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Precision measurement of indirect 
CP violation in charm hadrons



CP Violation
• The non-invariance of the weak interactions with respect to the combined 

charge-conjugation (C) and parity (P) dates back to year 1964  

- discovered through the observation of KL→π+π−  decays, which exhibit 
a branching ratio at 10-3 level (the famous εK parameter), 

- it was the first manifestation of (indirect) CP violation.  

• Ever since the understanding of CPV has become a crucial goal in HEP:  

- to study and test reliability and robustness of the SM,  

- to probe physics beyond the SM,  

- to shed light on cosmology issues. CPV present in the SM not sufficient 
to explain the observed baryonic asymmetry O(10-10).
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The CKM mechanism
• CP-violating effects originate in the SM from 

the charged-current interactions of quarks 

• VCKM matrix connects the electroweak 
states (d’,s’,b’) of the down, strange and 
bottom quarks with their mass eigenstates 
(d,s,b) through an unitary transformation. 

• This feature ensures the absence of flavour-
changing neutral-current (FCNC) 
processes at the tree level in the SM, and is 
hence at the basis of the famous Glashow–
Iliopoulos–Maiani (GIM) mechanism. 
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12. THE CKM QUARK-MIXING MATRIX

Revised January 2016 by A. Ceccucci (CERN), Z. Ligeti (LBNL), and Y. Sakai (KEK).

12.1. Introduction

The masses and mixings of quarks have a common origin in the Standard Model (SM).
They arise from the Yukawa interactions with the Higgs condensate,

LY = −Y d
ij QI

Li φ dI
Rj − Y u

ij QI
Li ϵ φ∗uI

Rj + h.c., (12.1)

where Y u,d are 3× 3 complex matrices, φ is the Higgs field, i, j are generation labels, and
ϵ is the 2 × 2 antisymmetric tensor. QI

L are left-handed quark doublets, and dI
R and uI

R
are right-handed down- and up-type quark singlets, respectively, in the weak-eigenstate
basis. When φ acquires a vacuum expectation value, ⟨φ⟩ = (0, v/

√
2), Eq. (12.1) yields

mass terms for the quarks. The physical states are obtained by diagonalizing Y u,d

by four unitary matrices, V u,d
L,R, as Mf

diag = V f
L Y f V f†

R (v/
√

2), f = u, d. As a result,

the charged-current W± interactions couple to the physical uLj and dLk quarks with
couplings given by

−g√
2
(uL, cL, tL)γµ W+

µ VCKM

⎛

⎝
dL
sL
bL

⎞

⎠ + h.c., VCKM ≡ V u
L V d

L
† =

⎛

⎝
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎞

⎠.

(12.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 × 3 unitary matrix. It
can be parameterized by three mixing angles and the CP -violating KM phase [2]. Of
the many possible conventions, a standard choice has become [3]

VCKM =

⎛

⎝
1 0 0
0 c23 s23
0 −s23 c23

⎞

⎠

⎛

⎝
c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

⎞

⎠

⎛

⎝
c12 s12 0
−s12 c12 0

0 0 1

⎞

⎠

=

⎛

⎝
c12c13 s12c13 s13e−iδ

−s12c23−c12s23s13eiδ c12c23−s12s23s13eiδ s23c13

s12s23−c12c23s13eiδ −c12s23−s12c23s13eiδ c23c13

⎞

⎠ , (12.3)

where sij = sin θij , cij = cos θij , and δ is the phase responsible for all CP -violating
phenomena in flavor-changing processes in the SM. The angles θij can be chosen to lie in
the first quadrant, so sij , cij ≥ 0.

It is known experimentally that s13 ≪ s23 ≪ s12 ≪ 1, and it is convenient to exhibit
this hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = λ =
|Vus|√

|Vud|2 + |Vus|2
, s23 = Aλ2 = λ

∣∣∣∣
Vcb

Vus

∣∣∣∣ ,

s13e
iδ = V ∗

ub = Aλ3(ρ + iη) =
Aλ3(ρ̄ + iη̄)

√
1 − A2λ4

√
1 − λ2[1 − A2λ4(ρ̄ + iη̄)]

. (12.4)

These relations ensure that ρ̄+ iη̄ = −(VudV
∗
ub)/(VcdV

∗
cb) is phase convention independent,

and the CKM matrix written in terms of λ, A, ρ̄, and η̄ is unitary to all orders in λ.
The definitions of ρ̄, η̄ reproduce all approximate results in the literature. For example,
ρ̄ = ρ(1 − λ2/2 + . . .) and one can write VCKM to O(λ4) either in terms of ρ̄, η̄ or,
traditionally,

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)
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CPV accommodated in the SM through a 
single complex phase in the CKM matrix. 



• All direct measurements of elementary particle phenomena 
to date support the CKM phase, within the current theoretical 
and experimental uncertainties, being the dominant source 
of CP violation observed in quark transitions.  

• However, widely accepted theoretical arguments and  
cosmological observations suggest that the SM might be a 
lower-energy approximation of more fundamental theories 
which are likely to possess a different CP structure and 
therefore should manifest themselves as deviations from the 
CKM scheme. 

• Essential to measure CP-violating asymmetries in Nature.
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The role of charm physics 

• Charm transitions are a unique portal (complementarity wrt B and K 
mesons) for obtaining a novel access to flavor dynamics  with the 
experimental situation being a priori favorable (“low SM background”). 

• Charm is the only up-type quark allowing full range of probes for 
mixing and CPV: 

- top quark decays too fast  (no hadronization), 

- π0-π0 oscillations not possible  (particle and anti-particle are 
identical). 

• CPV not yet observed in charm and predicted to be “small” within SM.
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Charm Mixing
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D0 mixing experimentally well established, only recently. 
First hints from Babar/Belle in 2007. 
Very slow rate x ≤ 10-2 and y ≃10-2.
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Figure 1.6 – Flavour-changing and flavour-unchanging PDFs for the four neutral meson
systems (from left to right and from top to bottom): K 0–K 0, D0–D0 (note the logarithmic
scale), B 0–B 0, B 0

s –B 0
s . The single exponential function, black-dashed line, it is also drawn.

theory is a challenging task, and several orders of magnitude are spanned in the literature [25].
The size of the long distance contributions is determined by the amount of phase space
of the final states in common to the meson and the anti-meson. In the K 0–K 0 system this
contribution is almost maximal since there is a small number of possible final states for K 0 and
almost all of them are accessible also to the K 0. In the B 0 system the situation is the opposite,
there is a large number of possible final states for the B 0 but just a small fraction of them are
also accessible to the B 0. Several techniques are used to calculate the mixing parameters in
the SM. Inclusive approaches such as heavy quark effective field theory rely on expansions in
powers of the inverse of the quark mass, which are of limited validity because the intermediate
value of the charm quark mass [26, 27]. Alternatively, exclusive approaches are used [28, 29].
They rely on explicitly accounting for all possible intermediate states, which may be modelled
or fitted directly to experimental data. However, the D meson is not light enough to have few
final states, and in absence of sufficiently precise measurements of amplitudes and strong
phases of many decays, several assumptions are made limiting the predictions of such an
approach.

As a consequence, the SM predictions for mixing and for CP violation are affected by large
theory uncertainties. Thus, it is crucial to provide very precise measurements in the charm
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Chapter 1. Theory and motivations

Thus, the following relationships hold:

pq = 1
2

≥
¢M ° i

2
¢°

¥
,

M = M1 +M2

2
,

°= °1 +°2

2
,

where

¢M ¥ M2 °M1 =°2<(pq), ¢°¥ °2 °°1 = 4=(pq). (1.21)

The time evolution functions of eq. (1.20) can be written in terms of the mass eigenstate
parameters as

g+(t ) =e°i M t e°°t/2
h

cos
¢M t

2
cosh

¢°t
4

° i sin
¢M t

2
sinh

¢°t
4

i
,

g°(t ) =e°i M t e°°t/2
h
°cos

¢M t
2

sinh
¢°t

4
+ i sin

¢M t
2

cosh
¢°t

4

i
,

(1.22)

Thus, a pure |D0i or |D0i state at time t = 0 will therefore evolve as

|D0(t )i= g+(t )|D0i+ q
p

g°(t )|D0i,

|D0(t )i= g+(t )|D0i+ p
q

g°(t )|D0i,

respectively. The probability for a state, produced at t = 0 with a well-defined flavour content,
of having the same initial flavour content at t > 0, is then

Prob(D0 ! D0; t ) = |hD0(t )|D0i|2 = |g+(t )|2,

Prob(D0 ! D0; t ) = |hD0(t )|D0i|2 = |g+(t )|2.

Instead the probability of changing the flavour content is given by

Prob(D0 ! D0; t ) = |hD0(t )|D0i|2 =
ØØØØ

q
p

ØØØØ
2

· |g°(t )|2,

Prob(D0 ! D0; t ) = |hD0(t )|D0i|2 =
ØØØØ

p
q

ØØØØ
2

· |g°(t )|2,

where, as results from eq. (1.22),

|g±(t )|2 = 1
2

e°°t
h

cosh
¢°t

2
±cos¢M t

i
.

It is worth noting that the probability for a D0 ! D0 transition is different from the probability
of D0 ! D0 if |q/p| 6= 1.
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Prob(D0 → anti-D0) ≠ Prob(anti-D0→D0) if |q/p| ≠ 1. 

|D1,2i = q |D0i± q |D0i

(|q|2 + |p|2 = 1,� = arg (q/p))

x ⌘ 2(m2 �m1)/(�1 + �2)

y ⌘ (�2 � �1)/(�1 + �2)

|D1,2i = q |D0i± q |D0i

(|q|2 + |p|2 = 1,� = arg (q/p))

x ⌘ 2(m2 �m1)/(�1 + �2)

y ⌘ (�2 � �1)/(�1 + �2)
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7 |q/p|
0.6 0.8 1 1.2 1.4 1.6

A
rg

(q
/p

) [
de

g.
]

60−

40−

20−

0

20

40

60
σ 1 
σ 2 
σ 3 
σ 4 
σ 5 

����	�
�������
�� ����
������

SM expectations are of the order of (VubV*cb/VusV*cs) ∼ 10−3 
(or less). CPV not yet observed in the charm sector.
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1.4. Neutral meson mixing
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Figure 1.3 – Schematic representation of unitary triangle for charm meson decays. The
vertical direction is enlarged by a factor of twenty with respect to the horizontal one.
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Figure 1.4 – Leading tree-level Feynman diagrams for the singly Cabibbo-suppressed
D0(cu)! K °(su)K °(su) and D0(cu)!º+(ud)º°(ud) decays.

In the Wolfenstein parametrisation the values of§q are the following

§d =°∏+ ∏3

2
+ ∏5

8
(1+4A2)°∏5 A2(Ω+ i¥)+O (∏7),

§s =∏° ∏3

2
° ∏5

8
(1+4A2)+O (∏7),

§b =∏5 A2(Ω° i¥)+O (∏11),

resulting into a squashed triangle for the charm physics, since it has two sides having almost
the same size (|§d | = |§s |+O (∏4)), as schematically reported in fig. 1.3.

Charmed meson decays involving amplitudes proportional to§d º§s º∏, are called singly
Cabibbo-suppressed (SCS) amplitudes, as D0! K +K ° and D0!º+º° decays, see fig. 1.4, and
they are the main subjects of this thesis. Instead, D0! K °º+ decays, involving amplitudes
proportional to V §

csVud º 1°∏2/2 are therefore called Cabibbo-favoured (CF), see fig. 1.5. In
addition, D0! K +º° decays are called doubly Cabibbo-suppressed (DCS) since they involve
amplitudes proportional to V §

cd Vus º∏2.

1.4 Neutral meson mixing

As described in the previous sections, the quark flavour eigenstates are not eigenstates of
the weak Hamiltonian, leading to processes that link quarks of different flavours, as shown
in fig. 1.1b. These processes allow connecting a neutral (qq 0) meson to its antimeson through a
rotation between flavour eigenstates and mass eigenstates. Therefore, neutral mesons are not
eigenstates of the free Hamiltonian, hence they do not evolve as free particles but through the
so-called “mixing”phenomenon. The formalism of the time evolution of the D0(cu)–D0(cu)
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Only transitions of c quark to lighter quarks involved in charm meson decays, mixing 
and relevant amplitudes are therefore described, to an excellent approximation, by 
the physics of the first two generations only.

“charm unitary triangle”
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Experiments and theory
• Predictions affected by “large uncertainties” due to the difficulties in the computation of the long-

distance contributions. 

- non perturbative calculation (approximations holding in the B and K cases do not apply for 
charm)  

- the available computational power is not yet enough for lattice QCD. 

• Only very recently experiments able to collect large samples of charm decays. High precision 
measurements already have been impacting theory and vice-versa. 

- The widely accepted statement  “measuring CPV with the current experimental sensitivity is a 
clear sign of NP” has been disavowed and, as a consequence,  accuracy on calculations 
tremendously increased to account for experimental inputs. 

• Predictive power of the theory is (and will be) strictly related to the precision and the variety of the 
inputs that experiments will be able to provide in the near and far future.  

• An extensive and precise study of the charm decays, and in general of the heavy flavour physics, at 
much higher precision than today is fundamental to over-constrain the theory parameters, and in 
particular the CKM scheme, that is a crucial ingredient for the SM and for any new exotic theory, 
which must include the flavour structure.
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The intensity frontier

• Unprecedented huge and pure samples of charm decays 
are therefore needed for probing CPV and mixing. 

• Slow mixing rate ask for large samples enriched at higher 
lifetime values.  

• Measuring CP-violating asymmetries below the level of 10-3 
(10-4) requires samples with >106 (108) charm decays. 

- note, in absence of background: 𝜎(ACP)≈1/sqrt(N)
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The ‘charming’ beauty experiment
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Excellent trigger capabilities (Level-0 of custom electronics + HLT of commercial CPUs) to handle 11MHz of 
visible physics collisions.  Events written on tape extremely  fast at 5KHz, where typical event size is 60KBytes in 
Run 1 (2011-2012). In Run 2 (2015-2016) performances are even better. [LHCb-PROC-2015-011].

VErtex LOcator 
~(15+29/pT) μm IP resold 
~45 fs decay time resold

RICH detectors

σp/p∼0.5−1%@5-200 GeV/c 
Tracking system

 Weight: 5600t 
 Height: 10m 
 Long: 21m

Calorimeters

Muons System 

The LHC detector at LHC, JINST 3 (2008) S08005 
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Charm Physics with LHCb
• All c-hadrons produced in pp collisions. 

• Copious production of prompt (and secondary) 
charm at 13 TeV: 

• Produced ∼5x1012 D0 and ∼2x1012 D∗+  mesons in 
only 3fb-1 (Run 1) of data at Linst = 4x1032 cm–2s–1. 

• Final Run 1 (2011-2012) sample about factor of 
30 larger than samples collected by past 
experiments. 
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Figure 5: Measurements and predictions for the absolute prompt (top) D0, and (bottom) D+

cross-sections at
p

s = 13TeV. Each set of measurements and predictions in a given rapidity bin
is o↵set by a multiplicative factor 10�m, where the factor m is shown on the plots. The boxes
indicate the ±1� uncertainty band on the theory predictions. In cases where this band spans
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2015-272
LHCb-PAPER-2015-041

May 23, 2017

Measurements of prompt charm
production cross-sections in pp

collisions at
p
s = 13TeV

The LHCb collaboration†

Abstract

Production cross-sections of prompt charm mesons are measured with the first data
from pp collisions at the LHC at a centre-of-mass energy of 13 TeV. The data
sample corresponds to an integrated luminosity of 4.98 ± 0.19 pb�1 collected by the
LHCb experiment. The production cross-sections of D0, D+, D+

s

, and D⇤+ mesons
are measured in bins of charm meson transverse momentum, p

T

, and rapidity, y,
and cover the range 0 < p

T

< 15 GeV/c and 2.0 < y < 4.5. The inclusive cross-
sections for the four mesons, including charge conjugation, within the range of
1 < p

T

< 8 GeV/c are found to be

�(pp ! D0X) = 2072 ± 2 ± 124 µb,
�(pp ! D+X) = 834 ± 2 ± 78 µb,
�(pp ! D+

s

X) = 353 ± 9 ± 76 µb,
�(pp ! D⇤+X) = 784 ± 4 ± 87 µb,

where the uncertainties are due to statistical and systematic uncertainties, respec-
tively.

Published in JHEP 03 (2016) 159
Errata published in JHEP 09 (2016) 013 and JHEP 05 (2017) 074‡

c� CERN on behalf of the LHCb collaboration, licence CC-BY-4.0.

†Authors are listed at the end of this paper.
‡The contents of the errata are reflected in this manuscript.

ar
X

iv
:1

51
0.

01
70

7v
6 

 [h
ep

-e
x]

  2
2 

M
ay

 2
01

7

JHEP03(2016)159, Erratum: JHEP 1609 (2016) 013



A plenty of charm
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Today Nsig(Run 1 + Run 2) ∼ 3 x Nsig(Run 1), and LHCb is taking data until the end of 
2018, collecting about a total of 8fb−1 of data with the same efficiency and purity (yield 
per luminosity in 2015-16 increased by a factor of ~4 wrt Run 1). 

LHCB-CONF-2016-005
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Two-body D0➝h+h− decays
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1.4. Neutral meson mixing

§d ªO (∏)

§s ªO (∏)
§b ªO (∏5)

Figure 1.3 – Schematic representation of unitary triangle for charm meson decays. The
vertical direction is enlarged by a factor of twenty with respect to the horizontal one.
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Figure 1.4 – Leading tree-level Feynman diagrams for the singly Cabibbo-suppressed
D0(cu)! K °(su)K °(su) and D0(cu)!º+(ud)º°(ud) decays.

In the Wolfenstein parametrisation the values of§q are the following

§d =°∏+ ∏3

2
+ ∏5

8
(1+4A2)°∏5 A2(Ω+ i¥)+O (∏7),

§s =∏° ∏3

2
° ∏5

8
(1+4A2)+O (∏7),

§b =∏5 A2(Ω° i¥)+O (∏11),

resulting into a squashed triangle for the charm physics, since it has two sides having almost
the same size (|§d | = |§s |+O (∏4)), as schematically reported in fig. 1.3.

Charmed meson decays involving amplitudes proportional to§d º§s º∏, are called singly
Cabibbo-suppressed (SCS) amplitudes, as D0! K +K ° and D0!º+º° decays, see fig. 1.4, and
they are the main subjects of this thesis. Instead, D0! K °º+ decays, involving amplitudes
proportional to V §

csVud º 1°∏2/2 are therefore called Cabibbo-favoured (CF), see fig. 1.5. In
addition, D0! K +º° decays are called doubly Cabibbo-suppressed (DCS) since they involve
amplitudes proportional to V §

cd Vus º∏2.

1.4 Neutral meson mixing

As described in the previous sections, the quark flavour eigenstates are not eigenstates of
the weak Hamiltonian, leading to processes that link quarks of different flavours, as shown
in fig. 1.1b. These processes allow connecting a neutral (qq 0) meson to its antimeson through a
rotation between flavour eigenstates and mass eigenstates. Therefore, neutral mesons are not
eigenstates of the free Hamiltonian, hence they do not evolve as free particles but through the
so-called “mixing”phenomenon. The formalism of the time evolution of the D0(cu)–D0(cu)
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Chapter 1. Theory and motivations
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Figure 1.5 – Leading tree-level Feynman diagram for the Cabibbo-favoured D0(cu)!
K °(su)º+(ud) decay.

system is described in the following and the resulting equations can be also applied to the
other three meson systems where the mixing occurs in the SM: K 0–K 0, B 0–B 0, B 0

s –B 0
s . While

the equations are general, the mixing phenomenology is completely different among these
four systems, and it will discussed in sub-sec. 1.4.2.

1.4.1 Time evolution of flavour eigenstates

Neutral charm mesons are produced by strong interactions and they are flavour eigenstates.
An initial state, |√(0)i, is therefore a superposition of |D0i and |D0i states

|√(0)i= a(0)|D0i+b(0)|D0i,

and it will evolve into a superposition of all states allowed by energy-momentum conservation

|√(t )i= a(t )|D0i+b(t )|D0i+
X

n
cn(t )|ni,

where |ni represents all the possible states that can decay into, with coefficients cn(t) =
hn|H |√i and H is the effective Hamiltonian. Since we are interested in a(t) and b(t), for t
values much larger than typical scale of strong interactions, the time evolution of a single state
|ªi can be schematised, using the Wigner-Weisskopf approximation [19, 22], as

|ª(t )i= e°i M t e°°t/2|ª(0)i, (1.14)

where e°i M t describes the time evolution of a stable state with energy E = M , while e°°t/2

takes into account the unstable nature of the state. The probability to find the state at time t is
therefore equal to

|hª(0)|ª(t )i|2 = e°°t .

The time evolution reported in eq. (1.14) is the solution of the following Schödinger equation

i
d

dt
|ª(t )i=

µ
M ° i

°

2

∂
|ª(t )i, (1.15)
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SCS: D0➝K+K−  

BR≈4x10-3

SCS: D0➝π+π−  
BR≈1.4x10-3

CF: D0➝K−π+  
BR≈3.93%

• D0
➝h+h− decays, where h=K,π, are experimentally 

clean channels allowing the study of the CP violation 
in the charm system.  

• D0
➝K+K− and D0

➝π+π−  Singly-Cabibbo-Suppressed 
decays. Final states are CP-eigenstates and allow a 
full probe of all types of CP-violation. 

• D0
➝K−π+  Cabibbo-Favored decays. They are 

flavour-specific and are used as a formidable control 
channel, being much more abundant than the SCS 
modes.  

• D0
➝K+π− Doubly-Cabibbo-Suppressed decays. 

Essential to measure mixing parameters.  

DCS: D0➝K+π− 
BR≈1.4x10-4
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Time-dependent CPV in D0➝h+h−  

14

Because of the slow mixing rate of charm mesons (x,y~10-2) the time-dependent asymmetry is 
approximated at first order as the sum of two terms: 

where AΓ defined as the asymmetry between D0 and antiD0 effective lifetimes 

CPV in the mixing |q/p| ≠ 1 CPV in the interference 𝜑f ≠ 0,π 

AΓ ≠0 clearly indicates CPV in the charm sector. Sensitive to CPV in both mixing and interference.  
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A golden observable: AΓ 

• The coefficient −ACP
ind

 can potentially be measured with greater precision 
than the constant term ACP

dir because it is less affected by instrumental 
asymmetries that are to a large extent time-independent.  

• The current experimental precision on ACP
ind is at the level of ~0.5x10−3, i.e. 

it has reached sensitivity where it becomes possible to test SM predictions, 
and where further improvements are expected to be particularly valuable.  

- Neglecting subleading amplitudes AΓ is independent of the final state f. 
Furthermore, in the absence of CP violation in mixing, it can be found 
that AΓ = −x sin𝜑 —> |AΓ|≤|x|<5x10-3. 

- Latest SM prediction: AΓ≃10−4 [Bobrowski et al. JHEP 03 (2010) 009].
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Flavour identification (tagging)
Á D0 meson flavour has to be determined;
Á K+K° and º+º° are CP-eigenstates ) D0 flavour cannot be

inferred from its decay products;
Á D0 mesons production is exploited.
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Flavour identification
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D*-tag (or prompt) tag Semileptonic tag

K+K- and π+π- are CP-eigenstates —> D0 flavour 
cannot be inferred from its decay products.  
Production mechanism is exploited. 

Flavour identification (tagging)
Á D0 meson flavour has to be determined;
Á K+K° and º+º° are CP-eigenstates ) D0 flavour cannot be

inferred from its decay products;
Á D0 mesons production is exploited.
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AΓ state-of-the-art
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Chapter 2. Measurement overview and current experimental status

�2 �1 0 1 2 3

A� [10�3]

Belle 2012

Babar 2012

LHCb 2013 D⇤+ tag, KK

LHCb 2013 D⇤+ tag, ⇡⇡

CDF 2014

LHCb 2015 µ tag

World average

�0.30 ± 2.00 ± 0.80

0.88 ± 2.55 ± 0.58

�0.35 ± 0.62 ± 0.12

0.33 ± 1.06 ± 0.14

�1.20 ± 1.20

�1.25 ± 0.73

�0.59 ± 0.40

Figure 2.3 – Current experimental status on A°. From top to bottom Belle 2012 [32], BaBar
2012 [33], LHCb 2013 D§+ tag K K [35], LHCb 2013 D§+ tag ºº [35], CDF 2014 [37], LHCb
2015 µ tag [38].

given in chap. 7). Thus, secondary decays represent a physical background that has to be
subtracted to avoid biases in the A° measurements.

At e+e° machines, secondary decays background is reduced to a negligible level requiring
a threshold on D0 momentum measured in the centre-of-mass frame. At hadron colliders,
instead, secondary decays are subtracted using variables related to the impact parameter of
the D0 mesons.2

The situation is different if the D0 meson flavour is tagged through secondary decays (sec. 2.1),
i.e. D0 coming from B meson decays. In this case, the D0 decay time is measured from the
decay vertex of the B meson, therefore it is independent from the B decay time, and no bias is
introduced.

2.5 Current experimental status

The value of A° was measured in the past at the B-factories and recently also at CDF. In the
last years LHCb entered the game as the leading player. All the available measurements are
reported in fig. 2.3.

2 The definition of the impact parameter is reported in chap. 4.

34

LHCb already dominates the world average, but more precision is needed…                        
Beyond the intrinsic goal of looking for first hints of CPV in the charm sector, the aim is an 
unprecedented reduction of systematic uncertainties to demonstrate the feasibility of the 
measurement at much higher precision.  

[PRL 121 041801 (2013)]

[JHEP 04 (2015) 043]

D*-tag 1fb-1

semileptonic-tag 3fb-1



LHCb D∗+-tagged AΓ measurement  
Full Run 1 data sample

• Sample: 1fb−1 at 7TeV + 2fb−1 at 8TeV.  

• D*-tag used to infer the flavor of the D0 meson at production  

• AΓ measured through a linear fit to the ACP(t). 

• High statistics CF decay D0 → K−π+ used as control channel 

- |AΓ(D
0 → K−π+)| < 5 × 10−5,  undetectable with current experimental 

sensitivity.  

- Analysis strategy, checks, and systematic uncertainties entirely 
developed and accurately studied using the high statistics control 
channel. AΓ(D

0→K +K−) and AΓ(D
0→π+π−) blinded until the approval.

18



Trigger (and stripping) 
selection

• Logical OR of all Level-0 (energy deposit 
in the calorimeter system) triggers 
accepted.  

• Two body D0 HLT lines (plus stripping 
preselection) apply mainly requirements 
on momentum and lifetime-related 
quantities. 

• Moderate PID requirements (DLL). 

• Signals already very pure and abundant at 
the trigger level, but not for free (see later).

19

Chapter 4. Reconstruction and selection of D0 mesons

Table 4.2 – Summary of stripping requirements. The letter h is for K or º.

Candidate Quantity Requirement Unit

h

DK L(h) > 5000 -
pT(h) > 800 MeV/c
p(h) > 5 GeV/c
track ¬2/ndf(h) < 3 -
¬2

IP(h) > 9 -
(D0! K °º+) DLLKº(º), DLLKº(K ) < 0, > 5 -
(D0! K +K °) DLLKº(K ) > 0 -
(D0!º+º°) DLLKº(º) < 0 -

D0

pT(D0) > 2 GeV/c
p(D0) > 5 GeV/c
DV ¬2-distance from PV > 40 -
DIRA > 0.9999 -
DOCA < 0.07 mm
pT of at least one daughters > 1.5 GeV/c
fit vertex ¬2(D0)/ndf < 10 -
m(D0) 2 [1765,2065] MeV/c2

D§+

ºs track ¬2/ndf < 5 -
fit vertex ¬2(D§)/ndf < 100 -
¢m = m(D0º+)°m(D0) < 160 MeV/c2

as reported in tab. 4.2.

4.4 Offline Selection

Additional requirements are added on top of the stripping selection, as reported in tab. 4.3.
In particular, to further suppress the contamination from misidentified events, pions and
kaons from D0 decays are required to meet tighter PID criteria with respect to the preselection,
namely DLLKº(º) <°5 and DLLKº(K ) > 5, respectively. Contamination from D decays not
produced in the primary pp interaction vertex (secondary D decays), is also reduced by
requiring the ¬2

IP of the D0 candidates not to exceed 9 (see fig. 4.2).2 As described in sub-
sec. 3.2.3, the VELO detector is shielded by the radio-frequency by a thin aluminium foil
(RF-foil). Particles can interact with the matter of the RF-foil producing D mesons. In order to
remove these candidates, the signed distance Rx y between the D0 decay vertex (DV) and the
primary vertex (PV) in the transverse plane defined as

Rx y = sgn(DVx )
q

(DVx °PVx )2 + (DVy °PVy )2,

2A systematic uncertainty will be assigned to the residual contamination of secondary decays in chap. 7.
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Selection details on P. Marino, CERN-THESIS-2017-007



Further offline requirements
• PID of D0 daughters to further improve purity 

and reduce physics backgrounds (DLL). 

• VELO fiducial cut to remove D0 produced  from 
interactions with detector material (Rxy). 

• Suppression of secondary decays (𝝌2
IP of D0). 

• D0 mass window (3σ around the peak); 
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Chapter 4. Reconstruction and selection of D0 mesons
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Figure 4.3 – Distribution of signed radial distance, Rx y , for D0 decay vertices. The visible
structures are due to the RF-foil and to the VELO layers. The dashed line represents the
cut applied, |Rx y | < 4mm (see text for details).

hh)º+ as a whole [56]. The resolution of the ¢m distribution is shrunk of about a factor 3, as
shown in fig. 4.5. However, this constraint may sculpt the ¢m distribution of backgrounds
in a non trivial way, making more complicated the extraction of signal decays. For instance,
D§+ mesons coming from a B meson decay do not point to primary vertex. The application
of such a constrain re-adjusts the values of the momenta and of the opening angles of the
particles resulting into a biased invariant mass for D§+ and D0 mesons, sculpting the ¢m
distribution in a non trivial way. However, the selection on the ¬2

IP(D0) to be lower than 9
reduces drastically the fraction of secondary decays in the sample to a few percents. Therefore,
the ¢m distribution is not significantly affected.

The resulting¢m distributions after requiring the final offline selection are shown in fig. 4.6 for
all the subsamples. Prominent signals are observed over moderate backgrounds, dominated
by random associations of real D0 decays with uncorrelated pions.
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4.4. Offline Selection

Table 4.3 – Offline requirements added on the top of the stripping selection of tab. 4.2.

Quantity Requirement Unit

DLLKº(K ) > 5 -
DLLKº(º) <°5 -
¬2

IP(D0) < 9 -
Rx y < 4 mm
m(D0) 2 [1840.84,1888.84] MeV/c2
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Figure 4.2 – Distribution of the logarithmic of the ¬2
IP(D0) variable: (a) in LHCb Monte

Carlo sample and (b) in the data, where the dashed line and arrow indicate the cut applied.

where the subscripted index indicates the x or y coordinates of the vertices, has to be less than
4mm in modulus (the inner radius of the RF-foil is about 4.5mm [55]), as shown in fig. 4.3. A
signal region in the D0 mass is defined by further restricting to D0 candidates with an invariant
mass within ±24MeV/c2 (º±3æ of mass resolution) (see fig. 4.4) of the known D0 mass [19].

The mass difference ¢m ¥ m(hhºs)°m(hh), where h stands for K or º and ºs is the soft
pion of the D§+ ! D0º+ decays, provides a powerful discrimination between signal and
background. The signal D§+! D0º+ decays features a narrow peak centred at the nomi-
nal value mD§+ °mD0 = (145.43±0.07)MeV/c2 [19], consistent with the experimental reso-
lution. The background from properly-reconstructed D0 decays associated with a random
pion features as smoothly-growing, square-root-like shape in the ¢m distribution. Mis- and
partially-reconstructed decays show a peaking enhancement in the ¢m distribution although
somewhat broader than the experimental resolution (see sec. 8.3), not visible in fig. 4.5 having
a small fraction compared to the signal.

The resolution of the ¢m distribution is essential to separate the signal from the background
components. To improve the signal resolution of the ¢m distribution, the D§+ mesons are
constrained to point back to the primary vertex, refitting the entire decay chain D§+! D0(!
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4.4. Offline Selection

Table 4.3 – Offline requirements added on the top of the stripping selection of tab. 4.2.
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Figure 4.2 – Distribution of the logarithmic of the ¬2
IP(D0) variable: (a) in LHCb Monte

Carlo sample and (b) in the data, where the dashed line and arrow indicate the cut applied.

where the subscripted index indicates the x or y coordinates of the vertices, has to be less than
4mm in modulus (the inner radius of the RF-foil is about 4.5mm [55]), as shown in fig. 4.3. A
signal region in the D0 mass is defined by further restricting to D0 candidates with an invariant
mass within ±24MeV/c2 (º±3æ of mass resolution) (see fig. 4.4) of the known D0 mass [19].

The mass difference ¢m ¥ m(hhºs)°m(hh), where h stands for K or º and ºs is the soft
pion of the D§+ ! D0º+ decays, provides a powerful discrimination between signal and
background. The signal D§+! D0º+ decays features a narrow peak centred at the nomi-
nal value mD§+ °mD0 = (145.43±0.07)MeV/c2 [19], consistent with the experimental reso-
lution. The background from properly-reconstructed D0 decays associated with a random
pion features as smoothly-growing, square-root-like shape in the ¢m distribution. Mis- and
partially-reconstructed decays show a peaking enhancement in the ¢m distribution although
somewhat broader than the experimental resolution (see sec. 8.3), not visible in fig. 4.5 having
a small fraction compared to the signal.

The resolution of the ¢m distribution is essential to separate the signal from the background
components. To improve the signal resolution of the ¢m distribution, the D§+ mesons are
constrained to point back to the primary vertex, refitting the entire decay chain D§+! D0(!
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º+º° for (a) 2012 MagDown data sample. The same distribution but normalised to one
is shown on (b). The dotted vertical lines represent the considered signal window, see
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Figure 4.6 – ¢m distributions for D0! K °º+, D0! K +K ° and D0!º+º° decay mode.
The offline selection, described in sec. 4.4, is required. Logarithmic scale.
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The data sample is split into four 
independent subsamples by the magnet 
polarity (Up, Down) and by the center-of-
mass energy (2011 at 7TeV, 2012 at 8TeV).



Analysis approach
• Approaching a unprecedented level of precision (<10-3) by 

handling huge data samples requires new methodologies. 
Analysis choices must be driven by “simplicity” criteria.  

- Time needed to make plots and numbers, once data are ready 
for users, greatly impacts the game.  

- For a fruitful review each requested check should be run in a 
human time scale with finite resources.  

- Systematic uncertainties and subtle effects are difficult to keep 
under control, if analysis is not transparent and rapidly 
reproducible.
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Analysis strategy (AΓ)

• Sideband subtraction of the random pions background using 𝛥m = m(hhπ) - m(hh).  

• Split sample in 30 approximately equally populated bins of D0 decay time.  

• Determination of the raw asymmetry in each bin of decay time. 

• Correct for detection-induced charge asymmetries.  

• Extract AΓ through a linear fit to raw asymmetry as function of D0 decay time. 

• Determination of systematic uncertainties on assumptions and approximations 
done, in previous steps. 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Raw yields extraction
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4.5. Multiple candidates

4.5 Multiple candidates

A fraction of events contains the so-called multiple candidates where the same D0 candidate
is associated with different soft pions to create a “good” different D§ candidates, able to pass
all the requirements entering the final data sample. The fraction of multiple candidates found
is about 8%(12%) for the D0! K °º+ decays in 2011 (2012) sample. A slightly higher fraction
of multiple candidate is found for D0! K +K ° and D0! º+º°, equal to 15%(17%) for 2011
(2012) sample for both the decays. In order to avoid possible biases, one D§ candidate is
chosen randomly discarding the others of the same events. This choice is reproducible since a
fixed seed is used in the procedure. The impact of such a choice is evaluated in sec. 8.5, where
the differences with alternative approaches are quantified to be much lesser than the final
statistical and systematic uncertainties.

4.6 Sideband subtraction and¢m fit

The small residual random pion background under the signal peak, clearly visible in fig. 4.6, is
removed by performing a sideband subtraction using the ¢m mass difference, by choosing a
range within [144.45,146.45]MeV/c2 for the signal region, corresponding to about ±5æ region
around the measured mean value of the peak, and a range within [149,154]MeV/c2 for the
background, as shown in fig. 4.7. All the distributions of interested observables, except those
of¢m, are filled with the candidates within the signal and background mass region, as defined
above. Candidates falling in the signal mass region enter the distribution with a weight of one,
while candidates falling in the background mass region enter with an appropriate negative
weight, proportional to the ratio of number of background candidates in the signal region
to those in the background region. This ratio is extracted by fitting the ¢m distribution
with a binned maximum likelihood fit. A Johnson distribution [57], J , plus the sum of
three Gaussians, G , is used, as probability density function (PDF), to empirically model the
distribution of the signal peak:

Psgn(¢m|µsgn) = f J J (¢m|µJ ,æJ ,±J ,∞J )+ f1G (¢m|µ1,æ1)+
+ f2G (¢m|µ2,æ2)+ (1° f J ° f1 ° f2)G (¢m|µ3,æ3),

where

J (x|µ,æ,±,∞) = 1
I J

exp
h
° 1

2

°
∞+±sinh°1° x°µ
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2

≥ x °µ
æ

¥2i
,

and where I J and IG are the normalisation factor in the mass fit range [139.6,154.5]MeV/c2.
µsgn = ( f J ,µJ ,æJ ,±J ,∞J , f1,µ1,æ1, f2,µ2,æ2,µ3,æ3) is the vector of signal parameters to be de-
termined from the fit. The random pion background is modeled with an empirical threshold
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Figure 4.7 – Sideband subtraction regions: in blue the signal region, in red the background
region. (Left) linear scale, (right) logarithmic scale.

function, defined as
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where the µbkg = (m0,c,b) is the vector of background parameters to be determined from
the fit and IB is the normalisation factor in the mass fit range [139.6,154.5]MeV/c2. The total
extended PDF can be then written as

P (¢m|µ) =
Nsgn

Nsgn +Nbkg
Psgn(¢m|µsgn)+

Nbkg

Nsgn +Nbkg
Pbkg(¢m|µbkg),

where Nsgn, Nbkg and µ = (µsgn,µbkg) are free parameters to be determined from the fit. The
fits projection for D0 ! K +K °, D0 ! º+º° and D0 ! K °º+ candidates, passing the final
offline selection and the multiple candidates rejection, are reported in fig. 4.8, fig. 4.9 and
fig. 4.10, respectively. All the subsamples separated by magnet polarity and energy are fitted
independently. In addition, the fits are performed integrating over all the proper decay time
values and not in each decay time bin. This choice reduces drastically the complexity of the
measurement since only one fit per subsample (4) per decay mode (3) is performed for a total
of twelve fits, these are much less than the total number of fits that should have been done in
the other case (360). A systematic uncertainty is assessed on the final measurement regarding
this procedure (see sec. 8.2).

The purity of the samples is above 96%, and S/B in the signal region is of about 29, for all
the sub-samples. Signal yields are reported in tab. 4.4. In the following chapters all plots and
numbers are sideband subtracted.
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Signal PDF

Background PDF Mass fit only to extract time-integrated 
signal-over-background normalization 
factor for sideband subtraction.  

Small residual random pions background subtracted using the  sideband [149,154]MeV/c2.  
Signal region [144.45,146.45] MeV/c2 about 5σ around the peak 
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Figure 1: Fits to the�m distribution in the 2012MagDown subsample for the (left)D0! K+K�

and (right) D0! ⇡+⇡� decays. Black dots are data points, while the blue line is the the total
fit projection. The signal component is represented by the dashed green line, while the random
pions background is represented by the filled magenta area. Dashed red lines (dash-dotted violet)
indicate the chosen signal (background sideband) region, as reported in the text.

subtraction procedure. A signal region is defined by �m 2 [144.45, 146.45] MeV/c

2, and
a sideband region as �m 2 [149, 154] MeV/c

2. Throughout the analysis, the candidates
in both these two regions are used, but the events in the sideband region are given a
negative weight proportional to the ratio of the extrapolated number of background events
inside the signal region and those within the sideband itself. Under the assumption that
the observables of interest have the same probability distribution for background within
the sideband and signal regions, the distributions obtained by this weighting procedure
reproduce the distributions for a pure-signal sample. The uncertainty associated with this
assumption is accounted for in evaluating the final systematic uncertainty.

The structure of the LHCb detector is nearly symmetric under reflection at the vertical
plane through the beam axis. In addition, the periodic inversion of the direction of the
magnetic field helps in cancelling out charge-dependent detector asymmetries. Nevertheless,
departures from the nominal geometry and variations of the e�ciency of di↵erent parts of
the detector can produce small residual deviations from an ideally CP -symmetric detector
acceptance. Such deviations may cause e↵ects that are significant with respect to the
expected statistical precision of the measurement. An important part of this measurement
is therefore the determination and correction of these residual asymmetries. This analysis
takes advantage of the large statistics available in the D

0 ! K

�
⇡

+ mode, where no
detectable time-dependent asymmetry is expected, as a control sample to cross check the
correction procedures described below.

The range of proper time of the D

0 decay (decay time) is divided into approximately
equally populated bins, and the D

0–D0 yield asymmetry is determined in each of them.
The asymmetry as a function of the decay time then is fitted by a linear function, the
slope of which constitutes the measurement of A

�

for each of the ⇡

+

⇡

� and K

+

K

� final
states and is kept “blind” until the completion of the analysis by addition of a random
unknown constant. The slope for the K

�
⇡

+ sample, expected to be unmeasurably small,
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Figure 1: Fits to the�m distribution in the 2012MagDown subsample for the (left)D0! K+K�

and (right) D0! ⇡+⇡� decays. Black dots are data points, while the blue line is the the total
fit projection. The signal component is represented by the dashed green line, while the random
pions background is represented by the filled magenta area. Dashed red lines (dash-dotted violet)
indicate the chosen signal (background sideband) region, as reported in the text.

subtraction procedure. A signal region is defined by �m 2 [144.45, 146.45] MeV/c

2, and
a sideband region as �m 2 [149, 154] MeV/c

2. Throughout the analysis, the candidates
in both these two regions are used, but the events in the sideband region are given a
negative weight proportional to the ratio of the extrapolated number of background events
inside the signal region and those within the sideband itself. Under the assumption that
the observables of interest have the same probability distribution for background within
the sideband and signal regions, the distributions obtained by this weighting procedure
reproduce the distributions for a pure-signal sample. The uncertainty associated with this
assumption is accounted for in evaluating the final systematic uncertainty.

The structure of the LHCb detector is nearly symmetric under reflection at the vertical
plane through the beam axis. In addition, the periodic inversion of the direction of the
magnetic field helps in cancelling out charge-dependent detector asymmetries. Nevertheless,
departures from the nominal geometry and variations of the e�ciency of di↵erent parts of
the detector can produce small residual deviations from an ideally CP -symmetric detector
acceptance. Such deviations may cause e↵ects that are significant with respect to the
expected statistical precision of the measurement. An important part of this measurement
is therefore the determination and correction of these residual asymmetries. This analysis
takes advantage of the large statistics available in the D

0 ! K

�
⇡

+ mode, where no
detectable time-dependent asymmetry is expected, as a control sample to cross check the
correction procedures described below.

The range of proper time of the D

0 decay (decay time) is divided into approximately
equally populated bins, and the D

0–D0 yield asymmetry is determined in each of them.
The asymmetry as a function of the decay time then is fitted by a linear function, the
slope of which constitutes the measurement of A

�

for each of the ⇡

+

⇡

� and K

+

K

� final
states and is kept “blind” until the completion of the analysis by addition of a random
unknown constant. The slope for the K

�
⇡

+ sample, expected to be unmeasurably small,

4



Signal yields (in millions)
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Signal yields
in millions

sample D0! K°º+ D0! K+K° D0!º+º°

2011 Up 10.7 1.2 0.36

2011 Down 15.5 1.7 0.53

2012 Up 30.0 3.3 1.02

2012 Down 31.3 3.4 1.07

Total 87.5 9.6 2.98

Á The data sample is split into four independent subsamples by the
magnet polarity (Up, Down) and by the center-of-mass energy (2011
at 7TeV, 2012 at 8TeV).

Á A° measured independently in the four subsamples.

Pietro Marino A° measurement 16/45
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The data sample is split into four independent subsamples by the magnet polarity (Up, 
Down) and by the center-of-mass energy (2011 at 7TeV, 2012 at 8TeV). 

AΓ independently measured in the four subsamples. The convergence of all values to a 
common value provides a cross-check of the validity and robustness of the measurement.
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AΓ slope is our 
physics observable 

Production asymmetry, time-
independent by definition.

Detector induced charge 
asymmetry. It can be time-
dependent mimicking a fake 
slope. Very dangerous. 
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5.2. Control channel pseudo-A°
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Figure 5.2 – Raw asymmetry AKº
raw as function of D0 proper decay time for MagUp and

MagDown samples, in 2011 (left) and 2012 (right), with offline selection described in
sec. 4.4.

time bin i th the raw asymmetry is measured as

AKº
raw(ti ) = N+(ti )°N°(ti )

N+(ti )+N°(ti )
,

where i = 1, . . . ,29, N±(ti ) is the number of reconstructed D± candidates in the time bin i th,
and ti is the average measured proper decay time of the reconstructed D0 meson in the time
bin i th. N± are extracted by counting the number of events in the ¢m mass range within
[144.45,146.45]MeV/c2 corresponding to about ±5æ region around the measured mean value
of the signal peak. The random pion background is sideband subtracted, as described in
sec. 4.6.

The value of pseudo-A° (AKº
° ) is extracted through a linear fit of AKº

raw(ti ) measurements as a
function of the proper decay time using the following linear function

AKº
raw(t ) = A0 ° AKº

°

t
øD0

.

where A0 is a constant including all non time-dependent asymmetries. If all instrumental
asymmetries are time-independent AKº

° would be compatible with zero within the statistical
uncertainty reached with the present data. Results of the linear fit of the D0 ! K °º+ data
samples are reported in fig. 5.2 and tab. 5.1, for 2011, 2012, MagUp and MagDown data samples,
respectively. A significant slope is observed with MagUp polarity, at 5.5æ and 4.3æ from zero
for 2011 and 2012 data, respectively. The weighted average is far from zero at 4.1æ level, with a
statistical uncertainty of 0.10£10°3. Since no CP violation occurs in the Cabibbo-favoured
D0! K °º+ mode (see app. A), the observed significant slopes can only be ascribed to detector-
induced effects and no measurement of A° can be attempted until they are understood and
corrected.
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5.4. Symmetrisation procedure
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Figure 5.7 – Pseudo-A° results with offline selection for different years and polarities.
Label 2011 (2012) is abbreviated 11 (12) and MagUp (MagDown) is abbreviated Up (Dw).

the previous LHCb A° measurement described in ref. [35], as also explained in sub-sec. 2.5.2.
In order to measure this effect, the distribution of observed charge asymmetry of the soft pion
is plotted as a function of its emission angle theta µx and k, a variable proportional to the track
curvature, defined as

k = 1
q

p2
x +p2

z

, µx = arctan
µ

px

pz

∂
,

where px and pz are the x and z components of the soft pion momentum, and the y direc-
tion is perpendicular to the bending plane. Distributions of (k,µx ) space for positively- and
negatively-charged soft pions are shown in fig. 5.8, while fig. 5.9 shows the ratio in this space,
once the sign of µx is flipped in the denominator. If there was no CP asymmetry in the
sample or in the detector, this distribution would be symmetric under the CP transformation
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time bin i th the raw asymmetry is measured as

AKº
raw(ti ) = N+(ti )°N°(ti )

N+(ti )+N°(ti )
,

where i = 1, . . . ,29, N±(ti ) is the number of reconstructed D± candidates in the time bin i th,
and ti is the average measured proper decay time of the reconstructed D0 meson in the time
bin i th. N± are extracted by counting the number of events in the ¢m mass range within
[144.45,146.45]MeV/c2 corresponding to about ±5æ region around the measured mean value
of the signal peak. The random pion background is sideband subtracted, as described in
sec. 4.6.

The value of pseudo-A° (AKº
° ) is extracted through a linear fit of AKº

raw(ti ) measurements as a
function of the proper decay time using the following linear function

AKº
raw(t ) = A0 ° AKº

°

t
øD0

.

where A0 is a constant including all non time-dependent asymmetries. If all instrumental
asymmetries are time-independent AKº

° would be compatible with zero within the statistical
uncertainty reached with the present data. Results of the linear fit of the D0 ! K °º+ data
samples are reported in fig. 5.2 and tab. 5.1, for 2011, 2012, MagUp and MagDown data samples,
respectively. A significant slope is observed with MagUp polarity, at 5.5æ and 4.3æ from zero
for 2011 and 2012 data, respectively. The weighted average is far from zero at 4.1æ level, with a
statistical uncertainty of 0.10£10°3. Since no CP violation occurs in the Cabibbo-favoured
D0! K °º+ mode (see app. A), the observed significant slopes can only be ascribed to detector-
induced effects and no measurement of A° can be attempted until they are understood and
corrected.

77

All values should be compatible with 
each other and compatible with zero, 
however,  results are incompatible with 
hypothesis of no slope, and are 
significantly different depending on the 
subsample. Not even straight lines.



Time-dependent detector   
charge asymmetries

• The presence of significant deviations from zero for the 
control channel indicates the existence of non-negligible 
time-dependent residual detector asymmetries.  

• They partially cancel in the combination of the MagUp and 
MagDown samples, but not completely, yielding an overall 
average that is incompatible with zero.  

• These residual biases arise due to correlations between the 
decay time and other kinematic variables that affect the 
efficiency, most notably the momentum of the soft pion. 

29



Momentum charge 
asymmetries

• Soft pions charge asymmetries are notoriously 
sizeable and strongly momentum-dependent. 

• A pion with a pz ≃ 5 GeV/c and px∼100 ÷ 200 MeV/c 
changes its direction, due to the magnetic field, of a 
quantity of ≈ 250 mrad, which is comparable to the 
entire LHCb acceptance of 300 mrad; this generates 
large differences in acceptance for positively and  
negatively charged pions,  

• Even particles hitting the same location on a given 
detector layer, will intersect different sub-detectors 
with different trajectories according to their charge 
and momentum.  

• Averaging  the two magnet polarities does not 
necessarily eliminated the effect with the degree of 
precision needed, because of variation of run and 
detector conditions over time. 

30

Momentum-dependent charge asymmetries
Á LHCb detector nearly L/R symmetric by design.
Á Departures from the nominal geometry and variations of the

e�ciency produce small residual deviations from an ideally
symmetric detector acceptance.

Á We want to correct these residual asymmetries.

⇡�
s

(�p
x

)

⇡+
s

(p
x

)

Bending plane

Á Ideally: º+
s (px) =º°

s (°px)

Á Real word:
‰ di�erent e�ciencies of detectors,
‰ mis-alignment,
‰ matter e�ects,
‰ non homogeneous magnetic field,
‰ . . .
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3.1 Time-dependent instrumental e�ects267

As mentioned in Sec. 1.4, Eq. (19)268

AKfi

raw

(t) = A
D

+ A
P

+ O(A3)

assumes that A
D

and A
P

are time-independent, and that the physics asymmetry A
CP

(t)269

can be neglected.270

While the production asymmetry cannot depend on the proper decay time of the D0271

meson, a time dependence may be hidden in the detection asymmetry A
D

. This may272

occur even in the absence of any direct relationship between e�ciency and decay time.273

For instance, if the detection asymmetry depends on the decay kinematics (which is not274

an uncommon occurrence), and at the same time the kinematics and proper decay time275

are not statistically independent, the detection asymmetry may indirectly acquire a time276

dependence.277

The charge asymmetries in the reconstruction and selection of soft pions like the ones we278

use to identify theD0 flavour are notoriously sizeable and strongly momentum-dependent.279

A pion with a p
z

ƒ 5 GeV/c and p
x

≥ 100 ÷ 200 MeV/c changes its direction, due to the280

magnetic field, of a quantity of ¥ 250 mrad, which is comparable to the entire LHCb281

acceptance of 300 mrad; this generates large di�erences in acceptance for positively and282

negatively charged pions, as can be seen in Fig. 10. In addition, it must be noted that even
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Figure 10: Raw asymmetry as function of p
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and p

z

of soft-pions. The sample showed is the
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+ 2012 with MagUp (left panel) and MagDown (right panel) polarity.
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particles hitting the same location on a given detector layer, will intersect di�erent sub-284

detectors with di�erent trajectories according to their charge and momentum. Averaging285

the results from the two magnet polarities does not necessarily eliminated the problem286

with the degree of precision needed in analyses like the present one, because of variation287

of run and detector conditions over time.288

On the other hand, the existence of a statistical dependence between decay time and289

kinematics can be clearly seen, for instance, from the momentum distributions of D0290

candidates in di�erent proper decay time bins (Fig. 11).291
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Bending plane



Momentum-time correlation
• Momentum and proper decay time should be 

independent by definition, however,  

• capability of collecting unprecedented pure and 
huge samples of charm (and beauty) decays at 
hadron collisions has a price. It is not for free! 

• Requirements on track impact parameter of D0 
decays products, on D0 flight distance, on transverse 
momentum, and in general on kinematics of the 
decay do introduce correlations.  

- Note, this is unavoidable. Extremely important to  
keep this correlation as much as possible “small” 
and “simple”, in order to correct for the effect.    
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Chapter 5. Detector-induced time-dependent charge asymmetries
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(c) Time-dependent asymmetry for
2011 MagDown sample corresponding
to the px distribution reported in (a).
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Figure 5.15 – Soft pions px distribution for 2011 MagDown sample and relative measured
AKº
° , before and after the artificially reweighing of px distribution.
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How does it work?
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Time-dependent detection asymmetries
Demostrating the e�ect
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Time-dependent detection asymmetries
Demostrating the e�ect
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Time-dependent detection asymmetries
Demostrating the e�ect
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Chapter 5. Detector-induced time-dependent charge asymmetries
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(c) Time-dependent asymmetry for
2011 MagDown sample corresponding
to the px distribution reported in (a).
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(d) Time-dependent asymmetry for
2011 MagDown sample corresponding
to the px distribution reported in (b), before
and after the symmetrisation.

Figure 5.15 – Soft pions px distribution for 2011 MagDown sample and relative measured
AKº
° , before and after the artificially reweighing of px distribution.
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Momentum-dependent charge asymmetries
Á LHCb detector nearly L/R symmetric by design.
Á Departures from the nominal geometry and variations of the

e�ciency produce small residual deviations from an ideally
symmetric detector acceptance.

Á We want to correct these residual asymmetries.

⇡�
s

(�p
x

)

⇡+
s

(p
x

)

Bending plane

Á Ideally: º+
s (px) =º°

s (°px)

Á Real word:
‰ di�erent e�ciencies of detectors,
‰ mis-alignment,
‰ matter e�ects,
‰ non homogeneous magnetic field,
‰ . . .

Pietro Marino A° measurement 24/45

24

/

45

Remove the source
• LHCb detector nearly L/R symmetric by design.  

• Departures from the nominal geometry and variations of 
the efficiency produce small residual deviations from an 
ideally symmetric detector acceptance ( π+

s = π−
s ). 

- Variations of detector efficiency over the space, mis-
alignments, matter effects, non homogeneous 
magnetic field, …

33

Eliminate the source

Momentum-dependent
charge asymmetries

Correlation
p(D0

) – t(D0

)

Time-dependent
charge asymmetries

X

Goal
Remove the dependence of detection asymmetries on the
soft pion kinematics.
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• Need to correct these residual asymmetries is actually desirable.

Bending plane



How do we correct?
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Correction procedure
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Reweigh of soft pion kinematics in the time-integrated (k,qs𝜃x,𝜃y) 
distribution in order to have n+(k,𝜃x,𝜃y) = n−(k,−𝜃x,𝜃y). 

Using more natural variables to 
parametrize soft pion kinematics  



Asymmetry in (k,qs𝜃x,𝜃y) space 
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AΓ(D0➝K−π+) results
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Pseudo-A° results: D0! K°º+ control mode
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0.04± 0.25 (12/27)

−0.01± 0.18 (29/27)

0.23± 0.18 (30/27)

0.16± 0.10 (3.0/3)

Á Results are compatible with zero.
Á Compatibility improves a lot:
¢¬2 = 30 units.

Á Individual straight-line fits improve
as well.
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Pseudo-A° results: D0! K°º+ control mode
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¢¬2 = 30 units.

Á Individual straight-line fits improve
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Results now compatible with zero. 
𝛥𝝌2 improves by 30 units.  
Individual fits are now compatible 
with the hypothesis of straight line. 



Is AΓ affected by the correction? 
• The correction directly impacts the momentum charge asymmetry, and it may 

affect also physical asymmetry, as AΓ. However, it can be demonstrated that 
neglecting third-order asymmetry terms (ACPδ

2 , δ3), AΓ  remains unchanged.  

• Pseudo-experiments produced by injecting different fake values for AΓ.

37

Is the physical A° cancelled by the symmetrization?

Á Several pseudo-experiment has been done injecting di�erent fake
values for A°

Á The reconstructed value accurately tracks the input value of A°.
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The measured value accurately tracks the input, and no bias is present  in the procedure 
(checked up to a level of precision of 3% of the quoted statistical uncertainty).



Results on   
AΓ in D0→K+K− and D0→π+π− decays 
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Same procedure used for the high statistics CF D0→K−π+ 
control sample.  Correction weights are independently 

extracted from its own data sample.  

AΓ(D0→K +K−) and AΓ(D0→π+π−) blinded until the approval. 



Results: AΓ(D0➝K+K−)
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A°(D0! K+K°
) results
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A°(D0! K+K°
) results
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A°(D0! K+K°
) results
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Systematic uncertainties in 10°3 units
Summary of relevant systematic uncertainties.

source D0! K+K° D0!º+º°

Secondary decays 0.08 0.12

Correction discretization 0.02 0.02

Background subtraction 0.01 0.01

Peaking background 0.05 -

Total 0.10 0.12

Á Correction discretization The variation of A° has been studied as function of
the number of bins for the correction weights.

Á Peaking background Contribution of partial- and mis-reconstructed D0 decays
peaking in ¢m distribution is assessed studying D0 sideband, measuring the
number of mis-reconstructed D0 and its asymmetry.
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Systematic uncertainties  
(in 10−3 units)

• Secondary decays: Bias due to the residual contamination of secondary decays. 

• Correction discretization: AΓ variations as a function of the number of bins of the 
correction (assumed to be constant over the bin).   

• Background subtraction: uncertainty on 𝛥m sideband subtraction procedure.  

• Peaking background: impact of residual contaminations of partial- and mis-
reconstructed D0 decays peaking in 𝛥m. Assessed using D0 mass sideband. 
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Secondary decays 
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7 Systematic uncertainty on secondary
decays

Contribution of secondary decays to the measured A° has been neglected so far, although a
residual contamination persists in the final data sample. This chapter is devoted to an accurate
study of such a contamination, and a systematic uncertainty is assessed to cover any possible
bias on A°.

7.1 Introduction

A contamination of charm mesons produced in b-hadron decays (secondary decays) in the fi-
nal sample may introduce time-dependent dangerous biases that may affect the measurement
of A°. The reconstructed decay-time of the D0 mesons candidates is systematically larger
than their genuine decay time, being calculated with respect to the primary vertex, which
does not coincide with the D0 production vertex, as schematically shown in fig. 7.1. Even if
the contamination from secondary decays in the final data sample is reduced to a few percent
level, thanks to the the requirement on the impact parameter ¬2

IP of the D0 candidate (see
chap. 4), its impact on the A° measurement must be accurately quantified.
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Figure 7.1 – Simple sketch of a prompt D§ decay (left) and a secondary D§ decay (right),
not drawn to scale.
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Chapter 7. Systematic uncertainty on secondary decays

The reconstructed D0 proper decay time is defined as

t (D0) = |~d |
∞Øc

= |~d |mD0

pD0
,

where |~d | is the reconstructed spatial distance between the D0 decay vertex and the primary
vertex of the collision, and ∞Ø= pD0 /mD0 c is the reconstructed Lorentz boost of the D0 meson.
mD0 and pD0 are the invariant mass and the momentum of the D0 meson, respectively. In the
case of a secondary decay the distance |~d | does not correspond to the true distance travelled
by the D0 meson, since the D§ does not decay immediately in the PV, as can be seen in fig. 7.1.
Hence, for secondary decays the D0 proper decay time is biased to higher values, and the
contribution of secondary decays to the measured raw asymmetry can be easily written as

Araw(t ) = (1° fsec(t ))Appt(t )+ fsec(t )Asec(t ), (7.1)

where Appt and Asec are the raw asymmetry for the prompt and secondary component, re-
spectively, equal to

Appt(t ) =
N+

ppt(t )°N°
ppt(t )

N+
ppt(t )+N°

ppt(t )
,

Asec(t ) =
N+

sec(t )°N°
sec(t )

N+
sec(t )+N°

sec(t )
.

The fraction of secondary decays in the sample is fsec(t ) = Nsec(t )/(Nsec(t )+Nppt(t )), where
Nsec(t ) = N+

sec(t )+N°
sec(t ) and Nppt(t ) = N+

ppt(t )+N°
ppt(t ) are the total number of reconstructed

prompt and secondary decays, respectively. In order to measure the asymmetry of prompt
component, Appt, the contribution of secondary decays must be accurately accounted for.

A rough estimation of the fraction of secondary decays can be easily extracted using the
available information from past LHCb measurements on the same data sample [8, 58]. fsec(t )
can be considered, as a good approximation, to increase almost linearly with decay time
from about 0.0% at t/øD0 = 0, up to about 14% at decay time equal to t/øD0 = 10. The
production asymmetry of B mesons has been measured to be about O (1%) [59], and can be
safely assumed to be time-independent and the dominant contribution of Asec. Thus, a rough
estimate of the bias on A°, due to the presence of such a contamination is about 10°4. Since
the statistical uncertainties on AK K

° and Aºº
° are larger than 10°4, secondary contribution is

thus not subtracted but a systematic uncertainty is associated to such a choice.

7.2 Model of secondary decays

The fraction of secondary decays can be calculated with a good level of approximation just
using a simple analytical approach, with some reasonable assumptions

• the B ! D§X ! [D0º]D§ X decay occurs in one spatial dimension, the z-direction (b-
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Reconstructed decay times of charm mesons that originate from weak decays 
of b hadrons (secondary decays) are biased towards positive values.
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The challenge of secondaries

• Bias due to the presence of D
∗+ decays generated in secondary decay 

vertices of bottom hadrons needs to be accurately accounted for. 

- even if the contamination is reduced to a few percent by requiring the 
reconstructed D0 momentum to point back to the PV and χ2

IP(D0) < 9.  

• The relative contribution of secondary component grows with the observed 
decay time of the charm meson, and it may have an intrinsic production 
asymmetry different from promptly produced D

∗
 particles, leading to a potential 

bias on the AΓ measurement.  

• The complexity and tightness of the data selection makes it difficult to obtain 
absolute estimates of fsec(t) and Asec(t) purely from Monte Carlo simulations with 
the required precision, while a purely data-driven extraction is also subject to 
significant uncertainties. Therefore, a mixed approach was adopted. 
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Model of secondary decays
• The absolute number of secondary decays nsec(t), as a function of proper 

decay time, can be determined with a good level of approximation just using a 
simple analytical approach, with some reasonable assumptions: 

- B → D*X → [D0π]X decay occurs linearly along the z-direction (b-hadrons 
decays have a large boost in the z); 

- “same” acceptance function on proper decay time both for prompt and 
secondary decays, that can be extracted from data sculpting at lower 
values of proper time; 

• Absolute normalizations come from 𝝌2
IP(D0) fit of the last four higher time bins, 

removing the analysis requirement  log[𝝌2
IP(D0)] <2.2 cut. 

• Asec(t) extracted from an almost pure sample of secondary decays, obtained 
by inverting the cut on 𝝌2

IP(D0), requiring log[𝝌2
IP(D0)]>4.
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Analytical model for fsec(t)
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7.2. Model of secondary decays

(a) PDF of prompt and secondary decays. (b) fsec(t ).

Figure 7.2 – Secondary PDF (a) and the relative fraction (b) as function of D0 proper decay
time assuming that secondary decays happens in one spatial dimension.

hadrons decays have a large boost in the z-direction);
• same acceptance function on proper decay time both for prompt and secondary decays.

The first assumption is motivated by the LHCb geometry. In fact, b-hadrons decays are
reconstructed only at very high values of pseudo-rapidity, and consequently they have a large
boost. The second assumption, instead comes from the fact that secondary decay are similar
to prompt decays at lower values of decay time. For a detailed discussion on the accuracy
of these assumptions see app. F and sec. 7.5 where all possible systematic effects on the
procedure are studied and quantified.

The PDF of prompt decays is a simple exponential function with a coefficient equal to the
measured D0 lifetime øD0 º 0.41ps [19]

Pppt(t ) =PD0 (t ) = 1
øD0

exp
h
° t
øD0

i
(t ∏ 0).

For secondary decays, under the assumptions listed above, the total PDF of a D0 decay coming
from a b-hadron decay can be written as the convolution of the PDF of the B decay and the
PDF of the D0 decay

Psec(t ) =
°
PB §PD0

¢
(t ) =

=
Z1

0

1
øB

exp
h
° t ° t 0

øB

i
· 1
øD0

exp
h
° t 0

øD0

i
dt 0

=
exp

h
° t

øB

i
°exp

h
° t

øD0

i

øB °øD0
(t ∏ 0);

where øB º 1.57ps [19] is the measured average lifetime of the mixture of b-hadrons produced
in the pp collisions. The PDF for prompt and secondary decays are reported in fig. 7.2a. The
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where øB º 1.57ps [19] is the measured average lifetime of the mixture of b-hadrons produced
in the pp collisions. The PDF for prompt and secondary decays are reported in fig. 7.2a. The
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fraction of secondary decays as a function of the D0 proper decay time can be written as

fsec(t ) = nsec · A(t )Psec(t )
nppt · A(t )Pppt(t )+nsec · A(t )Psec(t )

(7.2)

where nsec is the total number of secondary decays and nppt the total number of prompt
decays. A is the total acceptance function in reconstructing a D§ decay, assumed to be the
same for prompt and secondary decays. The fraction of secondary decays is plotted in in
fig. 7.2b for different values of the total fraction of secondary decays ftot = nsec/(nsec +nppt) =
1%,2%,5%,10%.

7.3 Evaluation of secondary fraction fsec

In order to estimate with a good level of approximation the behaviour of fsec as a function
of the decay time of the D0 meson both data and the analytical model described above are
used. The main challenge to extract fsec is the level of knowledge of the sculpting caused by
the selection requirements on the decay time distribution Psec(t) of the secondary decays.
This sculpting is mainly driven by the requirement on the ¬2

IP of the D0 meson, necessary to
suppress the contamination of secondary decays, see chap. 4. Its impact cannot be assessed
relying on the full realistic LHCb simulation since the available statistics is not sufficient
by large to achieve the desired level of precision. Furthermore, even without any statistical
limitation, it is very hard to only rely on the MC for reproducing with the sufficient level of
precision such effects.

However, it can be safely assumed that the effect of requiring ¬2
IP(D0) < 9 decreases as a

function of the the decay time, thus fsec(t) tends to be equal to the secondary fraction that
one would obtain without applying any requirement on ¬2

IP(D0) going towards lower time
values. From the other side the distribution of the proper decay time at lower time values
(t < 2øD0 ) is namely sculpted by the requirements on the ¬2

IP and on the momenta of the D0

decay products, however the total acceptance function can be approximately extracted from
data by looking at the ratio between the proper decay time distribution and a pure exponential
function with the D0 lifetime as a slope (see fig. 7.3). As said above, the acceptance is assumed
to be the same for prompt and secondary components. Using the simple analytical model
described in sec. 7.2 and the acceptance function of fig. 7.3 the PDF Psec(t) for secondary
decays can be analytically written.

The absolute normalisation of secondary PDF can be measured by data itself by fitting a distri-
bution where prompt and secondary decays can be distinguished, as the ¬2

IP(D0) distribution.
In order to fit this, the model of prompt component is extracted from the first bin of the proper
decay time distribution and it is fixed in the fit of other time bins. In particular, the fit is
performed only for the last four bins (higher decay time), where the measurement of fsec is
much more reliable, being the relative fraction of secondary decays large and the two separate
peaks are clearly visible. The fit projections are reported in fig. 7.4. While the quality of the fits
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Prompt model:

Secondary model:

Absolute normalizations 
from data, using bins at 
higher proper time

Acceptance from data, 
assuming to be the same for 
prompt and secondaries.

Model of fsec(t)

The model of secondary decays fraction is calculated analytical
assuming:
Á B ! D§+X ! [D0º+

]D§+X decay happens in one-dimension
(B-hadrons have a large boost in the z-direction);

Á same acceptance function on decay time for prompt and secondary
decays.
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Absolute normalization fsec(t)
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Figure 7.4 – Projections of ¬2
IP(D0) distribution fits in different bins of the D0 meson decay

time to extract the normalisation factor. The model of prompt decays is extracted from
the first bin of the decay time reported in (a).
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Figure 7.4 – Projections of ¬2
IP(D0) distribution fits in different bins of the D0 meson decay

time to extract the normalisation factor. The model of prompt decays is extracted from
the first bin of the decay time reported in (a).
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Model of prompt component determined from 
the first bin of the proper decay time distribution. 
Expected negligible contamination there. 
Assumed to be the same in each time bin.
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Figure 7.4 – Projections of ¬2
IP(D0) distribution fits in different bins of the D0 meson decay

time to extract the normalisation factor. The model of prompt decays is extracted from
the first bin of the decay time reported in (a).
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Fit to the last four bins (higher decay 
time), where the measurement of 
fsec(t)=nsec(t)/ntot(t) is much more reliable, 
being the relative fraction of secondary 
decays large and the two separate 
peaks are clearly visible (red bumps). 

While quality of the fits is not excellent, it 
is totally satisfactory for the purpose of 
assessing a systematic uncertainty.
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and tends to the normalized analytical model (blue triangles) at lower

decay time (¬2

IP

(D0

) sculpting is reduced at lower decay time).
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Empirical approximation of fsec(t) (red curve). It does intersect black 
dots (data) at higher decay time values and tends to the normalized 
analytical model (blue triangles) at lower decay time, where sculpting 
due to  𝝌2IP(D0) cut disappears.
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Figure 7.6 – Asec(t ) for all the four subsamples, in the D0! K °º+ mode.

To keep into account the effect due to a time dependent contribution of the measured A°
through the Araw(ti ) values, the extraction of ¢ is repeated on 1000 pseudo-experiments, that
are generated by randomly varying Araw(ti ) within their Gaussian statistical uncertainties. For
each pseudo-experiment Araw(ti ) and Appt(ti ) are fitted to a straight line and the distribution
of the difference ¢ between the two slopes is plotted. Results are reported in fig. 7.8 where the
fit to a Gaussian is overlaid, while tab. 7.2 summarises the values returned from the fit, of each
data sample, for the mean (¢) and its uncertainty sigma (æA°).

The impact on ¢ of the uncertainty on Asec and fsec(t ) are also studied. If Asec is varied within
±1æ of its statistical uncertainty a variation on ¢ of æAsec = 0.012£10°3 is found, the same
for all data samples. Different empirical models for fsec(t) are studied, as shown in fig. 7.9.

Table 7.2 – ¢ results from pseudo-experiments in unit of 10°3.

sample ¢ æA° æAsec æ fsec

q
¢2 +æ2

A°
+æ2

Asec
+æ2

fsec

D0! K °º+ 0.094 0.008 0.012 0.035 0.101
D0! K +K ° 0.065 0.022 0.012 0.041 0.081
D0!º+º° 0.113 0.041 0.012 0.026 0.123

112

in unit of 10−3

Systematic uncertainty on secondary decays
Á 1000 pseudo-experiments varying A

raw

(ti) within their Gaussian
statistical uncertainties, calculating

A
ppt

(ti) =
1

1° f
sec

(ti)
(A

raw

(ti)° f
sec

(ti)A
sec

(ti)).

Á ¢: the di�erence between the slopes resulting from the fit of A
raw

(ti)

and A
ppt

(ti).
10°3 units

sample ¢ æA° æA
sec

æf
sec

q
¢2 +æ2

A°
+æ2

A
sec

+æ2

f
sec

D0! K°º+ 0.094 0.008 0.012 0.035 0.101
D0! K+K° 0.065 0.022 0.012 0.041 0.081
D0!º+º° 0.113 0.041 0.012 0.026 0.123

Pietro Marino A° measurement 40/45
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1000 pseudo-experiments by varying Araw(ti) within their Gaussian statistical 
uncertainties, in order to determine prompt asymmetry in each time bins. Account for 
uncertainties on  fsec(t) model, Asec(t) determination, and contribution for a nonzero AΓ.

Assessed the full size of the effect (~10-4) as systematic uncertainty (syst. << stat.). 

It may be reduced (already today) by a factor greater than 2, applying the correction 
instead of taking the full size of the effect. A factor of 10 of reduction is clearly 
achievable by increasing the statistics (see D0➝K−π+ line).
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Final results [arXiv:1702.06490]
Final word of LHCb on A° with Run 1 data sample (3 fb°1

):

A°(D0! K+K°
) = (°0.30±0.32±0.10)£10

°3

,

A°(D0!º+º°
) = ( 0.46±0.58±0.12)£10

°3

,

A°(KK +ºº) = (°0.13±0.28±0.10)£10

°3

.

Accepted for publication to PRL

Pietro Marino A° measurement 41/45
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Accepted for publication to PRL arXiv:1702.06490 [hep-ex]

Most precise measurement of CPV in the charm sector. 
Most precise measurement of the LHCb experiment.

Measurement of the CP violation parameter A� in D0! K+K� and D0! ⇡+⇡� decays

LHCb collaboration
Authors are listed at the end of this Letter.

(Dated: April 21, 2017)

Asymmetries in the time-dependent rates of D0 ! K+K� and D0 ! ⇡+⇡� decays are measured
in a pp collision data sample collected with the LHCb detector during LHC Run 1, corresponding
to an integrated luminosity of 3 fb�1. The asymmetries in e↵ective decay widths between D0 and
D0 decays, sensitive to indirect CP violation, are measured to be A�(K

+K�) = (�0.30 ± 0.32 ±
0.10)⇥ 10�3 and A�(⇡

+⇡�) = (0.46± 0.58± 0.12)⇥ 10�3, where the first uncertainty is statistical
and the second systematic. These measurements show no evidence for CP violation and improve on
the precision of the previous best measurements by nearly a factor of two.

Symmetry under the combined operations of charge
conjugation and parity (CP ) was found to be violated
in flavor-changing interactions of the s quark [1], and
later in processes involving the b quark [2, 3]. Within
the Standard Model, violation of CP symmetry in the
charm sector is predicted at a level below O(10�3) [4, 5].
Charm hadrons are the only particles where CP violation
involving up-type quarks is expected to be observable,
providing a unique opportunity to detect e↵ects beyond
the Standard Model that leave down-type quarks unaf-
fected.

A sensitive probe of CP violation in the charm sector
is given by decays of D0 mesons into CP eigenstates f ,
where f = ⇡

+

⇡

� or f = K

+

K

�. The time-integrated
CP asymmetries and the charm mixing parameters x ⌘
(m

2

�m

1

)/� and y ⌘ (�
2

��
1

)/(2�) [6], where m
1,2

and
�
1,2

are the masses and widths of the mass eigenstates
|D

1,2

i, are known to be small [7–9]. As a result, the
time-dependent CP asymmetry of each decay mode can
be approximated as [8]

A

CP

(t) ⌘ �(D0(t)! f) � �(D0(t)! f)

�(D0(t)! f) + �(D0(t)! f)
' a

f

dir

� A

�

t

⌧

D

,

(1)
where �(D0(t) ! f) and �(D0(t) ! f) indicate the
time-dependent decay rates of an initial D0 or D

0 de-
caying to a final state f at decay time t, ⌧

D

= 1/� =
2/(�

1

+ �
2

) is the average lifetime of the D

0 meson, af
dir

is the asymmetry related to direct CP violation and A

�

is the asymmetry between the D0 and D

0 e↵ective decay
widths,

A

�

⌘ �̂
D

0!f

� �̂
D

0!f

�̂
D

0!f

+ �̂
D

0!f

. (2)

The e↵ective decay width �̂
D

0!f

is defined asR1
0

�(D0(t) ! f) dt/
R1
0

t�(D0(t) ! f) dt, i.e. the in-
verse of the e↵ective lifetime.

Neglecting contributions from subleading ampli-
tudes [5, 10], af

dir

vanishes and A

�

is independent of the
final state f . Furthermore, in the absence of CP vio-
lation in mixing, it can be found that A

�

= �x sin�,
where � = arg ((qA

f

)/(pA
f

)), A

f

(A
f

) is the ampli-
tude of the D

0 ! f (D0 ! f) decay, and p and q

are the coe�cients of the decomposition of the mass
eigenstates |D

1,2

i = p|D0i ± q|D0i. This implies that
|A

�

| < |x| <⇠ 5 ⇥ 10�3 [6].
This Letter presents a measurement of A

�

with pp col-
lision data collected by LHCb in Run 1, corresponding
to an integrated luminosity of 3 fb�1, with 1 fb�1 col-
lected during 2011 at a center-of-mass energy of 7TeV
and 2 fb�1 collected during 2012 at 8TeV. The measure-
ments presented are independent of the center-of-mass
energy, but the two periods are analyzed separately to
account for di↵erences in cross-sections and in the gen-
eral running conditions. The charge of the pion from the
D

⇤+ ! D

0

⇡

+ (D⇤� ! D

0

⇡

�) decay is used to identify
the flavor of the D0 (D0) meson at production. Two dif-
ferent approaches are used to perform the measurement
of A

�

. The first is a new method based on Eq. (1) and
provides the more precise results. This is described in
the following text, unless otherwise stated. The other
method, based on Eq. (2), has been described previously
in Ref. [11] and is only summarized here. In the fol-
lowing, inclusion of charge-conjugate processes is implied
throughout, unless otherwise stated.
The LHCb detector [12, 13] is a single-arm forward

spectrometer covering the pseudorapidity range 2 < ⌘ <

5, designed for the study of particles containing b or c

quarks. The detector includes a high-precision tracking
system consisting of a silicon-strip vertex detector, sur-
rounding the pp interaction region and allowing c hadrons
to be identified by their characteristic flight distance,
a large-area silicon-strip detector located upstream of
a dipole magnet with a bending power of about 4Tm,
and three stations of silicon-strip detectors and straw
drift tubes placed downstream of the magnet. Two ring-
imaging Cherenkov detectors provide particle identifica-
tion to distinguish kaons from pions. The polarity of
the dipole magnet is periodically reversed during data
taking. The configuration with the magnetic field verti-
cally upwards (downwards), MagUp (MagDown), bends
positively (negatively) charged particles in the horizon-
tal plane towards the center of the Large Hadron Col-
lider. The LHCb coordinate system is a right-handed
system, with the z axis pointing along the beam direc-
tion, y pointing vertically upwards, and x pointing in the
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Figure 3: Measured asymmetry A(t) in bins of t/⌧
D

, where ⌧
D

= 0.410 ps [16], for (top)
D0! K+K� and (bottom) D0! ⇡+⇡�, averaged over the full Run 1 data sample. Solid lines
show the time dependence with a slope equal to the best estimates of �A

�

.

full Run 1 data sample are compared with fit results in Fig. 3.
The complementary analysis based on Eq. (2) follows a procedure largely unchanged

from the previous LHCb analysis [11], described in Refs. [19, 20] and briefly summarized
below. The selection requirements for this method di↵er from those based on Eq. (1)
only in the lack of a requirement on �

2

IP

(D0). A similar blinding procedure is used. This
analysis is applied to the 2 fb�1 subsample of the present data, collected in 2012, that was
not used in Ref. [11]. The 2012 data is split into three data-taking periods to account for
known di↵erences in the detector alignment and calibration after detector interventions.

Biases on the decay-time distribution, introduced by the selection criteria and detection
asymmetries, are accounted for through per-candidate acceptance functions, as described
in Ref. [20]. These acceptance functions are parametrized by the decay-time intervals
within which a candidate would pass the event selection if its decay time could be varied.
They are determined using a data-driven method, and used to normalize the per-candidate
probability density functions over the decay-time range in which the candidate would be
accepted.

A two-stage unbinned maximum likelihood fit is used to determine the e↵ective
decay widths. In the first stage, fits to the D

0 mass and �m spectra are used to
determine yields of signal decays and both combinatorial and partially reconstructed
backgrounds. In the second stage, a fit to the decay-time distribution together with
ln(�2

IP

(D0)) (Fig. 4) is made to separate secondary background. The finding of an
asymmetry consistent with zero in the control channel, A

�

(K�
⇡

+) = (�0.07±0.15)⇥10�3,
validates the method. Small mismodeling e↵ects are observed in the decay-time fits

6

arXiv:1702.06490 [hep-ex].

Chapter 9. Results and conclusion

Table 9.1 – Systematic uncertainties on AK K
° and Aºº° along with their correlations.

syst. uncertainty source AK K
° Aºº° correlation

Secondary decays 0.08 0.12 100%
CP-sym. reweighing 0.02 0.02 100%
Background subtraction 0.01 0.01 100%
Peaking background 0.05 ° 0%

�2 �1 0 1 2 3

A� [10�3]

Belle 2012

Babar 2012

CDF 2014

LHCb 2015 µ tag

LHCb 2016 D⇤+ tag

World average

�0.30 ± 2.00 ± 0.80

0.88 ± 2.55 ± 0.58

�1.20 ± 1.20

�1.25 ± 0.73

�0.13 ± 0.28 ± 0.10

�0.32 ± 0.26

Figure 9.1 – World weighted average of A° including the measurement reported in this
thesis (LHCb 2016 D§+ tag, reported in red). The hatched region represents the 1æ band
for the world average. The other measurements are Belle 2012 [32], BaBar 2012 [33], CDF
2014 [37] and LHCb 2015 µ-tag [38].

two measurements are then combined using the best linear unbiased estimator (BLUE) [61]
obtaining the following value

A°(K K +ºº) = (°0.13±0.28±0.10)£10°3.

where the first uncertainty is statistical and the second one is systematic. This is the most
precise measurement of CP violation in the charm sector, leading the world average, as shown
in fig. 9.1.

The result is also compatible with the A° measurement [38] performed by LHCb in the statisti-
cally independent muon-tagged sample over the same data-taking period. Therefore, they are
combined to yield the overall LHCb Run I result

A°(K K +ºº,LHCb Run I) = (°0.29±0.28)£10°3.

124

No sign of indirect CP violation at the level of 2.6x10−4.  
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• Effects of “direct” CP violation can be isolated by taking the difference between the 
time-integrated CP asymmetries in the K+K− and π+π− modes: 

• where a residual experiment-dependent contribution from indirect CP violation can be 
present, due to the fact that there may be a decay time dependent acceptance 
function that can be different for the K+K− and π+π− channels. 

• Well suited for LHCb because of cancellation of instrumental and production 
asymmetries.  Measurement performed using both D*-tag [PRL 116, 191601 (2016)] 
and semi-leptonic B➝D0µX [JHEP 07 (2014) 041] decays. 

Direct CPV: ΔACP(D0➝h+h−)
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LHCb dominates the world 
average with systematics well 
below statistical uncertainty.             

Figure 2: Contour plot of �adirCP versus aindCP . The point at (0,0) denotes the hypothesis of no CP
violation. The solid bands represent the measurements in Refs. [28, 44, 45] and the one reported
in this Letter. The contour lines shows the 68%, 95% and 99% confidence-level intervals from
the combination.

and D0 ⇥���+ decays is measured using pp collision data corresponding to an integrated
luminosity of 3.0 fb�1. The final result is

�ACP = (�0.10± 0.08 (stat)± 0.03 (syst))%,

which supersedes the previous result obtained using the same decay channels based on
an integrated luminosity of 0.6 fb�1 [27]. This is the most precise measurement of a
time-integrated CP asymmetry in the charm sector from a single experiment.
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Consistent with the hypothesis of CP 
symmetry with a p-value of 9.3% (1.7𝝈) 

Figure 167: Plot of all data and the fit result. Individual measurements are plotted as bands
showing their ±1� range. The no-CPV point (0,0) is shown as a filled circle, and the best fit
value is indicated by a cross showing the one-dimensional uncertainties. Two-dimensional 68%

C.L., 95% C.L., and 99.7% C.L. regions are plotted as ellipses.
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Consistent with the hypothesis of CP 
symmetry with a p-value of 79%.
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LHCb dominates the world average and much more data are coming. 



LHCb & Charm today
• LHC is a super-duper charm-factory, and  LHCb is doing an excellent job collecting the 

largest ever charm samples.  

• Already achieved statistical precision  well below 10−3, and systematic uncertainties better 
than 10−4 (especially for two-body golden modes) 

• LHCb covers a broad program, with many world leading measurements 

- on multi-body charm decays where CPV can be studied through the phase space 
(local asymmetries larger than integrated ones),   

- and on rare decays (D0
➝μ+μ−,D0 →π−π+μ−μ+ ,D+

(s) →π+μ+μ−, D0→eμ, etc.. ) where 
limits from other experiments were already improved by orders of magnitude with only 
Run 1 data, 

- promising results with neutrals (D+
(s)➝𝜂’π+) and with  long-lived particles (Ks,KL,Λ) in the 

final state. 

• No hints of CP-violation found so far, just started to barely approach SM expectations.
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Future perspectives
• The Run 2 (2015-2018, ~8fb-1) is currently 

ongoing and the size of LHCb samples 
already increased more than proportionally to 
the integrated luminosity.  

• Phase1 LHCb-Upgrade at L = 2x1033 cm–2s–1. 
(2020-29, ~50fb-1) is behind the corner. 

• A proposal of a Phase 2  LHCb-Upgrade at       
L >1034 cm–2s–1 (2031-??, >300fb-1 ) is 
currently under discussion.
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>300 fb-1 of data implies σstat(AΓ) < 3 x 10-5.  
I hope I convinced you that no systematic 
walls are in front of us to get such a precision.



thank you
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Abstract

Experimental INFN Seminar

Title: Precision measurement of indirect CP violation in charm hadrons.

Speaker: Michael J. Morello

Institution: Scuola Normale Superiore and INFN Sezione di Pisa.

Charm hadrons provide the only sector involving up-type quarks where CP

violation e↵ects are expected to be observable. This uniqueness makes CP

violation in charm particularly important to study, as it might be sensitive

to e↵ects beyond the Standard Model, which could leave other quarks unaf-

fected. Asymmetry in the time-dependent rates of singly Cabibbo-suppressed

D0 ! K+K� and D0 ! ⇡+⇡� decays, the so called A� parameter, is one of

the most sensitive probe for indirect CP violation in the charm sector and can

potentially be measured with great precision. The recent measurement of the

A� parameter with pp collision data collected by LHCb experiment in Run 1,

corresponding to an integrated luminosity of 3 fb�1, is presented here. This

is the most precise measurement of a CP asymmetry in the charm sector,

with a statistical uncertainty reaching the sub-permille level and systematic

uncertainties below the unprecedented level of 10�4. Innovative experimental

methodologies and new data analysis techniques have been used to achieve

such a result, with the aim of allowing measurements of CP violation at even

better precision in the near and far future experiments. Perspectives for CP

violation searches in the charm sector with Run 2 data and beyond are also

discussed.
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1.3. Unitary triangles

|di |si

|bi

|d 0i
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(a) Quark mass eigenstates interactions
representation.
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d s b

O (∏3)

O (∏2)
O (∏)

O (1)

(b) Mass and interaction eigenstates de-
cay scheme.

Figure 1.1 – Graphical representation of CKM mechanism.

where it clearly appears that, with a good approximation, the VCKM matrix is close to the unit
matrix with small off-diagonal terms. The order of magnitude of each element can be also
easily read from the power of ∏ (see fig. 1.1b).

The current knowledge of the modulus of the CKM matrix elements, extracted from a global fit
to all the experimental observables, as obtained from ref. [22], is reported below

|VCKM| =

2

6666664

0.97425+0.000071
°0.000097 0.22542+0.00042

°0.00031 0.003714+0.000072
°0.000060

0.22529+0.00041
°0.00032 0.973394+0.000074

°0.000096 0.04180+0.00033
°0.00068

0.008676+0.000087
°0.000150 0.04107+0.00031

°0.00067 0.999118+0.000024
°0.000014

3

7777775
.

1.3 Unitary triangles

As stated above, the CKM matrix is a unitary matrix and the unitarity condition V †
C K M VC K M = I

leads to nine relationships among the matrix elements that can be summarised as

X

k2{u,c,t }
V §

ki Vk j = ±i j , i , j 2 {d , s,b}, (1.11)

where ±i j is the Kronecker delta. Six of these nine relationships, with i 6= j , imply that a sum
of three complex numbers is zero and it can be visualised as a triangle in the complex plane
(this explains the name “unitary triangles”). Among these six unitary triangles, one is chosen
to be “The Unitary Triangle” (i = d , j = b)

V §
ud Vub +V §

cd Vcb +V §
td Vtb = 0, (1.12)

11

1.2. The CKM matrix

VqR , such that

VqL Mq V †
qR = mq (q = u,d),

with mq diagonal and real. The quark mass eigenstates are then identified as

qi
L =V i j

qL q I
L j , qi

R =V i j
qR q I

R j , (q = u,d), (1.8)

and in terms of mass eigenstates eq. (1.7) can be written as

°LM = mi j
d d Li dR j +mi j

u uLi uR j +h.c.,

where

mi , j
q = v

p
2

(V iÆ
L,q )§Y q

ÆØ
V Ø j

R,q .

The charged current interactions for quarks (that are the interactions of the charged SU (2)L

gauge bosons W ±
µ = (W 1

µ ® iW 2
µ )/

p
2), described in eq. (1.5) in the interaction basis, have the

following form in the mass basis

°L
q

W ± =
g
p

2
ui

L∞
µ (VuLV †

dL)i j d j
LW +

µ +h.c..

where the unitary matrices VuL and VdL account for the rotation between the interaction
eigenstates and the mass eigenstates.

1.2 The CKM matrix

The unitary 3£3 matrix,

VCKM ¥VuLV †
dL =

2

64
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vt s Vtb

3

75 , (1.9)

is the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix of quarks [1, 2]. Generally, a n £n
complex matrix U has 2n2 degrees of freedom, however unitarity (U † = U°1 , UU † = I )
provides n2 constraints, reducing the number of degrees of freedom to n2. In addition, in the
particular case of the CKM matrix, the Lagrangian allows the redefinition of the phases of each
quark field, obtaining (see eq. (1.8))

(
uLi ! (VuL)i l e°i¡l uI

Ll

dL j ! (VdL) j k e°i!k d I
Lk

) (VuLV †
dL)i j ! ei¡l (VuLV †

dL)i j e°i!k = ei (¡l°!k )(VuLV †
dL)i j ,

where, for n generations, there are 2n °1 phase differences that can be removed from CKM
matrix opportunely choosing ¡l and !k (with l = 1, . . . ,n and k = 1, . . . ,n). Consequently, any
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n £n complex matrix, describing the mixing between n generations of quarks has a number
of free parameters equal to

2n2 °n2 ° (2n °1) = (n °1)2,

and since an orthogonal n £n matrix (U T =U°1 ,UU T = 1) has n(n °1)/2 real parameters
(angles), the number of complex phases is equal to

(n °1)2 ° n
2

(n °1) = (n °1)(n °2)
2

.

For n = 2, corresponding only two generations, the mixing matrix has only one free real
parameter, the so-called Cabibbo angle µC

VC =
"

cosµC sinµC

°sinµC cosµC

#

,

and the CP symmetry cannot be violated. For n = 3, instead, the physical free parameters are
four: three rotation angles (corresponding to the Euler angles) and one complex phase, and
therefore the CP symmetry can be violated. This can be made manifest by choosing an explicit
parametrization of the CKM matrix [20]

VCKM =

2

64
c12c13 s12c13 s13e°i±

°s12c23 ° c12s23s13ei± c12c23 ° s12s23s13ei± s23c13

s12s23 ° c12c23s13ei± °c12s23 ° s12c23s13ei± c23c13

3

75 , (1.10)

where ci j ¥ cosµi j and si j ¥ sinµi j , the three µi j are the real angles corresponding to a x y z-
Euler rotation and ± is the CKM phase and corresponds to the single source of CP violation in
the quark sector in the Standard Model. The mass and interaction eigenstates are schematically
represented in fig. 1.1a.

Although the representation of eq. (1.10) is exact and makes explicit the rotation between the
two quark bases (interactions and masses), the phenomenological behaviour is not easily
evident. With this aim, a useful parametrization is that one from Wolfenstein [21], where the
hierarchy of the various elements is made manifest. A set of four real parameters (∏, A,Ω,¥)
are defined as follows

∏= s12, A∏2 = s23, A∏3(Ω° i¥) = s13e°i±,

where the parameter ∏ = |Vus | º 0.22 (the Cabibbo angle) plays the role of an expansion
parameter. By expanding to O (∏5) the CKM matrix can be written as [21]

VCKM =

2

64
1° 1

2∏
2 ° 1

8∏
4 ∏ A∏3(Ω° i¥)

°∏+ 1
2∏

5 A2(1°2(Ω+ i¥)) 1° 1
2∏

2 ° 1
8∏

4(1+4A2) A∏2

A∏3[1° (Ω+ i¥)]+ 1
2∏

5 A(Ω+ i¥) °A∏2 + 1
2∏

4 A(1°2(Ω+ i¥)) 1° 1
2∏

4 A2

3

75+O (∏6),
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Figure 1.6 – Flavour-changing and flavour-unchanging PDFs for the four neutral meson
systems (from left to right and from top to bottom): K 0–K 0, D0–D0 (note the logarithmic
scale), B 0–B 0, B 0

s –B 0
s . The single exponential function, black-dashed line, it is also drawn.

theory is a challenging task, and several orders of magnitude are spanned in the literature [25].
The size of the long distance contributions is determined by the amount of phase space
of the final states in common to the meson and the anti-meson. In the K 0–K 0 system this
contribution is almost maximal since there is a small number of possible final states for K 0 and
almost all of them are accessible also to the K 0. In the B 0 system the situation is the opposite,
there is a large number of possible final states for the B 0 but just a small fraction of them are
also accessible to the B 0. Several techniques are used to calculate the mixing parameters in
the SM. Inclusive approaches such as heavy quark effective field theory rely on expansions in
powers of the inverse of the quark mass, which are of limited validity because the intermediate
value of the charm quark mass [26, 27]. Alternatively, exclusive approaches are used [28, 29].
They rely on explicitly accounting for all possible intermediate states, which may be modelled
or fitted directly to experimental data. However, the D meson is not light enough to have few
final states, and in absence of sufficiently precise measurements of amplitudes and strong
phases of many decays, several assumptions are made limiting the predictions of such an
approach.

As a consequence, the SM predictions for mixing and for CP violation are affected by large
theory uncertainties. Thus, it is crucial to provide very precise measurements in the charm
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1.4. Neutral meson mixing

Table 1.3 – Approximate values for ¢M and ¢° in the four neutral meson systems.

meson system ¢M/° ¢°/(2°)

K 0–K 0 °0.95 0.99
D0–D0 0.005 0.006
B 0–B 0 0.77 °0.001
B 0

s –B 0
s 26.7 0.06

1.4.2 Mixing phenomenology

In the previous sub-section the time-evolution of the flavour eigenstates has been determined
in terms of ¢M and ¢° parameters, and approximate measured values of ¢M and ¢° are
reported in tab. 1.3. The probability as a function of the decay time for flavour-changing
and flavour-unchanging for all the four meson systems are also drawn in fig. 1.6, showing
that the D0–D0 mixing proceeds very slowly, being almost indistinguishable from the single
exponential behaviour.

The dynamics behind the ¢M and ¢° values is enclosed in the effective Hamiltonian of
eq. (1.16), precisely through the M12 and °12 elements, as it can be seen in eq. (1.17) and
eq. (1.21). The knowledge of such parameters is therefore crucial for the understanding of
the SM dynamics in the charm sector. There are two types of contributions to the mixing
amplitudes: the short distance and the long distance contributions.

Short distance contributions are fourth order interactions in the weak coupling as represented
by the Feynman diagram drawn in fig. 1.7a. These processes are called short distance contri-
butions since their typical scale length is much lower than the QCD scale (1/§QCD). However,
these contributions are strongly suppressed in the charm system, contrary to the B system
where the analogous box diagrams are dominant. The contribution of the b quark in the charm
box diagram (see fig. 1.7a) is CKM-suppressed by a factor |VubV §

cb |
2/|VusV §

cs |2 ºO (10°6). The
contribution from down and strange quarks is also strongly suppressed in the limit of SU (3)
flavour symmetry [9, 23] (GIM suppression mechanism is remarkable effective in the charm
system,§2

b = |VcbV §
ub |

2 º∏10 )§d =°§s). Even taking into account also the next-to-leading
order, the short distance contributions to x ¥¢M/° and y ¥¢°/(2°) mixing parameters are
predicted to be about O (10°6) [24]. These values are far below the current experimental mea-
sured values of x, y of the order O (10°2), thus the long distance contributions are dominant in
the D0–D0 mixing.

On the other hand, mixing can proceed through intermediate on-shell states common to the
D0 and the D0 meson, as schematically represented in fig. 1.7b, the so-called long distance
contributions. Unfortunately, precise calculations of long distance effects are difficult, and
have large uncertainties, being the value of charm quark mass placed somewhere on the
border of heavy and light quark systems. Prediction of D0–D0 mixing parameters from the
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SM predictions
• Affected by “large uncertainties” due to the difficulties in the 

computation of the long-distance contributions:  

- non perturbative calculation (approximations holding in the B 
and K cases do not apply for charm)  

- the available computational power is not yet enough for 
lattice QCD. 

• Inclusive approaches (i.e. Heavy Quark Effective Field Theory) 
rely on expansions in powers of O(1/mc), which are of limited 
validity because the intermediate value of the charm quark mass.  

• Exclusive approaches rely on explicitly accounting for all 
possible intermediate states, which may be modeled or fitted 
directly to experimental data.  

- However, the D meson is not light enough to have few final 
states, and in absence of sufficiently precise measurements 
of amplitudes and strong phases of many decays, several 
assumptions are made limiting the predictions.

61
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Figure 1.7 – Two diagrams contributing to the D0(cu)–D0(cu) mixing: (a) Feynman dia-
gram of short distance contribution, (b) long distance contribution.

sector.

1.5 C P violation formalism

The CP transformation law for a final state f is CP | f i=! f | f i and CP | f i=!§
f | f i, where ! f

is a complex phase (|! f | = 1). For the particular case of a final CP eigenstate, as K +K ° and
º+º°, where f = f , one obtains

CP | f i= ¥CP | f i,

with ¥CP =±1 for even (+1) and odd (°1) final states. In addition, for a D0 meson decaying to
a CP eigenstate f the decay amplitudes can be defined as

A f = h f |H |D0i, A f = h f |H |D0i,

where H is the decay Hamiltonian. It is important to discuss the phases that can arise in those
amplitudes since they are responsible for the phenomenon of CP violation. Usually, two types
of phases are present and are called: weak and strong phases.

Weak phases come from any complex term in the Lagrangian appearing as complex conju-
gated in the CP-conjugate amplitude. Thus, they have different signs between A f and
A f . Since in the Standard Model Lagrangian these phases occur only in the CKM matrix,
which is part of the electroweak sector, they are called “weak phases”.

Strong phases come from final state interactions and they contribute to the amplitudes
through the intermediate on-shell states in the decay process. These phases arise even
if the Lagrangian is real and are called “rescatting phases”. If there are hadrons in the
final state, they are generated by strong interactions and therefore are also called “strong
phases”. Strong phases do not change sign under CP transformation.

19

1.5. C P violation formalism

W

d , s,b d , s,b

W

u

c

c

u

(a) Short distance contribution.

º+,K +, . . .

º°,K °, . . .
u

c

c

u

(b) Illustrative long distance contribution.

Figure 1.7 – Two diagrams contributing to the D0(cu)–D0(cu) mixing: (a) Feynman dia-
gram of short distance contribution, (b) long distance contribution.

sector.

1.5 C P violation formalism

The CP transformation law for a final state f is CP | f i=! f | f i and CP | f i=!§
f | f i, where ! f

is a complex phase (|! f | = 1). For the particular case of a final CP eigenstate, as K +K ° and
º+º°, where f = f , one obtains

CP | f i= ¥CP | f i,

with ¥CP =±1 for even (+1) and odd (°1) final states. In addition, for a D0 meson decaying to
a CP eigenstate f the decay amplitudes can be defined as

A f = h f |H |D0i, A f = h f |H |D0i,

where H is the decay Hamiltonian. It is important to discuss the phases that can arise in those
amplitudes since they are responsible for the phenomenon of CP violation. Usually, two types
of phases are present and are called: weak and strong phases.

Weak phases come from any complex term in the Lagrangian appearing as complex conju-
gated in the CP-conjugate amplitude. Thus, they have different signs between A f and
A f . Since in the Standard Model Lagrangian these phases occur only in the CKM matrix,
which is part of the electroweak sector, they are called “weak phases”.

Strong phases come from final state interactions and they contribute to the amplitudes
through the intermediate on-shell states in the decay process. These phases arise even
if the Lagrangian is real and are called “rescatting phases”. If there are hadrons in the
final state, they are generated by strong interactions and therefore are also called “strong
phases”. Strong phases do not change sign under CP transformation.

19

Short distance

Long distance

intermediate state massive off-shell W 
mainly contributing to Δm = 2M12 

strongly suppressed 
x,y predicted to be ~10−6 (very far from %)

intermediate state on–shell light quarks 
can travel from interaction point 
mainly contributing to ΔΓ=2Γ12 
precise calculations are difficult



Experiments and theory
• Only very recently experiments able to collect large and pure samples of charm decays. 

High precision measurements already have been impacting theory and vice-versa. 

- D
0
-mixing rate is slow, but not so slow to be “unmeasurable” as believed in the 

recent past.   

- The widely accepted statement  “measuring CPV with the current experimental 
sensitivity is a clear sign of NP” has been disavowed and, as a consequence,  
accuracy on calculations tremendously increased to account for experimental inputs. 

• Predictive power of the theory is (and will be) strictly related to the precision and the 
variety of the inputs that experiments will be able to provide in the near and far future.  

• An extensive and precise study of the charm decays, and in general of the heavy flavour 
physics, at much higher precision than today is fundamental to over-constrain the theory 
parameters, and in particular the CKM scheme, that is a crucial ingredient for the SM 
and for any new exotic theory, which must include the flavour structure.
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Because of the slow mixing rate of charm mesons (x,y~10-2) the time-dependent asymmetry is 
approximated at first order as the sum of two terms: 

probing more extensive portions of the space of non-SM
physics parameters.

We present measurements of time-integrated
CP-violating asymmetries in the Cabibbo-suppressed
D0 ! !þ!" and D0 ! KþK" decays (collectively re-
ferred to as D0 ! hþh" in this article) using 1.96 TeV
proton-antiproton collision data collected by the upgraded
Collider Detector at Fermilab (CDF II) and corresponding
to 5:9 fb"1 of integrated luminosity. Because the final
states are common to charm and anticharm meson decays,
the time-dependent asymmetry between decays of states
identified as D0 and !D0 at the time of production (t ¼ 0)
defined as

ACPðhþh"; tÞ ¼
NðD0 ! hþh"; tÞ " Nð !D0 ! hþh"; tÞ
NðD0 ! hþh"; tÞ þ Nð !D0 ! hþh"; tÞ

receives contributions from any difference in decay widths
between D0 and !D0 mesons in the chosen final state (direct
CP violation), any difference in mixing probabilities be-
tween D0 and !D0 mesons, and the interference between
direct decays and decays preceded by flavor oscillations
(both indirect CP violation). Because of the slow mixing
rate of charm mesons, the time-dependent asymmetry is
approximated at first order as the sum of two terms,

ACPðhþh"; tÞ & Adir
CPðhþh"Þ þ

t

"
Aind
CPðhþh"Þ; (1)

where t=" is the proper decay time in units of D0 lifetime
(" & 0:4 ps), and the asymmetries are related to the decay
amplitude A and the usual parameters used to describe
flavored-meson mixing x, y, p, and q [3] by

Adir
CPðhþh"Þ ' ACPðt ¼ 0Þ

¼ jAðD0 ! hþh"Þj2 " jAð !D0 ! hþh"Þj2
jAðD0 ! hþh"Þj2 þ jAð !D0 ! hþh"Þj2 ;
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where #CP ¼ þ1 is the CP eigenvalue of the decay final
state and ’ is the CP-violating phase. The time-integrated
asymmetry is then the time integral of Eq. (1) over the
observed distribution of proper decay time [DðtÞ],

ACPðhþh"Þ ¼ Adir
CPðhþh"Þ þ Aind

CPðhþh"Þ
Z 1

0

t

"
DðtÞdt

¼ Adir
CPðhþh"Þ þ

hti
"
Aind
CPðhþh"Þ: (4)

The first term arises from direct and the second one from
indirect CP violation. Since the value of hti depends on
DðtÞ, different values of time-integrated asymmetry could
be observed in different experiments, depending on the

detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to Adir

CP
and Aind

CP. Since the data used in this analysis were collected
with an online event selection (trigger) that imposes re-
quirements on the displacement of the D0-meson decay
point from its production point, our sample is enriched in
higher-valued decay-time candidates with respect to ex-
periments at the B factories. This makes the present mea-
surement more sensitive to mixing-induced CP violation.
In addition, combination of our results with those from
Belle and BABAR provides some discrimination between
the two contributions to the asymmetry.

II. OVERVIEW

In the present work we measure the CP-violating asym-
metry in decays of D0 and !D0 mesons into !þ!" and
KþK" final states. Because the final states are charge-
symmetric, to know whether they originate from a D0 or
a !D0 decay, we need the neutral charm candidate to be
produced in the decay of an identified D(þ or D(" meson.
Flavor conservation in the strong-interaction decay of the
D() meson allows identification of the initial charm flavor
through the sign of the charge of the ! meson: D(þ !
D0!þ and D(" ! !D0!". We refer to D mesons coming
from identifiedD() decays as the tagged sample and to the
tagging pion as the soft pion, !s.
In the data collected by CDF between February 2002

and January 2010, corresponding to an integrated luminos-
ity of about 5:9 fb"1, we reconstruct approximately
215 000 D(-tagged D0 ! !þ!" decays and 476 000
D(-tagged D0 ! KþK" decays. To measure the asymme-
try, we determine the number of detected decays of oppo-
site flavor and use the fact that primary charm and
anticharm mesons are produced in equal numbers by the
CP-conserving strong interaction. The observed asymme-
try is a combination of the contributions from CP violation
and from charge asymmetries in the detection efficiency
between positive and negative soft pions from the D()

decay. To correct for such instrumental asymmetries, ex-
pected to be of the order of a few 10"2, we use two
additional event samples: 5* 106 tagged, and 29* 106

untagged Cabibbo-favored D0 ! K"!þ decays. We
achieve cancellation of instrumental asymmetries with
high accuracy and measure the CP-violating asymmetries
of D0 ! !þ!" and D0 ! KþK" with a systematic un-
certainty of about 10"3.
The paper is structured as follows. In Sec. III we briefly

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The
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probing more extensive portions of the space of non-SM
physics parameters.
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ferred to as D0 ! hþh" in this article) using 1.96 TeV
proton-antiproton collision data collected by the upgraded
Collider Detector at Fermilab (CDF II) and corresponding
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defined as
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receives contributions from any difference in decay widths
between D0 and !D0 mesons in the chosen final state (direct
CP violation), any difference in mixing probabilities be-
tween D0 and !D0 mesons, and the interference between
direct decays and decays preceded by flavor oscillations
(both indirect CP violation). Because of the slow mixing
rate of charm mesons, the time-dependent asymmetry is
approximated at first order as the sum of two terms,
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where #CP ¼ þ1 is the CP eigenvalue of the decay final
state and ’ is the CP-violating phase. The time-integrated
asymmetry is then the time integral of Eq. (1) over the
observed distribution of proper decay time [DðtÞ],
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The first term arises from direct and the second one from
indirect CP violation. Since the value of hti depends on
DðtÞ, different values of time-integrated asymmetry could
be observed in different experiments, depending on the

detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to Adir

CP
and Aind

CP. Since the data used in this analysis were collected
with an online event selection (trigger) that imposes re-
quirements on the displacement of the D0-meson decay
point from its production point, our sample is enriched in
higher-valued decay-time candidates with respect to ex-
periments at the B factories. This makes the present mea-
surement more sensitive to mixing-induced CP violation.
In addition, combination of our results with those from
Belle and BABAR provides some discrimination between
the two contributions to the asymmetry.

II. OVERVIEW

In the present work we measure the CP-violating asym-
metry in decays of D0 and !D0 mesons into !þ!" and
KþK" final states. Because the final states are charge-
symmetric, to know whether they originate from a D0 or
a !D0 decay, we need the neutral charm candidate to be
produced in the decay of an identified D(þ or D(" meson.
Flavor conservation in the strong-interaction decay of the
D() meson allows identification of the initial charm flavor
through the sign of the charge of the ! meson: D(þ !
D0!þ and D(" ! !D0!". We refer to D mesons coming
from identifiedD() decays as the tagged sample and to the
tagging pion as the soft pion, !s.
In the data collected by CDF between February 2002

and January 2010, corresponding to an integrated luminos-
ity of about 5:9 fb"1, we reconstruct approximately
215 000 D(-tagged D0 ! !þ!" decays and 476 000
D(-tagged D0 ! KþK" decays. To measure the asymme-
try, we determine the number of detected decays of oppo-
site flavor and use the fact that primary charm and
anticharm mesons are produced in equal numbers by the
CP-conserving strong interaction. The observed asymme-
try is a combination of the contributions from CP violation
and from charge asymmetries in the detection efficiency
between positive and negative soft pions from the D()

decay. To correct for such instrumental asymmetries, ex-
pected to be of the order of a few 10"2, we use two
additional event samples: 5* 106 tagged, and 29* 106

untagged Cabibbo-favored D0 ! K"!þ decays. We
achieve cancellation of instrumental asymmetries with
high accuracy and measure the CP-violating asymmetries
of D0 ! !þ!" and D0 ! KþK" with a systematic un-
certainty of about 10"3.
The paper is structured as follows. In Sec. III we briefly

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The
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D(-tagged D0 ! KþK" decays. To measure the asymme-
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try is a combination of the contributions from CP violation
and from charge asymmetries in the detection efficiency
between positive and negative soft pions from the D()
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pected to be of the order of a few 10"2, we use two
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untagged Cabibbo-favored D0 ! K"!þ decays. We
achieve cancellation of instrumental asymmetries with
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describe the components of the CDF detector relevant for
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The time-integrated asymmetry is then the time integral of ACP(t) over the experimental observed 
distribution of proper decay time D(t): 

probing more extensive portions of the space of non-SM
physics parameters.
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states are common to charm and anticharm meson decays,
the time-dependent asymmetry between decays of states
identified as D0 and !D0 at the time of production (t ¼ 0)
defined as

ACPðhþh"; tÞ ¼
NðD0 ! hþh"; tÞ " Nð !D0 ! hþh"; tÞ
NðD0 ! hþh"; tÞ þ Nð !D0 ! hþh"; tÞ

receives contributions from any difference in decay widths
between D0 and !D0 mesons in the chosen final state (direct
CP violation), any difference in mixing probabilities be-
tween D0 and !D0 mesons, and the interference between
direct decays and decays preceded by flavor oscillations
(both indirect CP violation). Because of the slow mixing
rate of charm mesons, the time-dependent asymmetry is
approximated at first order as the sum of two terms,

ACPðhþh"; tÞ & Adir
CPðhþh"Þ þ

t

"
Aind
CPðhþh"Þ; (1)

where t=" is the proper decay time in units of D0 lifetime
(" & 0:4 ps), and the asymmetries are related to the decay
amplitude A and the usual parameters used to describe
flavored-meson mixing x, y, p, and q [3] by

Adir
CPðhþh"Þ ' ACPðt ¼ 0Þ

¼ jAðD0 ! hþh"Þj2 " jAð !D0 ! hþh"Þj2
jAðD0 ! hþh"Þj2 þ jAð !D0 ! hþh"Þj2 ;

(2)
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CPðhþh"Þ ¼

#CP
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########"
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########
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" x
"########

q
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########þ
########
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q

########
$
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%
; (3)

where #CP ¼ þ1 is the CP eigenvalue of the decay final
state and ’ is the CP-violating phase. The time-integrated
asymmetry is then the time integral of Eq. (1) over the
observed distribution of proper decay time [DðtÞ],

ACPðhþh"Þ ¼ Adir
CPðhþh"Þ þ Aind

CPðhþh"Þ
Z 1

0

t

"
DðtÞdt

¼ Adir
CPðhþh"Þ þ

hti
"
Aind
CPðhþh"Þ: (4)

The first term arises from direct and the second one from
indirect CP violation. Since the value of hti depends on
DðtÞ, different values of time-integrated asymmetry could
be observed in different experiments, depending on the

detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to Adir

CP
and Aind

CP. Since the data used in this analysis were collected
with an online event selection (trigger) that imposes re-
quirements on the displacement of the D0-meson decay
point from its production point, our sample is enriched in
higher-valued decay-time candidates with respect to ex-
periments at the B factories. This makes the present mea-
surement more sensitive to mixing-induced CP violation.
In addition, combination of our results with those from
Belle and BABAR provides some discrimination between
the two contributions to the asymmetry.

II. OVERVIEW

In the present work we measure the CP-violating asym-
metry in decays of D0 and !D0 mesons into !þ!" and
KþK" final states. Because the final states are charge-
symmetric, to know whether they originate from a D0 or
a !D0 decay, we need the neutral charm candidate to be
produced in the decay of an identified D(þ or D(" meson.
Flavor conservation in the strong-interaction decay of the
D() meson allows identification of the initial charm flavor
through the sign of the charge of the ! meson: D(þ !
D0!þ and D(" ! !D0!". We refer to D mesons coming
from identifiedD() decays as the tagged sample and to the
tagging pion as the soft pion, !s.
In the data collected by CDF between February 2002

and January 2010, corresponding to an integrated luminos-
ity of about 5:9 fb"1, we reconstruct approximately
215 000 D(-tagged D0 ! !þ!" decays and 476 000
D(-tagged D0 ! KþK" decays. To measure the asymme-
try, we determine the number of detected decays of oppo-
site flavor and use the fact that primary charm and
anticharm mesons are produced in equal numbers by the
CP-conserving strong interaction. The observed asymme-
try is a combination of the contributions from CP violation
and from charge asymmetries in the detection efficiency
between positive and negative soft pions from the D()

decay. To correct for such instrumental asymmetries, ex-
pected to be of the order of a few 10"2, we use two
additional event samples: 5* 106 tagged, and 29* 106

untagged Cabibbo-favored D0 ! K"!þ decays. We
achieve cancellation of instrumental asymmetries with
high accuracy and measure the CP-violating asymmetries
of D0 ! !þ!" and D0 ! KþK" with a systematic un-
certainty of about 10"3.
The paper is structured as follows. In Sec. III we briefly

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The
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Chapter 7. Systematic uncertainty on secondary decays

The reconstructed D0 proper decay time is defined as

t (D0) = |~d |
∞Øc

= |~d |mD0

pD0
,

where |~d | is the reconstructed spatial distance between the D0 decay vertex and the primary
vertex of the collision, and ∞Ø= pD0 /mD0 c is the reconstructed Lorentz boost of the D0 meson.
mD0 and pD0 are the invariant mass and the momentum of the D0 meson, respectively. In the
case of a secondary decay the distance |~d | does not correspond to the true distance travelled
by the D0 meson, since the D§ does not decay immediately in the PV, as can be seen in fig. 7.1.
Hence, for secondary decays the D0 proper decay time is biased to higher values, and the
contribution of secondary decays to the measured raw asymmetry can be easily written as

Araw(t ) = (1° fsec(t ))Appt(t )+ fsec(t )Asec(t ), (7.1)

where Appt and Asec are the raw asymmetry for the prompt and secondary component, re-
spectively, equal to

Appt(t ) =
N+

ppt(t )°N°
ppt(t )

N+
ppt(t )+N°

ppt(t )
,

Asec(t ) =
N+

sec(t )°N°
sec(t )

N+
sec(t )+N°

sec(t )
.

The fraction of secondary decays in the sample is fsec(t ) = Nsec(t )/(Nsec(t )+Nppt(t )), where
Nsec(t ) = N+

sec(t )+N°
sec(t ) and Nppt(t ) = N+

ppt(t )+N°
ppt(t ) are the total number of reconstructed

prompt and secondary decays, respectively. In order to measure the asymmetry of prompt
component, Appt, the contribution of secondary decays must be accurately accounted for.

A rough estimation of the fraction of secondary decays can be easily extracted using the
available information from past LHCb measurements on the same data sample [8, 58]. fsec(t )
can be considered, as a good approximation, to increase almost linearly with decay time
from about 0.0% at t/øD0 = 0, up to about 14% at decay time equal to t/øD0 = 10. The
production asymmetry of B mesons has been measured to be about O (1%) [59], and can be
safely assumed to be time-independent and the dominant contribution of Asec. Thus, a rough
estimate of the bias on A°, due to the presence of such a contamination is about 10°4. Since
the statistical uncertainties on AK K

° and Aºº
° are larger than 10°4, secondary contribution is

thus not subtracted but a systematic uncertainty is associated to such a choice.

7.2 Model of secondary decays

The fraction of secondary decays can be calculated with a good level of approximation just
using a simple analytical approach, with some reasonable assumptions

• the B ! D§X ! [D0º]D§ X decay occurs in one spatial dimension, the z-direction (b-

106

7 Systematic uncertainty on secondary
decays

Contribution of secondary decays to the measured A° has been neglected so far, although a
residual contamination persists in the final data sample. This chapter is devoted to an accurate
study of such a contamination, and a systematic uncertainty is assessed to cover any possible
bias on A°.

7.1 Introduction

A contamination of charm mesons produced in b-hadron decays (secondary decays) in the fi-
nal sample may introduce time-dependent dangerous biases that may affect the measurement
of A°. The reconstructed decay-time of the D0 mesons candidates is systematically larger
than their genuine decay time, being calculated with respect to the primary vertex, which
does not coincide with the D0 production vertex, as schematically shown in fig. 7.1. Even if
the contamination from secondary decays in the final data sample is reduced to a few percent
level, thanks to the the requirement on the impact parameter ¬2

IP of the D0 candidate (see
chap. 4), its impact on the A° measurement must be accurately quantified.
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Figure 7.1 – Simple sketch of a prompt D§ decay (left) and a secondary D§ decay (right),
not drawn to scale.
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D

= 0.410 ps [16], for (top)
D0! K+K� and (bottom) D0! ⇡+⇡�, averaged over the full Run 1 data sample. Solid lines
show the time dependence with a slope equal to the best estimates of �A

�

.

full Run 1 data sample are compared with fit results in Fig. 3.
The complementary analysis based on Eq. (2) follows a procedure largely unchanged

from the previous LHCb analysis [11], described in Refs. [19, 20] and briefly summarized
below. The selection requirements for this method di↵er from those based on Eq. (1)
only in the lack of a requirement on �

2

IP

(D0). A similar blinding procedure is used. This
analysis is applied to the 2 fb�1 subsample of the present data, collected in 2012, that was
not used in Ref. [11]. The 2012 data is split into three data-taking periods to account for
known di↵erences in the detector alignment and calibration after detector interventions.

Biases on the decay-time distribution, introduced by the selection criteria and detection
asymmetries, are accounted for through per-candidate acceptance functions, as described
in Ref. [20]. These acceptance functions are parametrized by the decay-time intervals
within which a candidate would pass the event selection if its decay time could be varied.
They are determined using a data-driven method, and used to normalize the per-candidate
probability density functions over the decay-time range in which the candidate would be
accepted.

A two-stage unbinned maximum likelihood fit is used to determine the e↵ective
decay widths. In the first stage, fits to the D

0 mass and �m spectra are used to
determine yields of signal decays and both combinatorial and partially reconstructed
backgrounds. In the second stage, a fit to the decay-time distribution together with
ln(�2

IP

(D0)) (Fig. 4) is made to separate secondary background. The finding of an
asymmetry consistent with zero in the control channel, A

�

(K�
⇡

+) = (�0.07±0.15)⇥10�3,
validates the method. Small mismodeling e↵ects are observed in the decay-time fits
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Precision approaches the level of 10-4. No evidence for 
CP violation and improve on the precision of the 
previous best measurements by nearly a factor of 2.  

Assuming that only indirect CP violation contributes to AΓ, 
the two values, can be averaged to yield a single value: 
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�) is assigned. The largest systematic uncertainty for the A
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measurement with
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�) is 0.08 ⇥ 10�3 (0.10 ⇥ 10�3), due to the uncertainty in modeling the
contamination from secondary (combinatorial) background. The results from the 2012
data sample are A
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(0.03 ± 0.79 ± 0.16) ⇥ 10�3. These results are then combined with results from Ref. [11]
to yield the final Run 1 measurements: A
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�) = (�0.14 ± 0.37 ± 0.10) ⇥ 10�3 and
A
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(⇡+
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�) = (0.14 ± 0.63 ± 0.15) ⇥ 10�3.
These results can be compared with the final results from the method based on Eq. (1).

An analysis has been carried out to estimate the statistical correlation between the results
from the two methods, with the conclusion that they agree within one standard deviation.
Due to the large correlation, the measurements from the two methods are not combined,
but rather the more precise one is chosen as the nominal result.

The results for D
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K

� and D

0 ! ⇡

+
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� are consistent and show no evidence
of CP violation. Assuming that only indirect CP violation contributes to A

�

[5], and
accounting for correlations between the systematic uncertainties [21], the two values,
obtained with the method using Eq. (1), can be averaged to yield a single value of A
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=
(�0.13± 0.28± 0.10)⇥ 10�3, while their di↵erence is �A
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= (�0.76± 0.66± 0.04)⇥ 10�3.
The above average is consistent with the result obtained by LHCb in a muon-tagged
sample [22], which is statistically independent. The two results are therefore combined
to yield an overall LHCb Run 1 value A
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= (�0.29 ± 0.28) ⇥ 10�3 for the average of the
K

+

K

� and ⇡

+
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� modes. The measurements of A

�

reported in this Letter are the most
precise to date, and are consistent with previous results [11, 23, 24]. They supersede the
previous LHCb measurement [11] with an improvement in precision by nearly a factor of
two.
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+

K

� and ⇡

+

⇡

� modes. The measurements of A

�

reported in this Letter are the most
precise to date, and are consistent with previous results [11, 23, 24]. They supersede the
previous LHCb measurement [11] with an improvement in precision by nearly a factor of
two.

7

Most precise measurement of 
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Table 3
Systematic uncertainties from the different categories. The quadratic sum is used to 
compute the total systematic uncertainty.

Category Systematic uncertainty [%]

Determination of raw asymmetries:
Fit model 0.025
Peaking background 0.015

Cancellation of nuisance asymmetries:
Additional fiducial cuts 0.040
Weighting configuration 0.062
Weighting simulation 0.054
Secondary charm meson 0.039

Neutral kaon asymmetry 0.014

Total 0.10

measured to be Asl
CP(K −K +) = (−0.06 ± 0.15 (stat) ± 0.10 (syst))%

for D0 mesons originating from semileptonic b-hadron decays. 
Since the same D+ decay channels were employed for the cancel-
lation of detection asymmetries, the result is partially correlated 
with the value presented in this Letter. The statistical correlation 
coefficient is calculated as shown in Appendix A, and is ρstat =
0.36 and the systematic uncertainties are conservatively assumed 
to be fully correlated. A weighted average results in the following 
combined value for the CP asymmetry in the D0 → K −K + channel

Acomb
CP (K −K +) = (0.04 ± 0.12 (stat) ± 0.10 (syst))%. (10)

The difference in CP asymmetries between D0 → K −K + and D0 →
π−π+ decays, #ACP , was measured at LHCb using prompt charm 
decays [16]. A combination of the measurement of ACP(K −K +)
presented in this Letter with #ACP yields a value for ACP(π+π−)

ACP(π
+π−) = ACP(K +K −) − #ACP

= (0.24 ± 0.15 (stat) ± 0.11 (syst))%. (11)

The statistical correlation coefficient of the two measurements is 
ρstat = 0.24, and the systematic uncertainties of the two analyses 
are assumed to be fully uncorrelated.

The correlation coefficient between this value and the measure-
ment of Asl

CP(π
−π+) = (−0.19 ± 0.20 (stat) ± 0.10 (syst))% using 

semileptonically-tagged decays at LHCb [18] is ρstat = 0.28. The 
weighted average of the values is

Acomb
CP (π−π+) = (0.07 ± 0.14 (stat) ± 0.11 (syst))%,

where, again, the systematic uncertainties are assumed to be fully 
correlated. When adding the statistical and systematic uncertain-
ties in quadrature, the values for the CP asymmetries in D0 →
K −K + and D0 → π−π+ have a correlation coefficient ρfull = 0.61. 
Fig. 2 shows the LHCb measurements of CP asymmetry using both 
pion- and muon-tagged D0 → K −K + and D0 → π−π+ decays. 
Additionally, the latest combined values of the Heavy Flavour Av-
eraging Group [1] for these quantities are presented. The time-
integrated CP asymmetries can be interpreted in terms of direct 
and indirect CP violation as shown in Appendix B.

In conclusion, no evidence of CP violation is found in the 
Cabibbo-suppressed decays D0 → K −K + and D0 → π−π+ . These 
results are obtained assuming that there is no CP violation in 
D0–D0 mixing and no direct CP violation in the Cabibbo-favoured 
D0 → K −π+ , D+ → K −π+π+ and D+ → K 0π+ decay modes. 
The combined LHCb results are the most precise measurements 
of the individual time-integrated CP asymmetries ACP(K −K +) and 
ACP(π−π+) from a single experiment to date.
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Appendix A. Calculation of correlations

Since the measurement of ACP(K −K +) using semileptonic 
b-hadron decays employs the same prompt D+ calibration chan-
nels, it is correlated to the value obtained from prompt charm 
decays. Due to different selection requirements and a different 
weighting procedure of the candidates, the asymmetries measured 
for the D+ channels are not fully correlated. The correlation fac-
tor ρ between two weighted subsamples X and Y of a larger data 
sample Z is given by

ρ =

√√√√
(∑

Z ωXωY
)2

∑
X ω2

X
∑

Y ω2
Y

, (12)

where ωX and ωY are the weights of candidates in the X and Y
subsamples. Whereas the four D+ → K 0

S π+ data samples have cor-
relation factors ρK 0

S π between 0.64 and 0.70, the correlation fac-

tors of the D+ → K −π+π+ samples, ρKππ , are in the range 0.07
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ACP(D0 → K −K +) ≡ !(D0 → K −K +) − !(D0 → K −K +)

!(D0 → K −K +) + !(D0 → K −K +)
, (1)

using a data sample of proton–proton (pp) collisions at centre-of-
mass energies of 7 and 8 TeV, collected by the LHCb detector in 
2011 and 2012, corresponding to approximately 3 fb−1 of inte-
grated luminosity. To distinguish the two CP-conjugate decays, the 
flavour of the D0 at production must be known. In this analysis, 
the flavour of the D0 is tagged by the charge of the soft pion, 
π+

s , in the strong decay D∗+ → D0π+
s . A combination with the 

recent measurement of the difference between the time-integrated 
CP asymmetries of D0 → K −K + and D0 → π−π+ decays, #ACP ≡
ACP(K −K +) − ACP(π−π+), in prompt charm decays [16] allows 
the determination of ACP(π−π+) taking into account the correla-
tion between #ACP and ACP(K −K +). In addition, a combination of 
the measurements using prompt charm decays and the measure-
ments using secondary charm decays from semileptonic b-hadron 
decays [18] at LHCb yields the most precise measurement of these 
quantities by a single experiment.

The method to determine ACP(K −K +) follows the strategy de-
scribed in Ref. [18]. In the analysis of D∗+ → D0(→ K −K +)π+

s
decays, two nuisance asymmetries must be considered, the pro-
duction asymmetry of the D∗+ meson A P (D∗+), and the detec-
tion asymmetry AD(π+

s ) of the soft pion caused by non charge-
symmetric interaction probabilities with the detector material and 
instrumental asymmetry. The measured raw asymmetry in the 
number of observed signal decays, defined as

Araw ≡ N(D0 → K −K +) − N(D0 → K −K +)

N(D0 → K −K +) + N(D0 → K −K +)
, (2)

is related to the CP asymmetry via

ACP(D0 → K −K +)

= Araw(D0 → K −K +) − A P (D∗+) − AD(π+
s ), (3)

assuming that the asymmetries are small and that the recon-
struction efficiencies can be factorised. The decay D∗+ → D0(→
K −π+)π+

s is used as a calibration channel to determine the pro-
duction and detection asymmetries. Since this decay is Cabibbo-
favoured, a negligible CP asymmetry is assumed. In contrast to the 
decay into two kaons, the final state K −π+ is not CP symmetric. 
Therefore, additional detection asymmetries arising from the final 
state particles are present, giving

Araw(D0 → K −π+) = A P (D∗+) + AD(π+
s ) + AD(K −π+). (4)

In order to evaluate the detection asymmetry of the final state 
K −π+ , enhanced by the different interaction cross-sections of pos-
itively and negatively charged kaons in the detector material, the 
Cabibbo-favoured decay D+ → K −π+π+ is employed. In analogy 
to the D0 → K −π+ decay, the raw asymmetry in this channel is 
given by

Araw(D+ → K −π+π+) = A P (D+) + AD(K −π+
l ) + AD(π+

h ).

(5)

The pion with the lower transverse momentum, π+
l , is chosen to 

cancel the effect of the detection asymmetry of the pion of the 
decay D0 → K −π+ . The remaining production asymmetry of the 
D+ meson A P (D+), and the detection asymmetry of the other 
pion π+

h are eliminated by incorporating the Cabibbo-favoured de-
cay D+ → K 0π+ in the measurement. There, the measured raw 
asymmetry consists of the production asymmetry A P (D+), the de-
tection asymmetry of the neutral kaon AD (K 0), and the detection 
asymmetry of the pion AD(π+)

Araw(D+ → K 0π+) = A P (D+) + AD(K 0) + AD(π+). (6)

The specific choice that the pion with the higher (lower) trans-
verse momentum in the decay D+ → K −π+π+ is used to cancel 
the effect of the detection asymmetry of the pion in D+ → K 0π+

(D0 → K −π+) is based on the comparison of the kinematic spec-
tra of the respective pions. The detection asymmetry AD(K 0) in-
cludes CP violation, mixing and different cross-sections for the 
interaction of neutral kaons with the detector material. However, 
all of these effects are known, and AD (K 0) is calculated to be small 
since only neutral kaons that decay within the first part of the de-
tector are selected [18]. The combination of Eqs. (3)–(6) yields an 
expression for ACP(D0 → K −K +) that only depends on measurable 
raw asymmetries and the calculable K 0 detection asymmetry,

ACP(D0 → K −K +) (7)

= Araw(D0 → K −K +) − Araw(D0 → K −π+)

+ Araw(D+ → K −π+π+) − Araw(D+ → K 0π+)

+ AD(K 0).

2. Detector and event selection

The LHCb detector [22,23] is a single-arm forward spectrome-
ter covering the pseudorapidity range 2 < η < 5, designed for the 
study of particles containing b or c quarks. The detector includes 
a high-precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the pp interaction region, a large-area 
silicon-strip detector located upstream of a dipole magnet with a 
bending power of about 4 Tm, and three stations of silicon-strip 
detectors and straw drift tubes placed downstream of the magnet. 
The tracking system provides a measurement of the momentum of 
charged particles with a relative uncertainty that varies from 0.5% 
at low momentum to 1.0% at 200 GeV/c. The minimum distance 
of a track to a primary vertex (PV), the impact parameter (IP), is 
measured with a resolution of (15 + 29/pT) µm, where pT is the 
component of the momentum transverse to the beam, in GeV/c.

Different types of charged hadrons are distinguished using in-
formation from two ring-imaging Cherenkov detectors. Photons, 
electrons and hadrons are identified by a calorimeter system con-
sisting of scintillating-pad and preshower detectors, an electromag-
netic calorimeter and a hadronic calorimeter. Muons are identified 
by a system composed of alternating layers of iron and multi-
wire proportional chambers. The magnetic field inside the detector 
breaks the symmetry between trajectories of positively and neg-
atively charged particles as the positive particles are deflected in 
one direction, and the negative particles in the opposite direc-
tion. Due to the imperfect symmetry of the detector, this can 
lead to detection asymmetries. Periodically reversing the magnetic 
field polarity throughout data-taking almost cancels the effect. The 
configuration with the magnetic field pointing upwards, MagUp 
(downwards, MagDown), bends positively (negatively) charged par-
ticles in the horizontal plane towards the centre of the LHC ring.

The singly Cabibbo-suppressed decay mode D0 → K −K + and 
the Cabibbo-favoured modes D0 → K −π+ , D+ → K −π+π+ and 
D+ → K 0π+ are selected, where the D0 candidates come from 
the D∗+ → D0π+ decay. The D∗+ and D+ candidates must satisfy 
an online event selection performed by a trigger, which consists of 
a hardware and software stage, and a subsequent offline selection. 
The hardware stage of the trigger is based on information from 
the calorimeter and muon systems, followed by a software stage, 
which applies a full event reconstruction. In order to avoid asym-
metries arising from the hardware trigger, each of the four decay 
channels is required to satisfy a trigger that is independent of the 
decay considered. Both the software trigger and offline event se-
lection use kinematic variables and decay time to isolate the signal 
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1. Introduction

In the Standard Model (SM), the violation of the charge-parity 
(CP) symmetry is governed by an irreducible complex phase in 
the Cabibbo–Kobayashi–Maskawa (CKM) matrix. Charmed hadrons 
provide the only way to probe CP violation with up-type quarks. 
Recent studies of CP violation in weak decays of D mesons have 
not shown evidence of CP symmetry breaking [1], while its vi-
olation is well established in decays of mesons with down-type 
quarks (strange and beauty) [2–6].

The CP-even decays1 D0 → K −K + and D0 → π−π+ are singly 
Cabibbo-suppressed, and for these decays D0 and D0 mesons share 
the same final state. The amount of CP violation in these decays is 
expected to be below the percent level [7–14], but large theoreti-
cal uncertainties due to long-distance interactions prevent precise 
SM predictions. In the presence of physics beyond the SM, the 
expected CP asymmetries could be enhanced [15], although an ob-
servation near the current experimental limits would be consistent 
with the SM expectation. The CP asymmetries in these decays are 
sensitive to both direct and indirect CP violation [1,16]. The di-

1 Throughout this Letter, charge conjugation is implicit unless otherwise stated.

rect CP violation is associated with the breaking of CP symmetry 
in the decay amplitude. Under SU (3) flavour symmetry, the di-
rect CP asymmetries in the decays D0 → K −K + and D0 → π−π+

are expected to have the same magnitudes and opposite sign [17]. 
Indirect CP violation, occurring through D0–D0 mixing and inter-
ference processes in the mixing and the decay, is expected to be 
small and is measured to be below 10−3 [1].

The most recent measurements of the time-integrated indi-
vidual CP asymmetries in D0 → K −K + and D0 → π−π+ decays 
have been performed by the LHCb [18], CDF [19], BaBar [20] and 
Belle [21] collaborations.

The measurement in Ref. [18] uses D0 mesons produced in 
semileptonic b-hadron decays (B → D0µ−νµ X), where the charge 
of the muon is used to identify (tag) the flavour of the D0 me-
son at production, while the other measurements use D0 mesons 
produced in the decay of the D∗(2010)+ meson, hereafter re-
ferred to as D∗+ . Charmed hadrons may be produced at the pp
collision point either directly, or in the instantaneous decays of ex-
cited charm states. These two sources are referred to as prompt. 
Charmed hadrons produced in the decays of b-hadrons are called 
secondary charmed hadrons.

This Letter presents a measurement of the time-integrated CP
asymmetry in the D0 → K −K + decay rates

http://dx.doi.org/10.1016/j.physletb.2017.01.061
0370-2693/© 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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A combination with other LHCb measurements yields 
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probing more extensive portions of the space of non-SM
physics parameters.

We present measurements of time-integrated
CP-violating asymmetries in the Cabibbo-suppressed
D0 ! !þ!" and D0 ! KþK" decays (collectively re-
ferred to as D0 ! hþh" in this article) using 1.96 TeV
proton-antiproton collision data collected by the upgraded
Collider Detector at Fermilab (CDF II) and corresponding
to 5:9 fb"1 of integrated luminosity. Because the final
states are common to charm and anticharm meson decays,
the time-dependent asymmetry between decays of states
identified as D0 and !D0 at the time of production (t ¼ 0)
defined as

ACPðhþh"; tÞ ¼
NðD0 ! hþh"; tÞ " Nð !D0 ! hþh"; tÞ
NðD0 ! hþh"; tÞ þ Nð !D0 ! hþh"; tÞ

receives contributions from any difference in decay widths
between D0 and !D0 mesons in the chosen final state (direct
CP violation), any difference in mixing probabilities be-
tween D0 and !D0 mesons, and the interference between
direct decays and decays preceded by flavor oscillations
(both indirect CP violation). Because of the slow mixing
rate of charm mesons, the time-dependent asymmetry is
approximated at first order as the sum of two terms,

ACPðhþh"; tÞ & Adir
CPðhþh"Þ þ

t

"
Aind
CPðhþh"Þ; (1)

where t=" is the proper decay time in units of D0 lifetime
(" & 0:4 ps), and the asymmetries are related to the decay
amplitude A and the usual parameters used to describe
flavored-meson mixing x, y, p, and q [3] by

Adir
CPðhþh"Þ ' ACPðt ¼ 0Þ

¼ jAðD0 ! hþh"Þj2 " jAð !D0 ! hþh"Þj2
jAðD0 ! hþh"Þj2 þ jAð !D0 ! hþh"Þj2 ;

(2)

Aind
CPðhþh"Þ ¼

#CP

2

!
y
"########

q

p

########"
########
p

q

########
$
cos’

" x
"########

q

p

########þ
########
p

q

########
$
sin’

%
; (3)

where #CP ¼ þ1 is the CP eigenvalue of the decay final
state and ’ is the CP-violating phase. The time-integrated
asymmetry is then the time integral of Eq. (1) over the
observed distribution of proper decay time [DðtÞ],

ACPðhþh"Þ ¼ Adir
CPðhþh"Þ þ Aind

CPðhþh"Þ
Z 1

0

t

"
DðtÞdt

¼ Adir
CPðhþh"Þ þ

hti
"
Aind
CPðhþh"Þ: (4)

The first term arises from direct and the second one from
indirect CP violation. Since the value of hti depends on
DðtÞ, different values of time-integrated asymmetry could
be observed in different experiments, depending on the

detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to Adir

CP
and Aind

CP. Since the data used in this analysis were collected
with an online event selection (trigger) that imposes re-
quirements on the displacement of the D0-meson decay
point from its production point, our sample is enriched in
higher-valued decay-time candidates with respect to ex-
periments at the B factories. This makes the present mea-
surement more sensitive to mixing-induced CP violation.
In addition, combination of our results with those from
Belle and BABAR provides some discrimination between
the two contributions to the asymmetry.

II. OVERVIEW

In the present work we measure the CP-violating asym-
metry in decays of D0 and !D0 mesons into !þ!" and
KþK" final states. Because the final states are charge-
symmetric, to know whether they originate from a D0 or
a !D0 decay, we need the neutral charm candidate to be
produced in the decay of an identified D(þ or D(" meson.
Flavor conservation in the strong-interaction decay of the
D() meson allows identification of the initial charm flavor
through the sign of the charge of the ! meson: D(þ !
D0!þ and D(" ! !D0!". We refer to D mesons coming
from identifiedD() decays as the tagged sample and to the
tagging pion as the soft pion, !s.
In the data collected by CDF between February 2002

and January 2010, corresponding to an integrated luminos-
ity of about 5:9 fb"1, we reconstruct approximately
215 000 D(-tagged D0 ! !þ!" decays and 476 000
D(-tagged D0 ! KþK" decays. To measure the asymme-
try, we determine the number of detected decays of oppo-
site flavor and use the fact that primary charm and
anticharm mesons are produced in equal numbers by the
CP-conserving strong interaction. The observed asymme-
try is a combination of the contributions from CP violation
and from charge asymmetries in the detection efficiency
between positive and negative soft pions from the D()

decay. To correct for such instrumental asymmetries, ex-
pected to be of the order of a few 10"2, we use two
additional event samples: 5* 106 tagged, and 29* 106

untagged Cabibbo-favored D0 ! K"!þ decays. We
achieve cancellation of instrumental asymmetries with
high accuracy and measure the CP-violating asymmetries
of D0 ! !þ!" and D0 ! KþK" with a systematic un-
certainty of about 10"3.
The paper is structured as follows. In Sec. III we briefly

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The
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Because of the slow mixing rate of charm mesons (x,y~10-2) the time-dependent asymmetry is 
approximated at first order as the sum of two terms: 
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probing more extensive portions of the space of non-SM
physics parameters.

We present measurements of time-integrated
CP-violating asymmetries in the Cabibbo-suppressed
D0 ! !þ!" and D0 ! KþK" decays (collectively re-
ferred to as D0 ! hþh" in this article) using 1.96 TeV
proton-antiproton collision data collected by the upgraded
Collider Detector at Fermilab (CDF II) and corresponding
to 5:9 fb"1 of integrated luminosity. Because the final
states are common to charm and anticharm meson decays,
the time-dependent asymmetry between decays of states
identified as D0 and !D0 at the time of production (t ¼ 0)
defined as

ACPðhþh"; tÞ ¼
NðD0 ! hþh"; tÞ " Nð !D0 ! hþh"; tÞ
NðD0 ! hþh"; tÞ þ Nð !D0 ! hþh"; tÞ

receives contributions from any difference in decay widths
between D0 and !D0 mesons in the chosen final state (direct
CP violation), any difference in mixing probabilities be-
tween D0 and !D0 mesons, and the interference between
direct decays and decays preceded by flavor oscillations
(both indirect CP violation). Because of the slow mixing
rate of charm mesons, the time-dependent asymmetry is
approximated at first order as the sum of two terms,
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where #CP ¼ þ1 is the CP eigenvalue of the decay final
state and ’ is the CP-violating phase. The time-integrated
asymmetry is then the time integral of Eq. (1) over the
observed distribution of proper decay time [DðtÞ],

ACPðhþh"Þ ¼ Adir
CPðhþh"Þ þ Aind

CPðhþh"Þ
Z 1

0

t

"
DðtÞdt

¼ Adir
CPðhþh"Þ þ

hti
"
Aind
CPðhþh"Þ: (4)

The first term arises from direct and the second one from
indirect CP violation. Since the value of hti depends on
DðtÞ, different values of time-integrated asymmetry could
be observed in different experiments, depending on the

detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to Adir

CP
and Aind

CP. Since the data used in this analysis were collected
with an online event selection (trigger) that imposes re-
quirements on the displacement of the D0-meson decay
point from its production point, our sample is enriched in
higher-valued decay-time candidates with respect to ex-
periments at the B factories. This makes the present mea-
surement more sensitive to mixing-induced CP violation.
In addition, combination of our results with those from
Belle and BABAR provides some discrimination between
the two contributions to the asymmetry.

II. OVERVIEW

In the present work we measure the CP-violating asym-
metry in decays of D0 and !D0 mesons into !þ!" and
KþK" final states. Because the final states are charge-
symmetric, to know whether they originate from a D0 or
a !D0 decay, we need the neutral charm candidate to be
produced in the decay of an identified D(þ or D(" meson.
Flavor conservation in the strong-interaction decay of the
D() meson allows identification of the initial charm flavor
through the sign of the charge of the ! meson: D(þ !
D0!þ and D(" ! !D0!". We refer to D mesons coming
from identifiedD() decays as the tagged sample and to the
tagging pion as the soft pion, !s.
In the data collected by CDF between February 2002

and January 2010, corresponding to an integrated luminos-
ity of about 5:9 fb"1, we reconstruct approximately
215 000 D(-tagged D0 ! !þ!" decays and 476 000
D(-tagged D0 ! KþK" decays. To measure the asymme-
try, we determine the number of detected decays of oppo-
site flavor and use the fact that primary charm and
anticharm mesons are produced in equal numbers by the
CP-conserving strong interaction. The observed asymme-
try is a combination of the contributions from CP violation
and from charge asymmetries in the detection efficiency
between positive and negative soft pions from the D()

decay. To correct for such instrumental asymmetries, ex-
pected to be of the order of a few 10"2, we use two
additional event samples: 5* 106 tagged, and 29* 106

untagged Cabibbo-favored D0 ! K"!þ decays. We
achieve cancellation of instrumental asymmetries with
high accuracy and measure the CP-violating asymmetries
of D0 ! !þ!" and D0 ! KþK" with a systematic un-
certainty of about 10"3.
The paper is structured as follows. In Sec. III we briefly

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The
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tween D0 and !D0 mesons, and the interference between
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where #CP ¼ þ1 is the CP eigenvalue of the decay final
state and ’ is the CP-violating phase. The time-integrated
asymmetry is then the time integral of Eq. (1) over the
observed distribution of proper decay time [DðtÞ],
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indirect CP violation. Since the value of hti depends on
DðtÞ, different values of time-integrated asymmetry could
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CP. Since the data used in this analysis were collected
with an online event selection (trigger) that imposes re-
quirements on the displacement of the D0-meson decay
point from its production point, our sample is enriched in
higher-valued decay-time candidates with respect to ex-
periments at the B factories. This makes the present mea-
surement more sensitive to mixing-induced CP violation.
In addition, combination of our results with those from
Belle and BABAR provides some discrimination between
the two contributions to the asymmetry.

II. OVERVIEW

In the present work we measure the CP-violating asym-
metry in decays of D0 and !D0 mesons into !þ!" and
KþK" final states. Because the final states are charge-
symmetric, to know whether they originate from a D0 or
a !D0 decay, we need the neutral charm candidate to be
produced in the decay of an identified D(þ or D(" meson.
Flavor conservation in the strong-interaction decay of the
D() meson allows identification of the initial charm flavor
through the sign of the charge of the ! meson: D(þ !
D0!þ and D(" ! !D0!". We refer to D mesons coming
from identifiedD() decays as the tagged sample and to the
tagging pion as the soft pion, !s.
In the data collected by CDF between February 2002

and January 2010, corresponding to an integrated luminos-
ity of about 5:9 fb"1, we reconstruct approximately
215 000 D(-tagged D0 ! !þ!" decays and 476 000
D(-tagged D0 ! KþK" decays. To measure the asymme-
try, we determine the number of detected decays of oppo-
site flavor and use the fact that primary charm and
anticharm mesons are produced in equal numbers by the
CP-conserving strong interaction. The observed asymme-
try is a combination of the contributions from CP violation
and from charge asymmetries in the detection efficiency
between positive and negative soft pions from the D()

decay. To correct for such instrumental asymmetries, ex-
pected to be of the order of a few 10"2, we use two
additional event samples: 5* 106 tagged, and 29* 106

untagged Cabibbo-favored D0 ! K"!þ decays. We
achieve cancellation of instrumental asymmetries with
high accuracy and measure the CP-violating asymmetries
of D0 ! !þ!" and D0 ! KþK" with a systematic un-
certainty of about 10"3.
The paper is structured as follows. In Sec. III we briefly

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The

MEASUREMENT OF CP-VIOLATING ASYMMETRIES IN . . . PHYSICAL REVIEW D 85, 012009 (2012)

012009-5

defined as the asymmetry 
between D0 and antiD0 

effective lifetimes 

Capitolo 1

Esercitazione

1.1 Caduta di un grave in sistema non inerziale

Si consideri il moto di un grave che viene lasciato cadere da un’altezza h tenendo conto della

rotazione della Terra con velocità angolare !.

a) Detta

~

V (t) la velocità in assenza degli e↵etti di rotazione, e ~v(t) la velocità vera, scrivere

l’equazione di↵erenziale per

~

� = ~v � ~

V , trascurando i termini di secondo ordine in !.

b) Sempre al primo ordine in !, calcolare lo spostamento (in direzione e modulo) nel piano oriz-

zontale rispetto al filo a piombo al momento dell’arrivo a terra per h = 10 m e considerando

il corpo all’equatore.

Soluzione

|D1,2i = q |D0i± p | ¯D0i (|q|2 + |p|2) = 1,� = arg (q/p)

x ⌘ 2(m2 �m2)/(�1 + �2)
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5

CPV in the mixing |q/p| ≠ 1 CPV in the interference 𝜑f ≠ 0,π 

Full Run 1 data sample (3fb-1).  
D0 flavor inferred with strong D*+→D0π+ decay.

Neglecting subleading amplitudes AΓ is 
independent of the final state f. Furthermore, in 
the absence of CP violation in mixing, it can be 
found that AΓ = −x sin𝜑 —> |AΓ|≤|x|<5x10-3.

MagDown 2012 MagDown 2012

Subsample D0! K�⇡+ D0! K+K� D0! ⇡+⇡�

2011 MagUp 10.7 1.2 0.4
2011 MagDown 15.5 1.7 0.5
2012 MagUp 30.0 3.3 1.0
2012 MagDown 31.3 3.4 1.1
Total 87.5 9.6 3.0

[106]



Figure 1: The time-integrated D0⇡+

s

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

The numbers of RS and WS signal candidates in each decay time bin are determined
from fits, from which the observed WS to RS ratios are calculated. To measure the mixing
and CPV parameters, the time-dependence of these ratios is fit by minimizing
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Here, r±
i

is the measured WS±/RS± ratio for either the D⇤+(D0) or the D⇤�(D0) sample
with error �±

i

in a decay time bin t
i

and eR(t
i

) is the value of R(t)±
pred

averaged over the
bin. The fit accounts for uncertainties in the relative K±⇡⌥ tracking and reconstruction
e�ciencies and rates of peaking backgrounds using Gaussian constraints (�2

✏

+ �2

peaking

+
�2

other

). The term �2

other

is explicitly zero in the DT analysis, but is needed for the
simultaneous fit to the DT and prompt datasets. The statistical uncertainties reported by
the fit therefore include the uncertainties associated with how precisely these factors are
determined.

Three fits are performed using this framework. First, we fit the data assuming CP
symmetry in the formalism of Eq. 4 (i.e. R+ = R�, (x0+)2 = (x0�)2 and y0+ = y0�).
Second, we fit the data requiring CP symmetry in the CF and DCS amplitudes (i.e.
R+ = R�), but allow CPV in the mixing parameters themselves ((x0±)2 and y0±). Finally,
we fit the data allowing all the parameters to float freely.

6 Relative e�ciencies

The relative e�ciency ✏
r

, used in Eq. 5, accounts for instrumental asymmetries in the
K⌥⇡± reconstruction e�ciencies. The largest source of these is the di↵erence between

5

Charm mixing and CPV in 
D0→K∓π±(WS/RS)

• Full Run 1 data sample (3fb-1) . 

• Use Doubly-Tagged (DT) D* decays 
(B→D*+μ⎼X→[D0π+]μ⎼X,D0  →Kπ) resulting in 
a very pure sample. 

• Much lower statistics than “prompt” decays 
(D*+→D0π+,D0  →Kπ), but it covers a 
complementary region in decay time.
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CP violation has not yet been observed in the charm sector

Improve understanding of mixing in the charm sector
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Time-dependent measurement of the R(t)=WS/RS(t)

1.7×106 RS 6.7×103 WS 



Charm mixing and CPV in 
D0→K∓π±(WS/RS)

• R+(t) and R
-
(t) for initially produced D0 and antiD0 mesons. 

• Direct CPV occurs if RD
+≠ RD

−.   

• CPV in mixing and interference occurs if x’+≠x’− and y’+≠y’− . 
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Figure 3: E�ciency-corrected data and fit projections for the DT (red open circles) and prompt
(black filled circles) samples. The top plot shows the D0 (R+(t)) samples. The middle plot shows
the D0 (R�(t)) samples. The bottom plot shows the di↵erence between the top and middle plots.
In all cases, the error bars superposed on the data points are those from the �2 minimization fits
without accounting for additional systematic uncertainties. The projections shown are for fits
assuming CP symmetry (solid blue), allowing no direct CPV (dash-dotted green), and allowing
all forms of CPV (dashed magenta). Bins are centered at the average t/⌧ of the bin.

WS D0 and D0 requires the use of independent measurements, as these variables appear
in the WS/RS ratios only in combination with the strong phase di↵erence � and with
x and y, as seen in Eqs. 2 and 3. When the results are combined with independent
measurements, as done by the Heavy Flavor Averaging Group [2], the precision of the
constraints on |q/p|� 1 approximately scale with the precision of the di↵erence in WS/RS
ratios at high decay time divided by the average increase. Utilizing theoretical constraints
such as Eq. 1, in addition to the experimental data, the precision on |q/p| improves by
about a factor of four [2].

9 Summary

In summary, the analysis of mixing and CPV parameters using the DT D0 ! K⌥⇡± sam-
ples provides results consistent with those of our earlier prompt analysis. Simultaneously
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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

R
D

[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

R
D

[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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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

R
D

[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

R
D

[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

11

World best measurement of charm mixing parameters. Results 
consistent with conservation of CP symmetry.  Precision improves 
by 10-20% wrt prompt-only data sample.
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where AP is the asymmetry in the production of D±
(s) mesons in high-energy pp collisions in

the LHCb acceptance, and AD arises from the di↵erence in detection e�ciencies between
positively and negatively charged hadrons.

These e↵ects are studied using control decay modes for which A
CP

is known precisely.
The control decays, which have similar decay topologies as the signal decays, are the
Cabibbo-favoured D± ! K0

S⇡
± and D±

s

! �⇡± decays for D± ! ⌘0⇡± and D±
s

! ⌘0⇡±,
respectively. The CP asymmetries in these control decays have been measured at the 10�3

level by the Belle and D0 collaborations [12, 13].
The di↵erences between the CP asymmetries measured in the D±

(s) ! ⌘0⇡± decays and
in the corresponding control channels are defined as
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These equations assume that the kinematic distributions of the pion and of the D(s)

meson are similar in the signal and control channels, so that detection and production
asymmetries largely cancel in the di↵erence. The uncertainty associated to this assumption
is discussed in Sec. 5. The A(K0 �K0) term in Eq. 3 represents the kaon asymmetry in
D± ! K0

S⇡
± decays, which arises from regeneration and from mixing and CP violation in

the K0 �K0 system. This contribution is estimated using simulations, as described in
Ref. [9], to be (�0.08 ± 0.01)%. The CP asymmetry in the singly-Cabibbo-suppressed
D± ! ⌘0⇡± decay is therefore given by

A
CP

(D± ! ⌘0⇡±) ⇡ �A
CP

(D± ! ⌘0⇡±) +A
CP

(D± ! K0
S⇡

±). (4)

Similarly, the CP asymmetry for the Cabibbo-favoured D±
s

! ⌘0⇡± decay is approximated
as

A
CP

(D±
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! ⌘0⇡±) ⇡ �A
CP

(D±
s

! ⌘0⇡±) +A
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(D±
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3 Detector

The LHCb detector [14, 15] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes placed downstream of the
magnet. The polarity of the dipole magnet is reversed periodically throughout data taking.
The configuration with the magnetic field vertically upwards (downwards) bends positively
(negatively) charged particles in the horizontal plane towards the centre of the LHC. The
tracking system provides a measurement of momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c. The
minimum distance of a track to a primary vertex (PV), the impact parameter (IP), is mea-
sured with a resolution of (15 + 29/pT)µm, where pT is the component of the momentum
transverse to the beam, in GeV/c. Di↵erent types of charged hadrons are distinguished
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according to the fit model. No significant bias on the fitted asymmetries is found. The
statistical uncertainty in the determination of the bias is taken as a systematic uncertainty.

A systematic uncertainty is introduced for the background contributions neglected in
the measurement of the raw asymmetries for the D± ! K0

S⇡
± and D±

s

! �⇡± control
decays, and for the neglected fraction of D±

(s) signal leaking into the sidebands. The

di↵erence of raw asymmetries in �A
CP

(D± ! ⌘0⇡±) is corrected for the K0 asymmetry [9]
and an associated systematic uncertainty equal to the applied correction is included.

The D±
(s) production asymmetry may show a dependence on pT and ⌘ of the charm

meson. Therefore, the cancellation of production e↵ects in �A
CP

may be partial, since
D±

(s) kinematic distributions are di↵erent for signal and control channels. To estimate

this e↵ect, in each bin of the bachelor-pion kinematic distribution, the D± ! K0
S⇡

± and
D±

s

! �⇡± candidates are given a weight depending on either the pT or the ⌘ value of
the D±

(s) meson, to reproduce the D±
(s) kinematic distribution of signal candidates. The

e↵ect on �A
CP

is assigned as a systematic uncertainty.
The �A

CP

results are stable when the requirements on the bachelor-pion particle
identification and track quality are tightened, when the constraints on the parameters
of the combinatorial background component are removed from the fit to D±

(s) ! ⌘0⇡±

candidates, and when the asymmetries in the signal and control decays are extracted
without binning the bachelor-pion kinematic distribution. The stability of �A

CP

is also
investigated as a function of beam energy and hardware trigger decision. No significant
dependence is observed, as shown in Fig. 4.

7 Results and summary

Using pp collision data collected by the LHCb experiment at centre-of-mass energies of
7 and 8 TeV, the di↵erences in CP asymmetries between D± ! ⌘0⇡± and D± ! K0

S⇡
±

decays, and between D±
s

! ⌘0⇡± and D±
s

! �⇡± decays, are measured to be

�A
CP

(D± ! ⌘0⇡±) = (�0.58± 0.72± 0.55)%,

�A
CP

(D±
s

! ⌘0⇡±) = (�0.44± 0.36± 0.24)%.

In all cases, the first uncertainties are statistical and the second are systematic.
Using the previously measured values of the CP asymmetries in con-

trol decays, A
CP

(D± ! K0
S⇡

±) = (�0.024 ± 0.094 ± 0.067)% [12] and
A

CP

(D±
s

! �⇡±) = (�0.38± 0.26± 0.08)% [13], the individual CP asymmetries are found
to be

A
CP

(D± ! ⌘0⇡±) = (�0.61± 0.72± 0.55± 0.12)%,

A
CP

(D±
s

! ⌘0⇡±) = (�0.82± 0.36± 0.24± 0.27)%,

where the last contribution to the uncertainty comes from the A
CP

(D± ! K0
S⇡

±) and
A

CP

(D±
s

! �⇡±) measurements.
The measured values show no evidence of CP violation, and are consistent with SM

expectations [35–37] and with previous results obtained in e+e� collisions [10,11]. The
results represent the most precise measurements of these quantities to date.

10

Full Run 1 data sample, N(D±)=63k and N(Ds
±)=152k. 

Measurement with respect to reference channels in 
order to cancel production and detection asymmetries. 
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Figure 2: Mass distribution of ⌘0⇡± candidates, combined over all kinematic bins, pp centre-of-
mass energies, and hardware trigger selections, for (a) positively and (b) negatively charged
D±

(s) candidates. Points with errors represent data, while the curves represent the fitted model

(solid), the D±
s

! �3⇡⇡± (dashed) and D± ! �3⇡⇡± (long-dashed) components, and the sum of
all background contributions (dotted), including combinatorial background. Residuals divided
by the corresponding uncertainty are shown under each plot.

ground from non-prompt D±
(s) mesons, originating from the decay of a b hadron. The

remaining secondary D±
(s) mesons may introduce a bias in the measured CP asymmetries

due to a di↵erence in the production asymmetries for b hadrons and D±
(s) mesons. This

bias might not cancel in the di↵erence of measured asymmetries for signal and control
channels, due to di↵erences in the final-state reconstruction. In order to investigate
this bias, the D±

(s) production asymmetries in D±
(s) ! ⌘0⇡± decays are modified using

A0
P = (AP + fAb

P)/(1 + f), where f is the fraction of secondary D±
(s) candidates in a

Table 1: Systematic uncertainties (absolute values in %) on �A
CP

. The total systematic
uncertainty is the sum in quadrature of the individual contributions.

Source �[�A
CP

(D±)] �[�A
CP

(D±
s

)]
Non-prompt charm 0.03 0.03
Trigger 0.09 0.09
Background model 0.50 0.19
Fit procedure 0.16 0.09
Sideband subtraction 0.03 0.02
K0 asymmetry 0.08 �
D±

(s) production asymmetry 0.07 0.02

Total 0.55 0.24

7

bachelor pion

D+

p

anti-p

π+

π+

𝜸

Most precise  measurement of CP asymmetries in  
D+(s)➝𝜂’π+ decays to date. Previous measurements 
at e+e− machines error>1%.

First time measurement of CPV in charm with neutrals at LHCb.
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3.2. LHCb ExperimentCHAPTER 3 3.4. THE ONLINE SYSTEM

Figure 3.5: Trigger flow of the LHCb experiment illustrating trigger selections and typical event–
accept rates after each stage.

to have large flight distance and high transverse momentum. Exclusive trigger selections aim
at specific b hadron decays. They require all decay products to be reconstructed and impose
stringent requirements on quantities such as the candidate mass. Their event–accept rates are
usually modest but the associated event samples can hardly be used for channels different from
those they target. Accepted events at the first and second level are finally written to storage.

All stored events are then processed offline, using more sophisticated algorithms and adding
the latest alignment and calibration information. Offline reconstructed events are then divided
into separate streams targeted at studying subsets of interesting physics channels, such as the b

or c hadron streams, which are the starting point of the physics analysis.
Typical high–level trigger event–accept rates in 2011, at a luminosity of 3.5 � 1032cm�2s�1

and with 1296 bunches colliding in LHCb, were 30 kHz for the first level and 3 kHz for the second
level [28]. A diagram of the trigger flow is shown in Fig. 3.5.

3.4 The online system

The online system [33] includes all the processes necessary to transfer data from the front–end
boards to permanent storage. It consists of three main components: the data acquisition system,
the timing and fast control system, and the experiment control system, which are schematically
shown in Fig. 3.6.

47

Figure 3.17 – Illustration of the trigger scheme of the LHCb experiment.

L0 Muon It uses information coming from the hits in the five muon chambers to identify high
transverse momentum muons. Chambers are divided into fields of interest, hits in the
same field of interest from different chambers are connected to form muon segments.
The reconstructed segments are then extrapolated to the nominal interaction point and
a value for the transverse momentum of the muon is estimated. Two classes of events
are accepted: events where at least one muon candidate has a transverse momentum
greater than a threshold and events where a muon pair with the product of transverse
momenta exceeding a given threshold.

L0 Hadron It uses the information of HCAL. Hadronic showers are identified and their trans-
verse energy is measured. The transverse energy is calculated in a cluster of 2£2 cells
as

ET =
4X

i=1
Ei sinµi ,

where Ei is energy deposited in the cell i and µi is the angle between the beam axis
and the direction of a neutral particle, assumed to come from the mean position of the
interaction point. An event is accepted if at least one cluster with transverse energy
greater than a given threshold is present. The threshold for ET during 2011 (2012)
data-taking period was 3.5GeV (3.7GeV).

L0 Photon/Electron It uses the electromagnetic calorimeter ECAL, the PS and the SPD detec-
tors, working as the L0 Hadron trigger described above.
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