.061± 0.032± 0.019 1.000 0.002 −0.003 0.003
R−D 3.454± 0.040± 0.020 1.000 −0.935 0.846
y′− 5.54± 0.64 ± 0.38 1.000 −0.964
(x′−)2 0.016± 0.033± 0.020 1.000

No direct CP violation
Parameter Value RD y′+ (x′+)2 y′− (x′−)2

RD 3.454± 0.028± 0.014 1.000 −0.883 0.745 −0.883 0.749
y′+ 5.01± 0.48 ± 0.29 1.000 −0.944 0.758 −0.644
(x′+)2 0.061± 0.026± 0.016 1.000 −0.642 0.545
y′− 5.54± 0.48 ± 0.29 1.000 −0.946
(x′−)2 0.016± 0.026± 0.016 1.000

No CP violation
Parameter Value RD y′ x′2

RD 3.454± 0.028± 0.014 1.000 −0.942 0.850
y′ 5.28± 0.45 ± 0.27 1.000 −0.963
x′2 0.039± 0.023± 0.014 1.000
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AΓ from D0
→ KK and D0

→ ππ
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AΓ(D0
→ hh) [LHCb-PAPER-2016-063]

▸ For decays to CP eigenstates, expand time dependent asymmetry to

A = Γ(D0 → f ) − Γ(D0 → f )
Γ(D0 → f ) + Γ(D0 → f )

≃aDirect
CP + aIndirect

CP

t

τ

▸ In the case of small direct CPV, Γ ∝e−Γ̂t , aIndirect
CP = −AΓ

AΓ =
Γ̂(D0 → f ) − Γ̂(D0 → f )
Γ̂(D0 → f ) + Γ̂(D0 → f )

= y

2
(∣q
p
∣ − ∣p

q
∣) cosφ − x

2
(∣q
p
∣ + ∣p

q
∣) sinφ

▸ Measure AΓ(D0 → KK),AΓ(D0 → ππ) in two different ways

▸ Measure effective lifetime from unbinned
maximum likelihood fit,

▸ Combine with previous 7 TeV result
PRL 112(2014)041801

▸ Measure asymmetry of signal events in
bins of lifetime, fit with a straight line

▸ 7+8 TeV measurement

▸ From prompt D∗± → D0π±s
▸ Use D0 → K−π+ to validate (AΓ(D0 → K−π+) = 0)
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AΓ(D0
→ hh) [LHCb-PAPER-2016-063]

AΓ(KK) = (−0.30 ± 0.32 ± 0.10) × 10−3
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AΓ(ππ) = (0.46 ± 0.58 ± 0.12) × 10−3
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▸ Consistent with no CPV, both methods consistent with another

▸ Precision is at the level of 10−4

▸ Statistics limited
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Where are Quantum Correlated Measurements useful?

▸ Example: Bin flip in D0 → K 0
s π

+π− or D0 → K 0
s K

+K−

▸ Define Dalitz plot in terms of m+ = m(K 0
s π

+) and
m− = m(K 0

s π
−)

▸ Bin dependent probability is

PD0(t) = Γe−Γt[Tb + rCPΓt
√
TbT−b

× {y(sb sinφ + cb cosφ) + x(sb cosφ − cb sinφ)}]
Tb =∫

b
a2

12,13dm
2
12dm

2
13

cb =
1√

TbT−b
∫
b
a12,13a13,12 cos(δ12 − δ13)dm2

12dm
2
13

sb =
1√

TbT−b
∫
b
a12,13a13,12 sin(δ12 − δ13)dm2

12dm
2
13

▸ ratio of bin b and −b in time bin j is for D0/D
0

R±bj =
rb[1 +R(z2

CP −∆z2)t2
j /4] + ∣zCP ±∆z ∣2t2

j /4 +√
rbR[X∗

b (zCP ±∆z)]tj
1 +R(z2

CP −∆z2)t2
j /4 + rb ∣zCP ±∆z ∣2t2

j /4 +√
rbR[Xb(zCP ±∆z)]tj

Xb = cb − isb , zCP ±∆z = ( q
p
)
±1

z, z(CP) = −(y(CP) + ix(CP))

▸ No efficiency, no amplitudes here

PRD.82.112006

D0 ! K0
S! is a CP-odd eigenstate and has been used as

such in several analyses; see, for example, Refs. [21,22].
The ! ! KþK" resonance is usually defined by a mass
window about the nominal ! mass. Despite its narrow
natural width of 4:26 MeV=c2 [23], the potential contribu-
tions from CP-even final states beneath the ! resonance,
such as D0 ! K0

Sa0ð980Þ and nonresonant D0 !
K0

SK
þK" decays, must be accounted for. Using D0 !

K0
S;LK

þK" decays recoiling against CP eigenstates we

determine the CP-odd fraction of decays, F", in the
region close to the ! resonance. A measurement of F"
allows a systematic uncertainty related to the CP-even
contamination to D0 ! K0

S! decays to be assigned with-
out assuming an amplitude model for the decay D0 !
K0

SK
þK".

This paper is organized as follows. The formalism for
the measurement of the strong-phase difference and F" is
outlined in Sec. II. The choice of Dalitz-plot bins is given
in Sec. III. The event selection is described in Sec. IV.
Sections V and VI present the extraction of the variables
associated with the strong-phase differences and the as-
signment of systematic uncertainties, respectively. The
impact of these results on the measurement of "=!3 is
discussed in Sec. VII, along with the measurement of F".
A summary is given in Sec. VIII. Throughout this article
the D0 ! K0

S#
þ#" and D0 ! K0

SK
þK" analyses are de-

scribed in parallel, but more weight is given to the latter as
it has not been presented previously.

II. FORMALISM

Giri et al. proposed [5] a model-independent procedure
for obtaining !$Dðm2

þ; m
2
"Þ as follows. The Dalitz plot

is divided into 2N bins, symmetrically about the line
m2

þ ¼ m2
". The bins are indexed with i, running from

"N to N excluding zero. Thus, the coordinate exchange
m2

þ $ m2
" corresponds to the exchange of the bins i $ "i.

The number of events ðKiÞ in the ith bin of a flavor-tagged
K0

Sh
þh" Dalitz plot from a D0 decay is then expressed as

Ki ¼ AD

Z
i
jfDðm2

þ; m
2
"Þj2dm2

þdm
2
" ¼ ADFi; (3)

where the integral is performed over the ithbin. Here AD is a
normalization factor andFi is the fraction ofD

0 ! K0
Sh

þh"

events in the ithbin. The interference between theD0 and "D0

amplitudes is parameterized by two quantities:

ci &
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

FiF"i

p
Z
i
jfDðm2

þ; m
2
"ÞjjfDðm2

"; m
2
þÞj

' cos½!$Dðm2
þ; m

2
"Þ)dm2

þdm
2
"; (4)

and

si &
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

FiF"i

p
Z
i
jfDðm2

þ; m
2
"ÞjjfDðm2

"; m
2
þÞj

' sin½!$Dðm2
þ; m

2
"Þ)dm2

þdm
2
": (5)

The parameters ci and si are the amplitude-weighted aver-
ages of cos!$D and sin!$D over each Dalitz-plot bin.
Though the original idea of Giri et al. was to divide the

Dalitz plot into square bins, Bondar and Poluektov noted
[19] that alternative bin definitions will lead to significantly
increased sensitivity. In particular, one can choose to mini-
mize the variation in !$D over each bin according to the
predictions of one of the models developed on flavor-
tagged data [10– 14]. Note that this approach does not
introduce a model dependence in the final result for
"=!3. This result will remain unbiased by the choice of
an incorrect model, but will have less statistical sensitivity
than expected. If we divide the Dalitz plot into N bins of
equal size with respect to!$D as predicted by one of these
models, then in the half of the Dalitz plotm2

þ <m2
", the i

th

bin is defined by the condition

2#ði" 3=2Þ=N <!$Dðm2
þ; m

2
"Þ< 2#ði" 1=2Þ=N ;

(6)

and the "ith bin is defined symmetrically in the lower
portion of the Dalitz plot. The choice of D0 ! K0

S#
þ#"

binning withN ¼ 8 as obtained from the model presented
in Ref. [12] is shown in Fig. 1. A discussion on alternative
choices of binning forD0 ! K0

S#
þ#" and those forD0 !

K0
SK

þK" can be found in Sec. III.
We now describe how CLEO-c data can be used to

determine ci and si. The event yields in the ith bin of
both flavor-tagged and CP-tagged ~D0 ! K0

Sh
þh" Dalitz

plot are required. Because the c ð3770Þ has C ¼ "1, the
CP eigenvalue of one D meson can be determined by
reconstructing the companionDmeson in a CP eigenstate.
With a CP-tagged ~D0 ! K0

Sh
þh" decay, the amplitude is

given by

FIG. 1 (color online). Equal !$D binning of the D0 !
K0

S#
þ#" Dalitz plot with N ¼ 8 based on the model from

Ref. [12]. The color scale represents the absolute value of the bin
number, jij.

MODEL-INDEPENDENT DETERMINATION OF THE . . . PHYSICAL REVIEW D 82, 112006 (2010)

112006-3

b

−b

▸ either fix or gaussian
constrain ci and si to external
measurements

Formulae

3

	 Assuming	no	direct	CPV,	ratio	of	yields	in	Dalitz	bin	b	to	Dalitz	bin	–b	in	time	bin	j	for	!"	 + 	and	
!+"	(-)	are	given	by

Where	, = −(0 + 12) and	

Formulae

3

	 Assuming	no	direct	CPV,	ratio	of	yields	in	Dalitz	bin	b	to	Dalitz	bin	–b	in	time	bin	j	for	!"	 + 	and	
!+"	(-)	are	given	by

Where	, = −(0 + 12) and	
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Where are Quantum Correlated Measurements useful?
▸ Use toys for D0 → K 0

s KK to estimate impact of ci , si measurements,
Thesis of O. Lupton
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Table 7.4: Estimated sensitivities to the observables zCP , �z and ·D0 using di�erent binning schemes, N , and configurations. The configurations
are described in the main text. In brief, they correspond to the dataset collected during 2012, or to dataset that is expected at the end
of Run 2, and in each case both the normal, decay-time-biasing, selection and the “lifetime unbiased” selection described in Chapter 4
are simulated. In each case both the total uncertainty and the component of it due to uncertainties in the CLEO measurement of the
strong-phase parameters Xi is given. When this component is small, the procedure used to extract it does not always succeed.

Uncertainty
2012 biased 2012 unbiased Run 2 biased Run 2 unbiased

Observable N Total CLEO Total CLEO Total CLEO Total CLEO

·D0

2 1.45± 0.04 0.50± 0.13 1.35± 0.04 0.36± 0.16 0.329± 0.009 0.173± 0.019 0.467± 0.013 0.10± 0.07 [fs]
3 1.46± 0.04 — 1.318± 0.035 — 0.329± 0.009 0.160± 0.021 0.471± 0.012 0.04± 0.17 [fs]
4 1.45± 0.04 0.27± 0.26 1.338± 0.035 0.25± 0.24 0.321± 0.009 0.129± 0.025 0.479± 0.012 0.17± 0.04 [fs]

Ÿ (zCP )
2 3.73± 0.10 — 4.11± 0.10 0.8± 0.7 0.924± 0.025 0.53± 0.05 1.54± 0.04 0.76± 0.10 [‰]
3 4.40± 0.12 1.2± 0.6 4.87± 0.14 0.9± 0.9 0.994± 0.026 0.48± 0.06 1.73± 0.05 0.67± 0.15 [‰]
4 3.92± 0.11 0.8± 0.7 4.27± 0.11 — 0.904± 0.024 0.48± 0.05 1.54± 0.04 0.54± 0.14 [‰]

⁄ (zCP )
2 10.29± 0.26 1.4± 2.5 11.95± 0.30 4.3± 1.0 2.70± 0.07 1.81± 0.11 4.16± 0.11 0.9± 0.6 [‰]
3 8.93± 0.23 4.2± 0.6 9.94± 0.27 4.6± 0.7 2.14± 0.06 1.41± 0.09 3.86± 0.10 2.49± 0.17 [‰]
4 11.05± 0.28 7.6± 0.4 11.48± 0.29 6.9± 0.5 2.39± 0.06 1.70± 0.09 3.88± 0.10 2.31± 0.19 [‰]

Ÿ (�z)
2 1.53± 0.04 — 1.95± 0.05 0.2± 0.6 0.299± 0.008 — 0.605± 0.015 — [‰]
3 1.80± 0.05 0.44± 0.25 2.29± 0.06 0.67± 0.26 0.361± 0.009 0.11± 0.04 0.777± 0.021 0.20± 0.10 [‰]
4 1.45± 0.04 — 1.96± 0.05 0.44± 0.30 0.345± 0.010 0.135± 0.029 0.665± 0.017 — [‰]

⁄ (�z)
2 4.26± 0.11 0.9± 0.7 5.79± 0.15 2.0± 0.5 1.136± 0.029 0.74± 0.05 2.01± 0.05 0.98± 0.12 [‰]
3 3.64± 0.09 1.57± 0.25 4.32± 0.12 1.5± 0.4 1.002± 0.026 0.74± 0.04 1.75± 0.04 1.09± 0.08 [‰]
4 4.20± 0.11 2.55± 0.20 5.40± 0.14 3.24± 0.26 0.974± 0.025 0.70± 0.04 2.02± 0.05 1.44± 0.08 [‰]

yCP

AΓ

Even in Run 2
will be one of the largest systematics
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4 3.92± 0.11 0.8± 0.7 4.27± 0.11 — 0.904± 0.024 0.48± 0.05 1.54± 0.04 0.54± 0.14 [‰]
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2 10.29± 0.26 1.4± 2.5 11.95± 0.30 4.3± 1.0 2.70± 0.07 1.81± 0.11 4.16± 0.11 0.9± 0.6 [‰]
3 8.93± 0.23 4.2± 0.6 9.94± 0.27 4.6± 0.7 2.14± 0.06 1.41± 0.09 3.86± 0.10 2.49± 0.17 [‰]
4 11.05± 0.28 7.6± 0.4 11.48± 0.29 6.9± 0.5 2.39± 0.06 1.70± 0.09 3.88± 0.10 2.31± 0.19 [‰]

Ÿ (�z)
2 1.53± 0.04 — 1.95± 0.05 0.2± 0.6 0.299± 0.008 — 0.605± 0.015 — [‰]
3 1.80± 0.05 0.44± 0.25 2.29± 0.06 0.67± 0.26 0.361± 0.009 0.11± 0.04 0.777± 0.021 0.20± 0.10 [‰]
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⁄ (�z)
2 4.26± 0.11 0.9± 0.7 5.79± 0.15 2.0± 0.5 1.136± 0.029 0.74± 0.05 2.01± 0.05 0.98± 0.12 [‰]
3 3.64± 0.09 1.57± 0.25 4.32± 0.12 1.5± 0.4 1.002± 0.026 0.74± 0.04 1.75± 0.04 1.09± 0.08 [‰]
4 4.20± 0.11 2.55± 0.20 5.40± 0.14 3.24± 0.26 0.974± 0.025 0.70± 0.04 2.02± 0.05 1.44± 0.08 [‰]

yCP

AΓ

Even in Run 2
will be one of the largest systematics
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Projection from D0
→ K 0

s ππ toys

▸ Same idea for D0 → K 0
s ππ, but for underlying parameters

▸ Try to assess current BESIII dataset as well, L ≃ 4 × LCLEO

▸ New measurement of ci and si will have a large impact

From N. Jurik

Run I Run II 100M

Parameter 1.5 M G 1.5M
√
G 2 − F 2 1.5M, errors/2 12M G 12M

√
G 2 − F 2 12M, errors/2 100M G 100M

√
G 2 − F 2 100M, errors/2

σ(x) [10−3] 2.43 0.87 0.75 0.94 0.48 0.40 0.44 0.32 0.25

σ(y)[10−3] 4.80 1.50 0.87 1.90 1.01 0.81 1.01 0.83 0.71

σ(∣q/p∣) 0.200 0.062 0.059 0.085 0.040 0.036 0.040 0.030 0.024

σ(φ)[rad] 0.157 0.063 0.052 0.063 0.029 0.025 0.040 0.034 0.030

Table: D0 → K 0
s ππ projections for errors in Run I and Run II using bin-flip method, and the

uncertainty from the measurement of the strong phase differences ci and si . Estimated by
gaussian constraining the strong phases for the column labeled G , and error estimated by the
difference in quadrature between gaussian constraining and fixing. The third column for each
set of statistics assumes the same central value, but decreases the error on ci and si by a factor
of 2.
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Outlook from Global Fits

▸ Do HFLAV like fits to charm system
▸ Minimize χ2 = ε⃗Tσ−1ε⃗
▸ Use subset of information: HFLAV COMBOS yCP ,AΓ, Belle Ksππ, BaBar Ksππ,

CLEO cos / sin δKπ, LHCb Kπ
▸ Fit for All CPV allowed, No DCPV using Superweak assumption

(tanφ = (1 − ∣q/p∣)(x/y))
▸ Assumptions: Central values unchanged
▸ For δKπ, use CLEO CV, scale error by

√
L
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Inputs from CKM 2016 (Last HFLAV update)

All CPV allowed
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Reproduces shapes of HFLAV 2016
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With new LHCb Kπ

All CPV allowed
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LHCb Kπ, BESIII measurement of sin / cos δKπ, L = 4×CLEO

All CPV allowed
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LHCb Kπ, BESIII measurement of sin / cos δKπ, L = 25×CLEO

All CPV allowed
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LHCb Kπ, BESIII measurement of sin / cos δKπ, L = 100×CLEO

All CPV allowed
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LHCb Kπ, Ksππ Run I

All CPV allowed
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LHCb Kπ, Ksππ Run II

All CPV allowed
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Conclusions

▸ Charm physics is a vibrant field with precision approaching the standard model
expectations

▸ Measurements of strong phase differences from quantum correlated measurements
will play an important role in future CPV measurements

▸ Measurement of strong phases in D0 → Kshh, etc, decays will help limit
systematics in indirect CPV analyses

▸ From näıve global fit projections, making measurements of strong phase
differences without assumptions on underlying parameters will impact underlying
fit parameters
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Backup Slides
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Experimental Strategies

▸ Reconstruct charm decays with two topologies

Prompt

Impact Parameter (IP)∼ 0

PV D0

h

h ′

πs

Secondary

Large IP

PV

D0

µ

X

h

h ′

IP B

▸ Use IP and related quantities to distinguish prompt and secondaries
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D0
→ K+π− contours
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LHCb Kπ, Ksππ Run II

All CPV allowed
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Run II measurement errors will increase without ci , si measurements
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LHCb Kπ, Ksππ Run II + BESIII(L = 25×CLEO)

All CPV allowed
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