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Why is charm charming?
• Unique and powerful probe of BSM flavour effects.

• Charm is an up-type quark: 

✦ complementary to B and K meson system;

✦ best bounds on a generic new physics model after 
the kaon mixing.

• Huge data samples, 

✦ LHCb has the opportunity to exploit fully the 
charm sector as a probe for new physics.

• SM predictions are difficult on D-meson sector:

✦ D0 mass ≈ 1864 MeV/c2

✦ QCD perturbative only at energies ≫ 1GeV

Figure 2. Current constraints of neutral meson oscillation measurements on new �F = 2
dimension six operator contributions, given in terms of the e↵ective operator scale (for generic
flavour structures on the left and in the MFV limit on the right) or Wilson coe�cients’ size (in
the centre). Bounds on the CP conserving and CP violating contributions are shown in blue
and red, respectively (see text for details).

operators involving only SM fields [4] via the matching procedure

LBSM ! L⌫SM +
X

d>4

Q(d)
i

⇤d�4
, (3)

where d is the canonical operator dimension. Below the EW breaking scale, these new
contributions can lead to (a) shifts in the Wilson coe�cients corresponding to Qi present in
Le↵

weak already within the SM; (b) the appearance of new e↵ective local operators. In both cases,
the resulting e↵ects on the measured flavour observables can be computed systematically. Given
the overall good agreement of SM predictions with current experimental measurements, such
procedure typically results in severe bounds on the underlying NP flavour breaking sources in
LBSM.

Let us consider the canonical example of NP in �F = 2 processes associated with oscillations
of neutral mesons (for recent extended discussion see [5]). The leading (d = 6) NP operators
are of the form Q(6)

AB ⇠ z

ij [q̄i�A
qj ]⌦ [q̄i�B

qj ], where qi denote the SM quark fields, while �A,B

denote the Cli↵ord algebra generators. Assuming z

ij to be generic O(1) complex numbers,
z ⇠ exp(i�NP), the reach of current constraints in terms the probed NP scales ⇤ are shown
in Fig. 2 (left). It is important to stress that most of these constraints are currently limited
by theory (i.e. lattice QCD inputs [6]) and parametric uncertainties. Consequently, significant
future improvements will require a corroborative e↵ort of mostly lattice QCD methods on the
theory side, as well as improved experimental determinations of SM CKM parameters by flavour
experiments, most notably LHCb and Belle II. Among the few �F = 2 observables which
remain largely free from theoretical uncertainties are those related to CP violation in D

0 and
Bs oscillations. These are expected to remain e↵ective experimental null-tests of the SM in the
foreseeable future.

The current severe flavour bounds could be interpreted as a requirement on beyond SM
(BSM) degrees of freedom to exhibit a large mass gap with respect to the EW scale (if the
NP flavour and CP breaking sources are of order one and not aligned with Yu,d). Conversely,
TeV scale NP (c.f. Fig. 2 (centre)) can only be reconciled with current experimental results,
provided it exhibits su�cient flavour symmetry or structure, such that |zij | ⌧ 1 (the extreme
case being minimal flavour violation (MFV) [7], where one requires Yu,d to be the only sources
of flavour breaking even BSM) . However, even in this most minimalistic scenario, the suggestive
pattern of masses and mixing observed in both the quark and lepton (neutrino) sectors remains
largely unexplained. It thus remains as one of the ultimate goals of flavour physics to determine
whether the observed hierarchies and structures of flavour parameters are purely accidental, or
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Charm mixing and CP violation
• D0 mixing is established.

• CP violation yet unobserved!

✦ Small value expected from SM 𝓞(VubVcb*/VusVcs*) ~ 

𝓞(10-3) 

✦ Present sensitivity close to possible BSM contribution 
(yields ~ 𝓞(106))

no mixing

|D1,2i= p |D0i±q |D0i

Decay CPV
fD0

2
≠

2
fD

0 $
ØØØØ

A f

A f

ØØØØ 6= 1
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Mixing CPV
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LHCb 
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Figure 38: Reconstructed Cherenkov angle for isolated tracks, as a function of track momentum
in the C4F10 radiator [81]. The Cherenkov bands for muons, pions, kaons and protons are clearly
visible.

ring will generally overlap with several neighbouring rings. Solitary rings from isolated
tracks, where no overlap is found, provide a useful test of the RICH performance, since
isolated rings can be cleanly and unambiguously associated with a single track. Figure 38
shows the Cherenkov angle as a function of particle momentum using information from
the C4F10 radiator for isolated tracks selected in data (⇠ 2% of all tracks). As expected,
the events populate distinct bands according to their mass.

4.2.2 Photoelectron yield

The average number of detected photons for each track traversing the Cherenkov radiator
media, called the photoelectron yield (Npe), is another important measure of the perfor-
mance of a RICH detector. The yields for the three radiators used in LHCb are measured
in data using two di↵erent samples of events [81]. The first sample is representative of
normal LHCb data taking conditions, and consists of the kaons and pions originating from
the decay D

0 ! K

�
⇡

+, where the D

0 is selected from D

⇤+ ! D

0
⇡

+ decays. The second
sample consists of low detector occupancy p p ! p p µ

+
µ

� events, which provide a clean
track sample with very low background levels. In both samples, only high-momentum
tracks are selected, to ensure that the Cherenkov angle is close to saturation.

51

RICH

π K p

4 Tm dipole
Magnet
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Mixing with D0→Kπ decays
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Figure 1: The time-integrated D

0

⇡

+

S

invariant mass distributions, after same-sign substraction,
for (a) RS decays and (b) WS decays. Fit projections are overlaid. Below each plot is the
normalized residual distribution.

Three fits are performed using this framework. First, we fit the data assuming CP153

symmetry in the formalism of Eq. 4 (i.e., R+ = R�, x02+ = x02� and y0+ = y0�). Second,154

we fit the data requiring CP symmetry in the CF and DCS amplitudes (i.e., R+ = R�),155

but allow CPV in the mixing parameters themselves (x02± and y0±). Finally, we fit the156

data allowing all the parameters to float freely.157

5 Relative E�ciencies158

The relative e�ciency ✏
r

, used in Eq. 5, accounts for instrumental asymmetries in the159

K⇡ reconstruction e�ciencies. The greatest source of these is the di↵erence between160

K� and ⇡� mesons’ inelastic cross sections relative to those for K+ and ⇡+ mesons,161

with a greater di↵erence for kaons than for pions. We measure ✏
r

, accounting for all162

detector e↵ects as well as cross section di↵erences, using concurrently recorded data. It is163

determined using the the product of D� ! K+⇡�⇡� and D+ ! K0

S (! ⇡+⇡�)⇡+ event164

yields divided by the product of the corresponding charge-conjugate decay yields. No165

CP violation is expected or experimentally observed [15] in these decays. Asymmetries166

due to CP violation in neutral kaon decays and inelastic cross-sections with matter are167

negligible. The 1% asymmetry between D+ and D� production rates [16] cancels in this168

ratio, provided that the kinematic distributions are consistent across samples. We weight169

the D� ! K+⇡�⇡� events so that their kinematic distributions match those in the DT170

K⇡ sample. Similarly, D+ ! K0

S⇡
+ events are weighted to match the kinematics of the171

D+ ! K�⇡+⇡+ decay. The weighting is performed using a gradient boosted decision tree172

implemented in scikit-learn [17] accessed using the hep ml framework [18]. Altogether, we173

measure the K⇡ detection asymmetry to be ✏r�1

✏r+1

= (0.90± 0.18± 0.10)% for the sample174

of this analysis, and find it to be independent of decay time.175
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Figure 1: The time-integrated D

0

⇡

+

S

invariant mass distributions, after same-sign substraction,
for (a) RS decays and (b) WS decays. Fit projections are overlaid. Below each plot is the
normalized residual distribution.

Three fits are performed using this framework. First, we fit the data assuming CP153

symmetry in the formalism of Eq. 4 (i.e., R+ = R�, x02+ = x02� and y0+ = y0�). Second,154

we fit the data requiring CP symmetry in the CF and DCS amplitudes (i.e., R+ = R�),155

but allow CPV in the mixing parameters themselves (x02± and y0±). Finally, we fit the156

data allowing all the parameters to float freely.157

5 Relative E�ciencies158

The relative e�ciency ✏
r

, used in Eq. 5, accounts for instrumental asymmetries in the159

K⇡ reconstruction e�ciencies. The greatest source of these is the di↵erence between160

K� and ⇡� mesons’ inelastic cross sections relative to those for K+ and ⇡+ mesons,161

with a greater di↵erence for kaons than for pions. We measure ✏
r

, accounting for all162

detector e↵ects as well as cross section di↵erences, using concurrently recorded data. It is163

determined using the the product of D� ! K+⇡�⇡� and D+ ! K0

S (! ⇡+⇡�)⇡+ event164

yields divided by the product of the corresponding charge-conjugate decay yields. No165

CP violation is expected or experimentally observed [15] in these decays. Asymmetries166

due to CP violation in neutral kaon decays and inelastic cross-sections with matter are167

negligible. The 1% asymmetry between D+ and D� production rates [16] cancels in this168

ratio, provided that the kinematic distributions are consistent across samples. We weight169

the D� ! K+⇡�⇡� events so that their kinematic distributions match those in the DT170

K⇡ sample. Similarly, D+ ! K0

S⇡
+ events are weighted to match the kinematics of the171

D+ ! K�⇡+⇡+ decay. The weighting is performed using a gradient boosted decision tree172

implemented in scikit-learn [17] accessed using the hep ml framework [18]. Altogether, we173

measure the K⇡ detection asymmetry to be ✏r�1

✏r+1

= (0.90± 0.18± 0.10)% for the sample174

of this analysis, and find it to be independent of decay time.175
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WS mixing with double tagged D0 

• Measure time-dependent ratio
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RS
1.7M

WS
6.7K

[LHCb-PAPER-2016-033] (in prep.)

• Use double-tagged (π and µ) D0→Kπ decays 

B !µ°D§+(! D0º+
s )X

• Very clean.

• Complements previous 
measurement using prompt 
D*+→ D0 πs

+

DT WS Mixing/CPV: Method
LHCb-PAPER-2016-033 (in prep.)

� Measure time dependent WS/RS ratio of D

0 → K⇡

R(t)± = WS(t)±
RS(t)± � R

±
D

+
�

R

±
D

y

′± t

⌧ +
x

′±2+y ′±2
4 � t

⌧ �
2

� Use:
B → µ−D∗+X
D

∗+ → D

0⇡+
S

D

0 → K⇡

� Doubly Tagged: µ− and ⇡+
S

tag the D

0 production flavor

� Extremely clean

� Complements previous measurement using “prompt”
D

∗+ → D

0⇡+
S

PRL 111, 251801 (2013)

� Goal: Measure Mixing/CPV parameters with DT only
sample and combination of prompt and DT

� x

′

y

′ � = � cos � sin �− sin � cos �
�� x

y

�

PV B

h

D

∗+

µ−

⇡+
S

K

⇡

A. Davis

Mixing/CPV from WS Doubly Tagged D

0 → K� 41 / 33

τt/0D
5− 0 5 10 15 20

En
tri

es
 / 

0.
10

1

10

210

310

410

510

610
Prompt
Doubly Tagged

What and Why How Background Studies Next Steps and Proposal

D

0
K

+⇡�

D

0

DCS

MIX CF

A. Davis University of Cincinnati

D

0 � D̄

0 mixing and CPV from B � µD

�
X 2 / 25

LHCb Preliminary

X

A. Davis
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[PRL 11, 251801 (2013)]

• Candidates in both datasets are 
vetoed.

R(t )± = WS(t )±

RS(t )± º R

±
D

+
q

R

±
D

y

0± t

ø +
(x

0±)2+(y

0±)2

4

°
t

ø

¢2

D0 (CF)

D
0

(DCS)

D0 K °º+

D0(DCS)

D
0

(CF)

D0 K +º°

R(t )+ =

x

0 = x cos±+ y sin±, y

0 =°x sin±+ y cos±

http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.111.251801
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DT mixing results

• Mixing only: R+D = R–D, 
x’+=x’– and y’+=y’– 

• No direct CPV: R+D = R–D

• All CPV allowed: all +/- free

• Kπ detection asymmetry 
accounted for in the fit.

• Consistent with mixing only 
fit.
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Dominant systematic 
uncertainties from combinatorial 
µ background,  prompt veto, fit 

model and time-dependent 
asymmetry.

DT Only Result

LHCb-PAPER-2016-033 (in prep.)

R(t)± = �WS(t)
RS(t) �

±
= R

±
D

+
�

R

±
D

y

′± � t

⌧ � +
(x ′±)2+(y ′±)2

4 � t

⌧ �
2

� Mixing Only:
R

+
D

= R

−
D

, x

′+2 = x

′−2, y

′+ = y

′−
� No Direct CPV: R

+
D

= R

−
D� All CPV allowed: All +/- free

�
K⇡ detection asymmetry, peaking
backgrounds accounted for in fit

� Systematic uncertainties:
combinatoric µ subtraction, prompt
veto, fit model variation and time
dependent asymmetry

� Consistent with mixing only fit

τ t/0 D
0 1 2 3 4

]
-3

[1
0

+ rε/+
R

3
3.2
3.4
3.6
3.8

4
4.2
4.4
4.6
4.8

Preliminary
LHCb

τ t/0 D
0 1 2 3 4

]
-3

[1
0

- rε/-
R

3

3.2
3.4

3.6

3.8
4

4.2

4.4

4.6
4.8

Mixing Only

No Direct CPV

All CPV allowed

τ t/0 D
0 1 2 3 4

- rε/-
-R+ rε/+

 R

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

Parameter Value
No CPV

R

D

[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 6.293/7

No Direct CPV
R

D

[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 5.589/5

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 4.473/4
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DT Only Result

LHCb-PAPER-2016-033 (in prep.)

R(t)± = �WS(t)
RS(t) �

±
= R

±
D

+
�

R

±
D

y

′± � t

⌧ � +
(x ′±)2+(y ′±)2

4 � t

⌧ �
2

� Mixing Only:
R

+
D

= R

−
D

, x

′+2 = x

′−2, y

′+ = y

′−
� No Direct CPV: R

+
D

= R

−
D� All CPV allowed: All +/- free

�
K⇡ detection asymmetry, peaking
backgrounds accounted for in fit

� Systematic uncertainties:
combinatoric µ subtraction, prompt
veto, fit model variation and time
dependent asymmetry

� Consistent with mixing only fit
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Mixing Only

No Direct CPV

All CPV allowed

τ t/0 D
0 1 2 3 4

- rε/-
-R+ rε/+

 R

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

Parameter Value
No CPV

R

D

[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 6.293/7

No Direct CPV
R

D

[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 5.589/5

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 4.473/4
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DT + prompt mixing results

• Mixing only: R+D = R–D, 
x’+=x’– and y’+=y’– 

• No direct CPV: R+D = R–D

• All CPV allowed: all +/- free

• Kπ detection asymmetry 
accounted for in the fit.

• Consistent with mixing only 
fit.

• 10-20% of improvements in 
sensitivity when combining 
with prompt measurement.
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DT and Prompt combination
LHCb-PAPER-2016-033 (in prep.)

� Modify original fit to
include both DT and
prompt combinations

� Add errors in
quadrature as original
reported errors are not
the same as here.

� Errors ∼ 10 − 20%
lower for combined fit

� Consistent with mixing
only fit

τ t/0 D
0 5 10

]
-3

[1
0

+ rε/+
R

3

3.5

4

4.5

5

5.5

6
Preliminary
LHCb

Prompt

Doubly Tagged

τ t/0 D
0 5 10

]
-3

[1
0

- rε/-
R

3

3.5

4

4.5

5

5.5

6

Mixing Only

No Direct CPV

All CPV allowed

τ t/0 D
0 5 10

]
-3

 [1
0

- rε/-
 - 

R
+ rε/+

 R

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

Parameter DT+prompt combination Prompt alone % Error Improvement
No CPV

R

D

[10−3] 3.533 ± 0.054 3.568 ± 0.067 19
x

′2[10−5] 3.6 ± 4.3 5.5 ± 4.9 12
y

′[10−3] 5.23 ± 0.84 4.80 ± 0.94 11
�2/NDF 96.594/111

No Direct CPV
R

D

[10−3] 3.533 ± 0.054 3.568 ± 0.067 19
x

′2+[10−5] 4.9 ± 5.0 6.4 ± 5.6 11
y

′+[10−3] 5.14 ± 0.91 4.80 ± 1.08 16
x

′2−[10−5] 2.4 ± 5.0 4.6 ± 5.5 9
y

′−[10−3] 5.32 ± 0.91 4.8 ± 1.08 16
�2/NDF 96.147/109

All CPV Allowed
R

+
D

[10−3] 3.474 ± 0.081 3.545 ± 0.095 15
x

′2+[10−5] 1.1 ± 6.5 4.9 ± 7.0 7
y
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Dominant systematic 
uncertainties from combinatorial 
µ background,  prompt veto, fit 

model and time-dependent 
asymmetry.

DT and Prompt combination
LHCb-PAPER-2016-033 (in prep.)

� Modify original fit to
include both DT and
prompt combinations

� Add errors in
quadrature as original
reported errors are not
the same as here.

� Errors ∼ 10 − 20%
lower for combined fit

� Consistent with mixing
only fit
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Indirect CP asymmetry  
in D0→h+h- decays



10

Aᴦ observable 

• The indirect CP violation is equal to –Aᴦ, defined as [Phys. Rev. D 75, 036008]
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16 °̂ is the effective decay with, f = K +K °

or º+º°

• Time-dependent CP asymmetry, at the first order in t/𝝉D,

AC P (t ) = °(D0(t ) ! f )°°(D
0

(t ) ! f )

°(D0(t ) ! f )+°(D
0

(t ) ! f )
º adir

C P + t
øD

aind
C P

A° =
ˆ°(D

0 ! f )° ˆ°(D

0 ! f )

ˆ°(D

0 ! f )+ ˆ°(D

0 ! f )

= 1

2

∑≥ØØØ
q

p

ØØØ°
ØØØ

p

q

ØØØ
¥

y cos¡°
≥ØØØ

q

p

ØØØ+
ØØØ

p

q

ØØØ
¥
x sin¡

∏

CPV in the mixing CPV in the inference

|D1,2i= p |D0i±q |D0i

x ¥ m1 °m2

°
, y ¥ °1 °°2

2°
¡= arg(q/p)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.036008
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Aᴦ  state-of-the-art
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PRL 112 (2014) 041801

JHEP 1504 (2015) 043

• Two measurement from LHCb

✦ semi-leptonic tagged D0 on the full Run I data sample of 3 fb-1,

✦ D*-tagged D0 with only 1fb-1, the 2011 data sample. 

• D*-tagged is already the world best 
measurement with only 1fb-1.

[HFAG, arXiv:1412.7515]

http://arxiv.org/abs/1412.7515


12

Aᴦ  state-of-the-art
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PRL 112 (2014) 041801

JHEP 1504 (2015) 043

• Two measurement from LHCb

✦ semi-leptonic tagged D0 on the full Run I data sample of 3 fb-1,

✦ D*-tagged D0 with only 1fb-1, the 2011 data sample. 

• D*-tagged is already the world best 
measurement with only 1fb-1.

In this talk, for the fist time, 
Aᴦ measurement  

with the full LHCb Run I (3fb-1)

[HFAG, arXiv:1412.7515]

http://arxiv.org/abs/1412.7515
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Figure 1: The distributions of m(K�K+) (left) and �m (right) for the D0! K�K+ selected
candidates in the middle run period and with magnetic field pointing down. The fit results are
overlaid.

Signal decays include both D

0 produced at the interaction point and D

0 that arise85

from b decays. These two sources of D

0 can only be distinguished in the second stage of86

the fitting procedure. The signal peak in m(hh) is described by a sum of two Gaussian87

functions and a Crystal Ball function [17], with the same mean value used for all. The88

power-law tail of the Crystal Ball function is used to describe radiative e↵ects present in89

the distribution of ⇡

�
⇡

+ and K

�
⇡

+ decays. A sum of three Gaussians is used to describe90

the correctly tagged signal distribution in �m.91

The D

0 decays associated with a random soft pion have the same model in m(hh) as92

signal decays. They are described by a polynomial function in �m which goes to zero at93

the pion mass.94

The combinatorial background is described by an exponential function in m(hh) and95

a polynomial function in �m which is zero at the pion mass.96

Partially reconstructed decays constitute additional background sources to the K

�
K

+
97

channel. The channels that give significant contributions are the decays D

0! K

�
⇡

+
⇡

0,98

with the charged pion reconstructed as a kaon and the ⇡

0 meson not reconstructed, and99

D

+
s ! K

�
K

+
⇡

+, with the pion not reconstructed. The first is described by a linear100

function in m(hh), as seen in simulated events, while the second is described by an101

exponential function. For both channels the shape of the �m distribution is taken102

from simulated events. Reflections from other two-body decays, due to incorrect mass103

assignment of the tracks, do not need to be taken into account as they fall outside the fit104

range. Example fit projections are shown in Fig. 1105

4 Fits to decay time106

Charm mesons originating from long-lived b hadrons (secondary decays) form a large107

background that cannot be separated in the mass fit. They do not come from the108

interaction point and thus lead to a biased decay-time measurement. The flight distance109

of the b hadrons causes the D

0 candidates into which they decay to have large �

2
IP on110

average. This is therefore used as a separating variable, along with the decay time, in the111

second stage of the fit.112
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Figure 2: The distributions of decay time (left) and ln(�2
IP) (right) for the D0! K�K+ selected

candidates in the middle run period and with magnetic field pointing down. The fit results are
overlaid. Gaussian kernels are used to smooth the combinatoric and partially reconstructed
backgrounds as discussed in the text.

Prompt signal decays, where the D

⇤+ is produced directly in the pp interaction, are113

modelled by an exponential function in decay time, whose decay constant determines the114

e↵ective lifetime, and by a modified �2 function in ln(�2
IP) of the form115

f(x) ⌘
(

C exp
⇥
↵(x� µ)� exp (↵(x� µ))

⇤
x  µ

C exp
⇥
�(x� µ)� exp (�(x� µ))

⇤
x > µ.

(1)

The parameters ↵ and � describe the left and right widths of the distribution, respectively,116

µ is the peak position and C is a normalisation constant. The µ and ↵ parameters are117

allowed to have a linear variation with decay time. The prompt signal decay constant was118

initially blinded using a random factor to prevent analyst bias.119

Secondary decays originating from b hadrons are described by the sum of a convolution120

of two exponential functions with a further single exponential in decay time. This is121

motivated by the two components of decay time, one from the b hadron and one from the122

D

0, and from studies on simulated events. The ln(�2
IP) distribution of secondary decays is123

given by Eq. 1, where µ, ↵ and � have the following time dependencies: µ is the sum of124

a constant and a sigmoid function, while ↵ and � are each the sum of a linear function125

and an exponential function. The parameterisations are motivated by studies on highly126

enriched samples of secondary decays in data and on simulated decays.127

The prompt and secondary background from correctly reconstructed D

0 mesons128

associated to a random soft pion are described by the same parameterisations as the129

prompt signal decays and secondary decays, respectively, but with a di↵erent lifetime130

parameter for the prompt component.131

Combinatorial backgrounds and partially reconstructed decays for the K

�
K

+ final132

state are described by non-parametric functions. The shapes are obtained by applying133

the sPlot technique [18] to the result of the m(hh) and �m fit. Gaussian kernel density134

estimators [19] are used to create smooth distributions.135

The detector resolution is accounted for by the convolution of a Gaussian function136

with the decay-time function. The Gaussian width is 50 fs, an e↵ective value extracted137

from studies of B! J/ X decays [20], which has negligible e↵ect on the measurement.138
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Effective-lifetime asymmetry

• Adopted the same strategy by measuring effective 
lifetimes (single exponential-model) of SCS D*-tagged 
D0→KK (~11M) and D0→ππ (~4M) decays;

✦ Unbinned maximum likelihood fits, in two stages

‣ 2D fit of m(hh) and Δm → extract D0 signal 

‣ 2D fit of t(D0) and ln(𝛘2IP(D0)) → extract D0 and D̅0 
lifetime and compute Aᴦ

✦ evaluate per-event acceptance function, moving the D0 
along its momentum direction and re-running the 
trigger and the reconstruction for each event [Phys. 
Conf. Ser. 396 (2012) 022016];

✦ validate the analysis on larger sample of CF  D0→K-π+ 

(~77M) decays, where pseudo-Aᴦ is expected to be 
undetectable with current sensitivity
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¢m = m(h+h°ºs )°m(h+h°)

• Aᴦ already measured with 1fb-1 (at 7TeV) [PRL 112 (2014) 041801], 

• Today extension to the full Run I data adding to 2fb-1 at 8TeV.

[LHCb-CONF-2016-010]

A°(Kº) = (°0.07±0.15)£10°3

[LHCb-CONF-2016-010]

http://iopscience.iop.org/article/10.1088/1742-6596/396/2/022016/meta;jsessionid=43C25BF00A28CE1623442113DF17ECA1.c2.iopscience.cld.iop.org
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.041801
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Effective-lifetime asymmetry – results

• Combining results with previous 1fb-1  analysis:
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A°(K K ) = (°0.03±0.46±0.10)£10°3

A°(ºº) = ( 0.03±0.79±0.16)£10°3

D0 ! K +K °

D0 !º+º°

[LHCb-CONF-2016-010] 2012 data, 2fb-1

A°(K K ,2011°2012) = (°0.14±0.37±0.10)£10°3

A°(ºº,2011°2012) = ( 0.14±0.63±0.15)£10°3

• No signs of indirect CP violation.
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Towards future high precision measurements

• Computation of per-candidate acceptance function vs. D0 proper decay time is an essential 
ingredient of this measurement (and others at hadron colliders),

✦ this is done rerunning the trigger and reconstruction algorithm around a hundred times 
on each event [Phys. Conf. Ser. 396 (2012) 022016] (for 50M of D0→K-π+ the total CPU needed 
is 2.5x109 HS06.s)

• While this technique has been successful, it will be demanding to continue to use it in the 
Run II and in the LHCb-Upgrade, where much higher statistics is expected.

• An alternative analysis of Aᴦ has therefore been performed with a different technique, that 
can be ‘easily’ performed even with much larger samples.
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http://iopscience.iop.org/article/10.1088/1742-6596/396/2/022016/meta;jsessionid=43C25BF00A28CE1623442113DF17ECA1.c2.iopscience.cld.iop.org
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Aᴦ: measuring yield asymmetries in bins of decay time  

• Measure yield asymmetries in various bin of D0 proper decay time,

✦ from sideband subtracted yields in each time bin

• Straight line fit to the asymmetry as function of decay time
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Ai
raw = ni (D0 ! f )°ni (D

0 ! f )

ni (D0 ! f )+ni (D
0 ! f )

; i = 1, . . . ,m

• Sample splits in 4 subsample by year (2011 @ 7TeV and 2012 @ 
8TeV) and magnet polarity (Up and Down)

• control sample: CF D0→K-π+,  where pseudo-Aᴦ(D0→Kπ) = 0.

Araw(t ) = A0 °
t

øD0
A°;

D0 ! K +K °

D0 !º+º°

¢m = m(h+h°ºs )°m(h+h°)

[LHCb-CONF-2016-009]

~10M

~3M• This type of approach has already been used in the 1fb-1 
publication. It has now been enhanced with new techniques, to 
significantly reduce the systematic uncertainties.



the detector-induced asymmetry actually depends. As a consequence, the calibration145

procedure described below was devised to remove the dependence of detector asymmetries146

on the candidate kinematics.147

The starting point is the time-integrated distribution of soft pions in the (k, ✓

x

) plane,148

where k = 1/

p
p

2

x

+ p

2

z

is proportional to the curvature and ✓

x

= arctan (p
x

/p

z

) is the149

emission angle in the bending plane (see Fig. 3). If there were no CP asymmetry neither in150

the sample nor in the detector acceptance, this distribution would be symmetric under CP151

transformation N

+(k, ✓

x

) ! N

�(k, �✓

x

), where N

± is the number of reconstructed D

⇤±.152

Candidates are then reweighted to make N

+(k, ✓

x

) = N

�(k, �✓

x

). Small non-uniformities153

in the distribution of ✓

y

= arctan (p
y

/p

z

) are also present in LHCb, and they cannot be154

neglected, therefore the applied weights are separately determined in several bins of ✓

y

,155

thus covering the complete kinematic space of the soft pion. In each proper decay time156

bin, the reweighted asymmetry, a

↵

corr

, is obtained as157

a

↵

corr

=

P
l,i,j

p
v

l,i,j

n

↵+

l,i,j

�
P

l,i,j

p
w

l,i,j

n

↵�
l,i,jP

l,i,j

p
v

l,i,j

n

↵+

l,i,j

+
P

l,i,j

p
w

l,i,j

n

↵�
l,i,j

, (1)

where n

↵+

l,i,j

(n↵�
l,i,j

) is the number of reconstructed D

⇤+ (D⇤�) candidates in the proper158

decay time bin ↵, and in the (k, ✓

x

, ✓

y

) bin identified by the indexes l, i, j, respectively.159
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Figure 2: Raw asymmetry (top left) and corrected asymmetry (bottom left) as function of the
proper decay time for the D0 ! K�⇡+ decay mode in the four subsamples, with fit overlaid.
Pseudo-A

�

(D0! K�⇡+) results before (top) and after (bottom) the correction are reported on
the right, where 2011 (2012) is abbreviate 11 (12) and Down is abbreviate Dw. The last entry
named avg. is the weighted average of above values.
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Detection asymmetries correction
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• Momentum-dependent detection charge-asymmetries (through a correlation between the 
momentum of D0 candidate and its reconstructed proper decay time) generate a time-
dependent detection asymmetry.

RAW

CORR

D0 ! K °º+

• Detection asymmetries cancelled 
equalising soft pions kinematic 
between positive and negative 
charges.

• In particular, (k, 𝜃x, 𝜃y) of positive 

soft pions are reweigh to (k, –𝜃x, 𝜃y) 
of negative soft pions,

✦ restoring CP-symmetric 
detector acceptance: 

n+(k, 𝜃x, 𝜃y) = n–(k, –𝜃x, 𝜃y)

µ
x

= arctan(p

x

/p

z

)

µy = arctan(py /pz )

k = 1
q

p

2
x

+p

2
y

[LHCb-CONF-2016-009]

control mode: A°(Kº) = (0.16±0.10)£10°3
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Results
• Results averaging the four subsamples:
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[LHCb-CONF-2016-009] Run I data, 3fb-1

Dominant systematic uncertainties from 
charm from b decays, partially reconstructed 
background and random pions background 

subtraction.

A°(K K ) = (°0.30±0.32±0.14)£10°3

A°(ºº) = ( 0.46±0.58±0.16)£10°3

• No signs of indirect CP violation.

uncertainty in the K

+

K

� mode due to the presence of a peaking background from real249

D

⇤+ decaying into di↵erent D

0 modes has been evaluated as �A

KK

�

= 0.05 ⇥ 10�3, based250

on a study of the sidebands of the D

0 mass and its measured charge asymmetry. The251

total systematic uncertainties are then �A

KK

�

= 0.14 ⇥ 10�3 and �A

⇡⇡

�

= 0.16 ⇥ 10�3.252
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Figure 5: Raw asymmetry (top left) and corrected asymmetry (bottom left) as function of the
proper decay time for the D0! K+K� decay mode in the four subsamples, with fit overlaid.
A

�

(D0 ! K+K�) results before (top) and after (bottom) the correction are reported on the
right, where 2011 (2012) is abbreviate 11 (12) and Down is abbreviate Dw. The last entry named
avg. is the weighted average of above values.

The final results are253

A

�

(D0! K

+

K

�) = (�0.30 ± 0.32 ± 0.14) ⇥ 10�3

,

A

�

(D0! ⇡

+

⇡

�) = ( 0.46 ± 0.58 ± 0.16) ⇥ 10�3

,

where the first uncertainty is statistical and the second systematic. The A

�

values are254

obtained by a weighted average of the results separately obtained from time-dependent255

fits of each subsample (Figs. 5 and 6).256

The results for the two modes are consistent and show no evidence of CP violation.257

Their di↵erence is �A

�

= (�0.76 ± 0.66) ⇥ 10�3, accounting for correlations of systematic258

uncertainties. Assuming that indirect CP violation in D

0 decays is universal [3], and259

accounting for the correlations as above, the two values can be averaged to yield a single260

value of A

�

= (�0.12 ± 0.30) ⇥ 10�3. These results are the most precise measurement261

existing of these quantities and are consistent with previous measurements [13–15], and262

with the previous LHCb results [16] obtained from a subsample of the present data, that263

they supersede with a precision improvement of nearly a factor 2.264
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Figure 6: Raw asymmetry (top left) and corrected asymmetry (bottom left) as function of the
proper decay time for the D0 ! ⇡+⇡� decay mode in the four subsamples, with fit overlaid.
A

�

(D0! ⇡+⇡�) results before (top) and after (bottom) the correction are reported on the right,
where 2011 (2012) is abbreviate 11 (12) and Down is abbreviate Dw. The last entry named avg.
is the weighted average of above values.

The results are also consistent with the A

�

measurements [17] performed by LHCb in265

the separate muon-tagged sample over the same data taking period.266
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Conclusion

• Two measurements of Aᴦ with two different method presented:
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A°(K K ;3fb°1) = (°0.30±0.32±0.14)£10°3

A°(ºº;3fb°1) = ( 0.46±0.58±0.16)£10°3

A°(K K ,1fb°1 +2fb°1) = (°0.14±0.37±0.10)£10°3

A°(ºº,1fb°1 +2fb°1) = ( 0.14±0.63±0.15)£10°3

Measured using yield asymmetries in 
bins of decay time  

(new method)

Measured CP asymmetries of effective 
lifetimes  

(traditional method)

• World best measurements! 

• Indirect CP violation still compatible with zero at a level of about 0.3 per mille.

• Two independent methods compatible with each other, confirming the robustness of the two 
analyses.

• Run I measurement of Aᴦ completed. Now prepare to new exciting data from Run II.

[LHCb-CONF-2016-010]

[LHCb-CONF-2016-009]

• Search for mixing and CPV in DCS D0→Kπ with double tagged D0. [LHCb-PAPER-2016-33]
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Charm flavour tagging
• In order to measure mixing and CPV, it is necessary to identify the flavour of the D0 meson.

• LHCb exploits two decays:

✦ D*+→ D0 π+  decays

✦ semi-leptonic B-decays

h
h

π+D0

D*+
pp

h

h

B

pp

D0
µ–

𝝂

Charge 
tag  

flavour
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Figure 5: Distributions in the (k,✓
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) plane of the soft pions for MagDown 2012 D

0 ! K
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⇡

+

subsample and asymmetry distribution evaluated by reversing the sign of ✓
x

of negatively-charged
soft pions(bottom left panel).

13

22

CP-symmetrisation
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• In order to cancel momentum-dependent asymmetries, a new method has been devised, the 
soft pions kinematic is equalised between the two charges:

✦ (k, 𝜃x, 𝜃y) of positive soft pions are reweigh to (k, -𝜃x, 𝜃y) of negative soft pions.
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)xθ- → xθ(-π/+π

The ratio (k, 𝜃x, 𝜃y)/(k, -𝜃x, 𝜃y) should be a constant if no detection 
asymmetries are present, but  large variations are clearly visible.  The 

CP-symmetrisation makes this flat and equal to one.

µ
x

= arctan(p

x

/p

z

)

µy = arctan(py /pz )

k = 1
q

p

2
x

+p

2
y

LHCb Preliminary LHCb Preliminary

LHCb Preliminary

LHCb Preliminary
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Reweigh details
• In each proper decay time, the reweigh asymmetry is
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the detector-induced asymmetry actually depends. As a consequence, the calibration145

procedure described below was devised to remove the dependence of detector asymmetries146

on the candidate kinematics.147

The starting point is the time-integrated distribution of soft pions in the (k, ✓

x

) plane,148

where k = 1/

p
p

2

x

+ p

2

z

is proportional to the curvature and ✓

x

= arctan (p
x

/p

z

) is the149

emission angle in the bending plane (see Fig. 3). If there were no CP asymmetry neither in150

the sample nor in the detector acceptance, this distribution would be symmetric under CP151

transformation N

+(k, ✓

x

) ! N

�(k, �✓

x

), where N

± is the number of reconstructed D

⇤±.152

Candidates are then reweighted to make N

+(k, ✓

x

) = N

�(k, �✓

x

). Small non-uniformities153

in the distribution of ✓

y

= arctan (p
y

/p

z

) are also present in LHCb, and they cannot be154

neglected, therefore the applied weights are separately determined in several bins of ✓

y

,155

thus covering the complete kinematic space of the soft pion. In each proper decay time156

bin, the reweighted asymmetry, a

↵

corr

, is obtained as157

a

↵

corr

=

P
l,i,j

p
v

l,i,j

n

↵+

l,i,j

�
P

l,i,j

p
w

l,i,j

n

↵�
l,i,jP

l,i,j

p
v

l,i,j

n

↵+

l,i,j

+
P

l,i,j

p
w

l,i,j

n

↵�
l,i,j

, (1)

where n

↵+

l,i,j

(n↵�
l,i,j

) is the number of reconstructed D

⇤+ (D⇤�) candidates in the proper158

decay time bin ↵, and in the (k, ✓

x

, ✓

y

) bin identified by the indexes l, i, j, respectively.159

0 1 2
A

K⇡

� [10�3]

avg.

12Dw

12Up

11Dw

11Up

corr.

+0.16 ± 0.10

+0.23 ± 0.18

�0.01 ± 0.18

+0.04 ± 0.25

+0.56 ± 0.30

�

2
/ndf = 3.01/3
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2
/ndf = 29.64/27
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2
/ndf = 19.53/27

Figure 2: Raw asymmetry (top left) and corrected asymmetry (bottom left) as function of the
proper decay time for the D0 ! K�⇡+ decay mode in the four subsamples, with fit overlaid.
Pseudo-A

�

(D0! K�⇡+) results before (top) and after (bottom) the correction are reported on
the right, where 2011 (2012) is abbreviate 11 (12) and Down is abbreviate Dw. The last entry
named avg. is the weighted average of above values.
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The weights w

l,i,j

and v

l,i,j

are defined as160

w

l,i,j

=

P
↵

n

↵+

l,i,jP
↵

n

↵�
l,�i,j

, v

l,i,j

=

P
↵

n

↵�
l,i,jP

↵

n

↵+

l,�i,j

.

This procedure makes the CP asymmetry of the detector response uniform over the161

whole parameter space; the possible existence of an intrinsic, constant CP asymmetry162

in the sample causes this procedure to introduce an unknown overall shift of the CP163

asymmetry, but does not a↵ect the decay-time dependent behaviour. The use of the164

specific weighing formula (1) is motivated by its exact symmetry under C conjugation165

for any sample size – a property that does not hold for the method in common usage of166

simply rescaling the positive (negative) D

⇤ candidates by w

l,i,j

(v
l,i,j

) weights, that is only167

valid in the asymptotic limit. This methodology is required by the high precision of the168

current measurement.169

In each case, the calibration is performed using the same sample on which the asym-170

metry slope A

�

is being measured. Simulation studies have confirmed that this procedure,171

while canceling the time-averaged asymmetry, has no e↵ect on a possible genuine time-172

dependent asymmetry in the sample.173
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Figure 3: Distributions of the soft pions in the (k,✓
x

) plane for 2012 MagDown D0 ! K�⇡+

subsample. Top left: distribution of positive soft pions, top right: distribution of negative soft
pions. Bottom left: distribution of negative soft pions where the sign of ✓

x

has been flipped.
Bottom right: asymmetry between the positive soft pions distribution and the flipped distribution
of negative soft pions.
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