
Michael J. Morello 
INFN and Scuola Normale Superiore, Pisa (Italy) 
On behalf of LHCb Collaboration 

INFN-SNS-UniPi Seminar, March 27th, 2019
 1

Observation of CP violation 
in charm decays 



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. CKM quark-mixing matrix 1

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. 



Why charm is charming?

• CPV not yet observed (until today) in charm and predicted to be “small” within SM. 

- SM expectations lie in the range of 10-3 −10-4.  

• 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 antiparticle are identical). 

• Complementarity to B and K mesons.

 4

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



Charm Mixing
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First hints from Babar/Belle in 2007. Very slow rate x ≤ 10-2 and y ≃10-2.Chapter 1. Theory and motivations

0 1 2 3 4 5 6

�t

10
�7

10
�6

10
�5

10
�4

10
�3

10
�2

10
�1

10
0

P
ro

b.
Prob(D0 ! D0)
Prob(D0 ! D

0)
exp(��t)

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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CP violation in mixing 
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)



Experimental status on D0 mixing
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LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 20Angelo$Carbone

Current'experimental'status'on'!" mixing'

no mixing

no mixing
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Mixing well established. Charm mixing parameters are small < 10-2  



Measurement of the mass difference 
between neutral charm-meson eigenstates 

with D0 →K0sπ+π− decay. (Run 1, 3fb-1)
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Figure 5: Impact of the results reported in this Letter on current global averages of charm-mixing
parameters. The hatched and shaded areas in the bottom panels indicate the 68% and 95%
confidence regions, respectively.
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LHCB-PAPER-2019-001 [arXiv:1903.03074] 
New for Winter 

Conferences

Most precise determination of x from a single experiment. Combination with 
current global knowledge provides x > 0 at more than 3σ level ⟹ first  evidence 
that the masses of the neutral  charm meson  eigenstates differ. 
 



CPV in the decay
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CPV observables
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CPV in the decay (“direct”) is the topic of today’s seminar
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The intensity frontier

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

- note, with no background: 𝜎(ACP)≈1/sqrt(N) 

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

• Slow mixing rate ask also for large samples enriched at 
higher lifetime values. 
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LHCb-CONF-2016-005

D0→K_π+

630M
Run 1

At the LHC, the production cross section of charm is ~ 20 times larger 
than the beauty one: 

k = 1/
q
p2x + p2y

✓x = arctan(px/pz)

✓y = arctan(py/pz)

n+(k, ✓x, ✓y)

n�(k,�✓x, ✓y)
(1)

⇤q = V ⇤
cqVuq (q 2 d, s, b)

�(pp ! cc̄X) = 1419± 134 µb @
p
s = 7TeV

�(pp ! cc̄X) = 2840± 226 µb @
p
s = 13TeV [J. High Energ. Phys. (2017) 74] 

[Nucl. Phys. B871 (2013) 1520] 

Produced ~5x1012 D0 (~1012 D*+) mesons per year at L= 4x1032 cm–2s–1.  
More than 1 billion of  D0 → Kπ decays in the full LHCb data sample. 



The LHCb 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 (2015-2018) performances are even better (TURBO). [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 



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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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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W
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u
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d

u

Vcs

V §
ud

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

W

u
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Vcd

V §
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Search for direct CP Violation with 
D0➝K+K− and D0➝π+π− decays 

with Run 2 data 
  

 (+ Run 1 combination)
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Paper link: LHCb-PAPER-2019-006,arXiv:1903.08726 
talk at Moriond EW (Federico Betti) 
CERN Seminar  (Angelo Carbone) 

http://cds.cern.ch/record/2668357/
https://arxiv.org/abs/1903.08726
http://moriond.in2p3.fr/2019/EW/slides/5_Thursday/1_morning/4_betti_federico_v4.pdf
https://indico.cern.ch/event/807176/attachments/1813407/2967809/CharmCPV_seminar.pdf
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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: 

The time-integrated asymmetry is the integral over the “experimental” observed 
distribution of proper decay time D(t): 
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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 (assumed to be universal above) 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. 

• Experimentally very clean because of cancellation of instrumental and 
production asymmetries (well suited for LHCb). 

Direct CPV: ΔACP(D0➝h+h−)
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Experimental status  
(before March 21st )

 16

HFLAV 2016 arXiv:1612.07233 [hep-ex]  
https://hflav.web.cern.ch

Figure 198: 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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D*-tagged (or π-tagged) μ-tagged

K+K- and π+π- are CP-eigenstates ⟹ D0 flavour cannot be inferred 
from its decay products.  Production mechanism is exploited. 
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with f=K+K−,π+π− 

first, a direct component coming from CP violation in the decay amplitudes, and second,164

an indirect component stemming from CP violation in mixing or from the interference of165

mixing and decay.166

The time-dependent asymmetry can be written as [10]:167

ACP (f ; t) = adirCP (f)�
t

⌧
A�, (2)

where adirCP is the direct CP asymmetry, ⌧ is the D0 lifetime, and A� = (�̂�
ˆ̄�)/(�̂+ ˆ̄�),168

where �̂(ˆ̄�) is the e↵ective inverse lifetime in decays of D0 (D0). It can also be expressed169

as:170

A� = �aindCP � adirCP · yCP (3)

where aindCP is the indirect CP asymmetry and yCP is the deviation from unity of the171

ratio of the e↵ective lifetime in the decay mode D0
! K�⇡+ and D0

! K�K+ ,172

yCP = (�̂ �
ˆ̄�)/2�. To a good approximation, aindCP is channel-independent [11, 12].173

The time-integrated asymmetry measured by an experiment, ACP (f), depends upon the174

decay-time acceptance of that experiment. It can be written as175

ACP (f) = adirCP (f)�
hti

⌧
A�, (4)

where hti denotes the true average decay time in the reconstructed sample.176

Denoting by � the di↵erences between quantities for D0
! K�K+ and D0

! ⇡�⇡+,177

it is then possible to write [13]178

�ACP ⌘ ACP (K
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= adirCP (K
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⌧
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⌧

⇡

 
1 +

hti

⌧
· yCP

!
·�adirCP �

� hti

⌧
· A�

(5)

where the following equations were used: A�(f) = A� ±
1
2�A�, htif = hti± 1

2� hti and179

�A� = ��adirCP ·yCP . In Eq. 5, A� ⇡ �aindCP . In the limit of a vanishing �hti or aindCP , �ACP180

is equal to the di↵erence in the direct CP asymmetry between the two decays. However,181

if the decay-time acceptance is di↵erent for the K�K+ and ⇡�⇡+ final states, a possible182

contribution from indirect CP violation remains. This is addressed in Section 8.183

In this note, it is reported the search for direct CP violation usingD0 mesons where their184

flavour it is determined looking at the pion charge in the D⇤+
! D0⇡+ and D⇤�

! D0⇡�
185

prompt decays, and at the muon charge in the decays B! D0µ�⌫µX and B! D0µ+⌫µX186

semileptonic decays. Hereafter they are referred as the prompt and semileptonic mode,187

respectively.188

The raw asymmetry measured for pion-tagged D0 decays to a final state f is:189

A⇡�tagged
raw (f) =

ND⇤+(f)�ND⇤�(f)

ND⇤+(f) +ND⇤�(f)
, (6)

7

where N is to the number of reconstructed candidates  
after background subtraction.  

where ND⇤+ and ND⇤� are the number of reconstructed events after background subtraction.190

In the case of muon-tagged D0 decays to a final state f the same quantity is defined as:191

Aµ�tagged
raw (f) =

ND0(f)�ND0(f)

ND0(f) +ND0(f)
, (7)

The raw asymmetries at the first order can be written as sum of components that are192

due to CP violation, D⇤+ or B production asymmetry and detector e↵ects:193

A⇡�tagged
raw (f) = ACP (f) + AD(f) + AD(⇡

+
s ) + AP (D

⇤+),

Aµ�tagged
raw (f) = ACP (f) + AD(f) + AD(µ

�) + AP,e↵(B),
(8)

where AD(f) is the detection asymmetry of the final state f , AD(⇡+
s ) (AD(µ�)) is the194

detection asymmetry of the slow pion (muon) from the D⇤+ decay (semileptonic B decay),195

and AP (D⇤+) (AP,e↵(B)) is the production asymmetry of the D⇤+ (D0 originated from196

semileptonic B decay) mesons. The asymmetries AD(µ) and AP are defined in the same197

fashion as Araw. Since both K�K+ and ⇡�⇡+ final states are self-conjugate, the detection198

asymmetries AD(K�K+) and AD(⇡�⇡+) are both zero. The expected magnitude of the199

production asymmetry of D⇤+ and D0 originated from semileptonic B decay are about200

1% [14, 15] (assuming in the case of D⇤+, its production asymmetry to be ⇡ AP (D±)).201

In the case of slow pion and muon detection asymmetries are expected to be below202

1.0% [16, 17]. The slow pion (muon) detection asymmetry and the D⇤+ (D0 originated203

from semileptonic B decay) production asymmetry, in any given kinematic region, are204

independent of the final state f and cancel up to O(10�6) in the di↵erence between the205

two raw asymmetries:206

Ai
raw(K

�K+)� Ai
raw(⇡

�⇡+) =�Ai
CP . (9)

However, the nuisance asymmetries AD(⇡+
s ), AD(µ+), AP (D⇤+) and AP,e↵(D0) can vary207

as a function of kinematics. e.g. the production asymmetry can vary as function of208

soft pion or muon transverse momentum and pseudorapidity. If these distributions are209

di↵erent between the two decay modes, the nuisance asymmetries will not fully cancel in210

the di↵erence. To remove any residual second order e↵ect, a reweighting technique is used211

to equalise the relevant kinematic distributions.212

The observable �ACP is robust against detector systematics and production asym-213

metries (up to the current level of precision) and is sensitive to direct and indirect CP214

violation as shown in Eq. 5. The description of the previous results using RUN-1 data for215

pion- and muon-tagging D0 mesons are reported in Ref. [18] and Ref. [19], respectively.216

3 Data sample and selection217

The analysis is based on the data recorded by LHCb using the so-called Turbo trigger218

lines [20]. In the case of the prompt mode, the analysis is based on the data samples219

collected during the Run 2 campaign of data taking, while in the case of the semileptonic220

mode, as the corresponding Turbo trigger line was introduced later, only the 2016, 2017221

and 2018 data are used. However, considering that the prompt analysis has a precision222

three times better than the semileptonic one and due to the limited statistics of 2015,223

8

CP asymmetry Any charge-dependent 
asymmetry in slow pion 

reconstruction 

D*+ production 
asymmetry



 The raw CP asymmetry 

 19

with f=K+K−,π+π− 

where N is to the number of reconstructed candidates  
after background subtraction.  

CP asymmetry Any charge-dependent 
asymmetry in muon 

reconstruction 

D effective production 
asymmetry (from B)

where ND⇤+ and ND⇤� are the number of reconstructed events after background subtraction.190

In the case of muon-tagged D0 decays to a final state f the same quantity is defined as:191
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to equalise the relevant kinematic distributions.212
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metries (up to the current level of precision) and is sensitive to direct and indirect CP214

violation as shown in Eq. 5. The description of the previous results using RUN-1 data for215

pion- and muon-tagging D0 mesons are reported in Ref. [18] and Ref. [19], respectively.216
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In the case of muon-tagged D0 decays to a final state f the same quantity is defined as:191

Aµ�tagged
raw (f) =

ND0(f)�ND0(f)

ND0(f) +ND0(f)
, (7)

The raw asymmetries at the first order can be written as sum of components that are192

due to CP violation, D⇤+ or B production asymmetry and detector e↵ects:193

A⇡�tagged
raw (f) = ACP (f) + AD(f) + AD(⇡

+
s ) + AP (D

⇤+),

Aµ�tagged
raw (f) = ACP (f) + AD(f) + AD(µ

�) + AP,e↵(B),
(8)

where AD(f) is the detection asymmetry of the final state f , AD(⇡+
s ) (AD(µ�)) is the194

detection asymmetry of the slow pion (muon) from the D⇤+ decay (semileptonic B decay),195

and AP (D⇤+) (AP,e↵(B)) is the production asymmetry of the D⇤+ (D0 originated from196

semileptonic B decay) mesons. The asymmetries AD(µ) and AP are defined in the same197

fashion as Araw. Since both K�K+ and ⇡�⇡+ final states are self-conjugate, the detection198

asymmetries AD(K�K+) and AD(⇡�⇡+) are both zero. The expected magnitude of the199

production asymmetry of D⇤+ and D0 originated from semileptonic B decay are about200

1% [14, 15] (assuming in the case of D⇤+, its production asymmetry to be ⇡ AP (D±)).201

In the case of slow pion and muon detection asymmetries are expected to be below202

1.0% [16, 17]. The slow pion (muon) detection asymmetry and the D⇤+ (D0 originated203

from semileptonic B decay) production asymmetry, in any given kinematic region, are204

independent of the final state f and cancel up to O(10�6) in the di↵erence between the205

two raw asymmetries:206

Ai
raw(K

�K+)� Ai
raw(⇡

�⇡+) =�Ai
CP . (9)

However, the nuisance asymmetries AD(⇡+
s ), AD(µ+), AP (D⇤+) and AP,e↵(D0) can vary207

as a function of kinematics. e.g. the production asymmetry can vary as function of208

soft pion or muon transverse momentum and pseudorapidity. If these distributions are209

di↵erent between the two decay modes, the nuisance asymmetries will not fully cancel in210

the di↵erence. To remove any residual second order e↵ect, a reweighting technique is used211

to equalise the relevant kinematic distributions.212

The observable �ACP is robust against detector systematics and production asym-213

metries (up to the current level of precision) and is sensitive to direct and indirect CP214

violation as shown in Eq. 5. The description of the previous results using RUN-1 data for215

pion- and muon-tagging D0 mesons are reported in Ref. [18] and Ref. [19], respectively.216

3 Data sample and selection217

The analysis is based on the data recorded by LHCb using the so-called Turbo trigger218

lines [20]. In the case of the prompt mode, the analysis is based on the data samples219

collected during the Run 2 campaign of data taking, while in the case of the semileptonic220

mode, as the corresponding Turbo trigger line was introduced later, only the 2016, 2017221

and 2018 data are used. However, considering that the prompt analysis has a precision222

three times better than the semileptonic one and due to the limited statistics of 2015,223
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• No detection asymmetry, by construction, for D0 decay to K+K− and 
π+π−  CP eigenstates. 

• The D*+ production asymmetry and slow pion detection asymmetry 
cancel out in the π-tagged sample. 

• The D0 effective production asymmetry (from B production asymmetry) 
and the muon detection asymmetry cancel out in the μ-tagged sample. 

• For both samples one gets at very high level of precision:

ΔACP observable
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• Reconstruction performed online Turbo Stream [Comput. Phys. Commun. 208 (2016) 35]. 

• Requirements placed on: 

- pT of tracks and D0 ;  

- IP of tracks and D0. 

- quality and PID information of tracks; 

- D0 vertex quality; 

- m(D0) for pion-tagged and m(D0μ) for mu-tagged.  

- Additional requirements placed on for μ-tagged candidates:  

• Corrected mass:  

• Candidates are further filtered with a MVA using as input the quality of the vertices, the 
D0 flight distance, the IP and the pT of the particles.

Data sample selection

 21

software stages. In the first software stage, events used in this analysis are selected if
at least one track has large transverse momentum and is incompatible with originating
from any PV, or if any two-track combination forming a secondary vertex, consistent
with that of a D0 decay, is found in the event by a multivariate algorithm [43, 44]. In
between the first and second software stages, detector alignment and calibration are
performed and updated constants are made available to the software trigger [45]. In
the second stage, D0 candidates are fully reconstructed using kinematic, topological and
particle-identification (PID) criteria. Requirements are placed on: the D0 decay vertex,
which must be well separated from all PVs in the event; the quality of reconstructed
tracks; the D0 transverse momentum; the angle between the D0 momentum and its
flight direction; PID information; and the impact-parameter significances (�2

IP) of the
D0 decay products with respect to all PVs in the event, where the �2

IP is defined as
the di↵erence between the �2 of the PV reconstructed with and without the considered
particle. In the analysis of the µ-tagged sample, B candidates are formed by combining a
D0 candidate with a muon under the requirement that they are consistent with originating
from a common vertex. In addition, requirements on the invariant mass of the D0µ
system, m(D0µ), and on the corrected mass (mcorr) are applied. The corrected mass
partially recovers the missing energy of the unreconstructed particles and is defined as
mcorr ⌘

p
m(D0µ)2 + p?(D0µ)2 + p?(D0µ), where p?(D0µ) is the momentum of the D0µ

system transverse to the flight direction of the b hadron, determined from the primary
and D0µ vertices.

In the o✏ine selection, trigger signals are associated to reconstructed particles. Selection
requirements are applied on the trigger decision, taking into account the information on
whether the decision was taken due to the signal decay products or to other particles
produced in the event. Fiducial requirements are imposed to exclude kinematic regions
characterized by large detection asymmetries for the tagging pion or muon. Large
asymmetries occur in certain kinematic regions because, for a given magnet polarity,
low-momentum particles of one charge at large or small polar angles in the horizontal
plane may be deflected out of the detector or into the (uninstrumented) LHC beam pipe,
whereas particles with the other charge are more likely to remain within the acceptance.
About 35% and 10% of the selected candidates are rejected by these fiducial requirements
for the ⇡-tagged and µ-tagged samples, respectively. For ⇡-tagged mesons, the D0 and
pion candidates are combined to form D⇤+ candidates by requiring a good fit quality of
the D⇤+ vertex and the invariant mass of D0 candidates to lie within a range of about
±3 standard deviations around the known D0 mass. The D⇤+ vertex is determined as a
common vertex of D0 and tagging ⇡+ candidates, and is constrained to coincide with the
nearest PV [46].

For µ-tagged mesons, the B candidates are further filtered using a dedicated boosted
decision tree (BDT) to suppress the combinatorial background due to random combinations
of charged kaon or pion pairs not originating from a D0 decay. The variables used in the
BDT to discriminate signal from combinatorial background are: the fit quality of the
D0 and the B decay vertices; the D0 flight distance; the D0 impact parameter, i.e., the
minimum distance of its trajectory to the nearest PV; the transverse momenta of the D0

decay products, the significance of the distance between the D0 and B decay vertices;
the invariant mass m(D0µ) and the corrected mass mcorr. To suppress background from
b-hadron decays to cc⇡±X (ccK±X), where the cc resonance decays to a pair of muons,
D0 candidates are vetoed if the invariant mass of the µ⌥⇡± (µ⌥K±) pair, where the

3



Fiducial selection
• For some regions of phase space the soft pion of a specific charge is kicked 

out from the detector acceptance by the magnetic field.  

• This breaks the assumption that the raw asymmetries are small.
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• For some regions of phase space, the soft pion of a specific charge is 
kicked out from the detector acceptance by the magnetic field

• This breaks the assumption that the raw asymmetries are small

Fiducial Selection
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Fiducial selection

 23

• For some regions of phase space the soft pion of a specific charge is kicked 
out from the detector acceptance by the magnetic field.  

• This breaks the assumption that the raw asymmetries are small.
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• For some regions of phase space, the soft pion of a specific charge is 
kicked out from the detector acceptance by the magnetic field

• This breaks the assumption that the raw asymmetries are small
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Fiducial selection
• There are regions of phase space where only D*+, or only D*-, is reconstructible.  

• large value of Araw up to 100% in the edge regions;  
• independent of the D0 decay modes but it breaks the assumption that the 

raw symmetries are small.
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Fiducial selection
• There are regions of phase space where only D*+, or only D*-, is reconstructible.  

• large value of Araw up to 100% in the edge regions;  
• independent of the D0 decay modes but it breaks the assumption that the 

raw symmetries are small.
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Kinematic weighing
• Detection and production asymmetries are expected to depend on the kinematics of the 

reconstructed particles.  
- The cancellation of nuisance asymmetries may be incomplete if the kinematic 

distributions of reconstructed D0 candidates are different between KK and ππ modes.  
- a small correction to the K+K− sample is applied by means of a weighting  procedure.  

• π-tagged: pT(D*), p(D*),𝜙(D*). 

• μ-tagged: pT(D0), p(D0),𝜙(D0).
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Kinematic weighting
• Detection/and/production/asymmetries/are/expected/to/depend/

on/the/kinematics/of/the/reconstructed/particles
• the/cancellation/of/nuisance/asymmetries/may/be/incomplete/if/the/

kinematic/distributions/of/reconstructed/!∗± or/$ candidates/
• a/small/correction/to/the/%&%' sample/is/applied/by/means/of/a/weighting/

procedure.

• )<tagged:/*+(!∗),/*(!∗),/.(!∗)

Very small effect on /012
below 10&5
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on/the/kinematics/of/the/reconstructed/particles
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kinematic/distributions/of/reconstructed/!∗± or/$ candidates/
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Very small effect on ΔACP below 10-4. 
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Araw measurement [π-tagged]
• Fit to m(D0π) mass distribution.  

• Araw measured from a simultaneous fit to D*+ and D*-.

 27
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Araw measurement [π-tagged]
• Fit to m(D0π) mass distribution.  

• Araw measured from a simultaneous fit to D*+ and D*-.
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Run2 (6fb -1)

 σstat(ΔACP)= 3.2 x 10-4    
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Araw measurement [μ-tagged]
• Fit to m(D0) mass distribution.  
• Araw measured from a simultaneous fit to D0 and D0.
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Araw measurement [μ-tagged]
• Fit to m(D0) mass distribution.  
• Araw measured from a simultaneous fit to D0 and D0.
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Run2 (6fb -1)

 σstat(ΔACP)= 8 x 10-4    



Systematic uncertainties [π-tagged]

• Fit model: evaluated by fitting pseudo-experiments with alternative 
models ⟹ 0.6×10-4. 

• Weighting procedure: considered the statistical uncertainty of the 
weights ⟹  0.2×10-4.  

 31
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Systematic uncertainties [π-tagged]
• Secondaries decays: determined the bias due to the residual 

contamination of D*+ decays from B ⟹ 0.3×10-4.
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Figure 42: Distribution of the di↵erence between the �ACP values measured with the usage of
di↵erent reweighting functions and the �ACP value obtained from the baseline fit for the (left)
2015 and 2016 and (right) 2017 and 2018 samples.
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where AP is the D⇤+ production asymmetry and Asec is the production asymmetry of D⇤+
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mesons originating from B decays, and the detection asymmetry of the pion may be a527

little di↵erent between prompt and secondary because of di↵erent momentum distribution528

in secondary decays. CP violation in the B ! D⇤X decays is neglected. The measured529

di↵erence of raw asymmetries is therefore equal to530

�A = [(1� fK+K�

sec )Aprompt
raw (KK) + fK+K�

sec Asec
raw(KK)]

� [(1� f⇡+⇡�

sec )Aprompt
raw (⇡⇡) + f⇡+⇡�

sec Asec
raw(⇡⇡)] (23)

If the secondary fraction in D0
! K�K+ (fK+K�

sec ) and D0
! ⇡�⇡+ (f⇡+⇡�

sec ) decays is531

di↵erent, this results in a systematic shift �sec on the �ACP determination, given by532

�sec = fK+K�

sec [Asec
raw(KK)� Aprompt

raw (KK)]� f⇡+⇡�

sec [Asec
raw(⇡⇡)� Aprompt

raw (⇡⇡)]. (24)

If 2" is the di↵erence between fK+K�
sec and f⇡+⇡�

sec :533

fK+K�

sec = fsec + " (25)

f⇡+⇡�

sec = fsec � ", (26)

and taking into account that534

Asec
raw(KK)� Asec

raw(⇡⇡) = Aprompt
raw (KK)� Aprompt

raw (⇡⇡) = �ACP , (27)

the bias can be written as535

�sec = "[Asec
raw(KK) + Asec

raw(⇡⇡)� Aprompt
raw (KK)� Aprompt

raw (⇡⇡)]

=
fK+K�
sec � f⇡+⇡�

sec

2
[Asec

raw(KK) + Asec
raw(⇡⇡)� Aprompt

raw (KK)� Aprompt
raw (⇡⇡)]. (28)

57

CP,nomAΔ - CP,altAΔ
0.0002− 0 0.00020

10

20

30

40

50

60

70
Mean  06− 3.27e±05 − 1.84e

Std Dev   06− 2.31e±05 − 5.66e

CP,nomAΔ - CP,altAΔ
0.0001− 0.00005− 0 0.00005 0.00010
10
20
30
40
50
60
70
80

Mean  06− 1.09e±05 − 2.11e

Std Dev   07− 7.72e±05 − 1.89e

Figure 42: Distribution of the di↵erence between the �ACP values measured with the usage of
di↵erent reweighting functions and the �ACP value obtained from the baseline fit for the (left)
2015 and 2016 and (right) 2017 and 2018 samples.
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raw(⇡⇡)� Aprompt

raw (⇡⇡)]. (24)

If 2" is the di↵erence between fK+K�
sec and f⇡+⇡�

sec :533

fK+K�

sec = fsec + " (25)

f⇡+⇡�

sec = fsec � ", (26)

and taking into account that534

Asec
raw(KK)� Asec

raw(⇡⇡) = Aprompt
raw (KK)� Aprompt

raw (⇡⇡) = �ACP , (27)

the bias can be written as535

�sec = "[Asec
raw(KK) + Asec

raw(⇡⇡)� Aprompt
raw (KK)� Aprompt

raw (⇡⇡)]

=
fK+K�
sec � f⇡+⇡�

sec

2
[Asec

raw(KK) + Asec
raw(⇡⇡)� Aprompt

raw (KK)� Aprompt
raw (⇡⇡)]. (28)
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• Measure fraction of secondary D*+ by fitting the distribution of the 
D0 IP in the plane transverse to the beam (TIP).  

• Study performed in bins of proper decay time  to have a better 
control on the resolution. 
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Systematic*uncertainties*[!/tagged]
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Systematic uncertainties [π-tagged]

• Misreconstructed background: e.g. D0 → K−π+π+ , D0 → π−l+ γl 

peaking in m(D0π) mass estimated by measuring the yields and 
asymmetries of backgrounds  m(D0) on the distributions ⟹ 0.5×10-4  

 33

yields and raw asymmetries of peaking background measured and 
extrapolated to the signal region [1844,1887] MeV/c2.



Systematic uncertainties [μ-tagged]

• Fit model: evaluated by fitting pseudo-experiments with alternative 
models ⟹ 2×10-4. 

• Mistag: probability of mistag (wrong muon) evaluated on the                     
B→D0 (→K- π+ )μ-X control sample ⟹ 4×10-4.  

• Weighting procedure: considered the statistical uncertainty of the 
weights  ⟹ 10-4. 

• B fraction: fraction of reconstructed B0 and B+ decays can be slightly 
different between the K-K+  and π-π+ decay modes ⟹ 10-4. 

• B reconstruction efficiency: combination of a difference (between K-K+ 
 and π-π+ modes) in the B reconstruction efficiency as function of decay 
time and the presence of B0 oscillations ⟹ 2×10-4.

 34



Syst. uncertainties summary
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Table 1: Systematic uncertainties on �ACP for ⇡- and µ-tagged decays (in 10�4). The total
uncertainties are obtained as the sums in quadrature of the individual contributions.

Source ⇡-tagged µ-tagged
Fit model 0.6 2
Mistag – 4
Weighting 0.2 1
Secondary decays 0.3 –
B fractions – 1
B reco. e�ciency – 2
Peaking background 0.5 –
Total 0.9 5

Systematic uncertainties of 0.2 ⇥ 10�4 and 1 ⇥ 10�4 accounting for the knowledge
of the weights used in the kinematic weighting procedure are assessed for ⇡-tagged and
µ-tagged decays, respectively. Although suppressed by the requirement that the D0

trajectory points back to the PV, a fraction of D0 mesons from B decays is still present
in the final ⇡-tagged sample. As D0

! K�K+ and D0
! ⇡�⇡+ decays may have di↵erent

levels of contamination, the value of �ACP may be biased because of an incomplete
cancellation of the production asymmetries of b hadrons. The fractions of D0 mesons
from B decays are estimated by performing a fit to the distribution of the D0-candidate
impact parameter in the plane transverse to the beam direction. The corresponding
systematic uncertainty is estimated to be 0.3⇥ 10�4. A systematic uncertainty associated
to the presence of background components peaking in m(D0⇡) and not in m(D0) is
determined by fits to the m(D0) distributions, where these components are modeled using
fast simulation [49]. The main sources are the D0

! K�⇡+⇡0 decay for the K+K� final
state, and the D0

! ⇡�µ+⌫µ and D0
! ⇡�e+⌫e decays for the ⇡+⇡� final state. Yields

and raw asymmetries of the peaking-background components measured from the fits
are then used as inputs to pseudoexperiments designed to evaluate the corresponding
e↵ects on the determination of �ACP . A value of 0.5⇥ 10�4 is assigned as a systematic
uncertainty.

In the case of µ-tagged decays, the fractions of reconstructed B decays can be slightly
di↵erent between the K�K+ and ⇡�⇡+ decay modes, which could lead to a small bias
in �ACP . Using the LHCb measurements of the b-hadron production asymmetries [37],
the systematic uncertainty on �ACP is estimated to be 1⇥ 10�4. The combination of a
di↵erence in the B reconstruction e�ciency as a function of the decay time between the
D0

! K�K+ and D0
! ⇡�⇡+ modes and the presence of neutral B-meson oscillations

may also cause an imperfect cancellation of AP(B) in �ACP . The associated systematic
uncertainty is estimated to be 2⇥ 10�4.

All individual contributions are summed in quadrature to give total systematic un-
certainties on �ACP of 0.9⇥ 10�4 and 5⇥ 10�4 for the ⇡-tagged and µ-tagged samples,
respectively. A summary of all systematic uncertainties is reported in Table 1. Other
possible systematic uncertainties are investigated and found to be negligible.

Numerous additional robustness checks are carried out. The measured value of �ACP

is studied as a function of several variables, notably including: the azimuthal angle, �2
IP,

transverse momentum and pseudorapidity of ⇡-tagged and µ-tagged D0 mesons as well

6

π-tagged systematic uncertainty below 10-4 ! 

Stat. 3.2 8



Robustness checks 
• Sample split according to year and magnet polarity ⟹ ΔACP consistent 

among the subsamples. 

• Sample split according data taking period ⟹ ΔACP consistent among 
the subsamples. 

• Analysis repeated with tighter PID and looser fiducial requirements ⟹ 
ΔACP  compatible within statistical fluctuations.  

• (Only π-tagged) measurement of ΔAbkg, the difference between the 
background raw asymmetries of K-K+  and π-π+ modes: 
- the prompt background is mainly composed of genuine D0 and 

unrelated pions originating from PV. 
- ΔAbkg is expected to be compatible with zero. 
- ΔAbkg =(-2±4)×10-4. 

 36



Additional robustness checks

 37

 ΔACP measured as a function of several variables   
 ⟹ data taking period 
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Additional)robustness)checks
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Additional robustness checks
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 ΔACP measured as a function of several variables   
 ⟹ D0 impact parameter and proper decay time

No evidence for unexpected dependences 
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Additional robustness checks
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 ΔACP measured as a function of several variables   
 ⟹ π/μ impact parameter and transverse momenutum

No evidence for unexpected dependences 
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Results with Run2 [6fb-1]

 40

LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 68Angelo$Carbone

Results'with'Run,2'[6'fb,1]

Compatible'with'previous'LHCb'results'and'the'WA

!,tagged Run 1'(3'fb,1)

",tagged Run 1'(3'fb,1)

LHCb,PAPER,2019,006

Δ$%& = +14 ± 16 stat ± 8 (syst) ×1067

Δ$%& = −10 ± 8 stat ± 3 (syst) ×1067

Phys.'Rev.'Lett.'116'(2016)

JHEP'07'041'(2014)
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Results'with'Run,2'[6'fb,1]

Compatible'with'previous'LHCb'results'and'the'WA

!,tagged Run 1'(3'fb,1)

",tagged Run 1'(3'fb,1)

LHCb,PAPER,2019,006

Δ$%& = +14 ± 16 stat ± 8 (syst) ×1067

Δ$%& = −10 ± 8 stat ± 3 (syst) ×1067

Phys.'Rev.'Lett.'116'(2016)

JHEP'07'041'(2014)

π-tagged result differs from zero at 5.5 standard deviation 
compatible with previous LHCb results and world average  
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Results with full LHCb 
sample [9fb-1]
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5.3 standard deviation  from zero

first observation of CP violation in the decay of 
charm hadrons 



ΔACP experimental status 
today
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ΔA#$ experimental+status+(today)

BaBar [Phys.+Rev.+Lett.+100,+061803(2008)]

Belle+Preliminary+[arXiv:1212.1975]

CDF [Phys.Rev.Lett.+109+111801+(2012)]+

LHCb [LHCbMPAPERM2019M006]

385.8+fb−1 Υ(4()

976+fb−1 fb−1 Υ(4()

9.7 -b/0 1 = 1.96 TeV 88̅

9+fbM1+ 1 = 7,13 TeV 88



Result interpretation
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Interpretation
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Result interpretation
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Interpretation

For+the+full+LHCb data+set+(9 fb$%):
& ' /) *+ = 0.115 ± 0.002

' /) *+ =+1.71 ± 0.10

Using+the+LHCb averages:

345 = 5.7 ± 1.5 ×10$8

9: = −2.8 ± 2.8 ×10$= ≃ −?45@AB

CDEFGHI = −JK. L ± M. N ×JO$P

Δ945 mostly sensitive to direct CP violation

LHCb=PAPER=2019=006

JHEP+04+(2012)+129

Phys.+Rev.+Lett.+122+(2019)+011802

JHEP+04+(2015)+043

Phys.+Rev.+Lett.+118+(2017)+261803,



HFLAV update
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HFLAV&update

World average dominated by LHCb results

HFLAV&combination

Consistency&with&NO&CPV&
hypothesis:&5×10%&

'()*+, = (0.028 ± 0.026)%
Δ'(),*7 = (−0.164 ± 0.028 )%

provided&by&the&courtesy&of&M.&Gersabeck

5:

3: 1:

World average dominated by the LHCb 

Courtesy of HFLAV group



Measurement of CP violation 
in the D0→π+π� at CDF 

Michael J. Morello (for the CDF Collaboration)                                                         
Fermi National Accelerator Laboratory 

Seminario  INFN e Universita’ di Pisa  
1 11/27/10 

A very long path
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INFN Seminar (Pisa) - Nov 2010

Suppress detector asymmetries 

11/27/10 

The physical ACP extracted through the linear combination: 

11/27/10 
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Conclusions
• First observation of CP violation in charm decays with a 

significance of 5.3 standard deviations.

• Result consistent with, although at the upper end of, SM 
expectations, which lie in the range [10-3 − 10-4]. 

• Present theoretical predictions have large uncertainties due to low-
energy strong-interaction effects which are difficult to compute.  
No strong statement can be made from this single result today. 

• However, it opens up a new chapter of measurements in other 
decay modes and of further refinements of theoretical calculations, 
to provide soon a definitive answer about its standard or non-
standard nature.
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1956
Parity violation
T. D. Lee,
C. N. Yang and
C. S. Wu et al.

1964
Strange particles:
CP violation in !
meson decays
J. W. Cronin,
V. L. Fitch et al.

2001
Beauty particles:
CP violation in "#
meson decays
BaBar and Belle 
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Cabibbo Mixing
N. Cabibbo
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The CKM matrix
M. Kobayashi and 
T. Maskawa

2019
Charm particles:
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meson decays
LHCb collaboration
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Integrated)recorded)luminosity

The)full)LHCb data)set)is)about)99"#

THANKS)
LHC!!

The full LHCb dataset is about 9 fb-1  
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2019 2021 2024 2027 2030

Run 2 LS2 Run 3 Run 4LS3 LS4

2031

Run 5

2033

Today

LHCb Upgrade I
Phase II

HL-LHC

Belle II
2018 2025

50 ab-1

Install LHCb 
Upgrade I

Install HL-LHC and 
ATLAS & CMS 
Phase II Upgrades

LHCb potentially the only running flavour 
physics experiment in Run 4 (Ib) and Run 5 (II). 

LHCb-Upgrade IbLHCb-Upgrade Ia

The LHCb Upgrade I will enable to integrate about 22 fb-1 by end of Run 3 and 50 fb-1 by end of Run 4. 

8fb-1 50fb-1

22 fb-1
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• LHCb Upgrade Ia in Run-3 (2021-2023) 
• Linst= 2 x 1033 cm-2 s-1. 

• LHCb Upgrade Ib Run-4 (2026-2029) 
• Integrate 50 fb-1 by the end of Run 4. 

• Profit from LS3 for a “consolidation”. 

• LHCb Upgrade II in Run 5 (2031-2033) and beyond.  
• New experiment to be installed in LS4 to integrate > 300 fb-1. 

by statistics, and other observables associated with highly suppressed processes will
be poorly known, at that time. Therefore, the LHCb Collaboration is currently
proposing an ambitious plan of Future Upgrades: a consolidation of the the Phase-I
Upgrade in view of the LHC Run 4, the so-called Phase-Ib Upgrade, and for building
a major Phase-II Upgrade, which will fully realize the flavour potential of the HL-
LHC during the LHC Run 5 (� 2031) at luminosity L > 1034cm2s�1 [1, 38]. Table
2.1 recaps LHC energies and luminosities for di↵erent runs of the four major major
LHC experiments.

2010–12 2015–18 2021–23 2026–29 2031-33
LHC Run 1 2 3 4 5
Ecm ( TeV) 7 � 8 13 14 14 14

LHC Lpeak ( cm�2 s�1) 7.7 · 1033 1.7 · 1034 2 · 1034 7 · 1034 7 · 1034

LHCb Lpeak ( cm�2 s�1) 2 � 4 · 1032 2 � 4 · 1032 2 · 1033 2 · 1033 > 1034

Table 2.1: LHC parameters of pp runs from 2010 to 2033. The LHCb experiment is not
limited by the number of cc̄ and bb̄ produced in the pp interactions but by the trigger and
reconstruction e�ciencies and by the amount of data that can be saved to be analysed.
LHCb is, therefore, able to limit the luminosity level by shifting the colliding beams in
the plane transverse to their direction, thus reducing their overlap at the collision region.
Thanks to this choice, the number of pp interactions per bunch crossing can be kept lower
than general purpose experiments as ATLAS and CMS, limiting the detector occupancy
and facilitating the trigger selection and reconstruction.

Outline

Outline

Many detector improvements foreseen relevant for CPV analyses:
• VErtex LOcator with timing info, Magnet side stations to increase low momentum tracking

efficiency, improved ECAL for neutrals reconstruction, and so on.
• Don’t miss the talks by Mark Williams, Preema Pais, and Gregory Ciezarek on Wednesday!

In this talk I will:

• Refer to the milestones indicated above, following LHCb Upgrade II Expression of interest;

• Emphasise several CKM angle measurements & charm CPV;

• Summarise current status of art, highlighting main systematics;

• Compare estimated experimental and theoretical uncertainties.

F. Dordei (CERN) LHCb: CP violation 31-10-2017 2 / 22

Figure 2.2: LHCb time schedule.

2.2 The LHCb detector

The LHCb detector [43, 44] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing
b- or c-quarks. The LHCb detector layout, shown in figure 2.3, is motivated by
the fact that at high energies both b-hadrons are produced in the same forward or
backward cone, as shown in fig. 2.4. The LHCb detector includes a high-precision
tracking system consisting of a silicon-strip vertex detector surrounding the pp inter-
action region [45], a large-area silicon-strip detector located upstream of a dipole

19
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1.3. Unitary triangles

|di |si

|bi

|d 0i
|s 0i

|b0i

(a) Quark mass eigenstates interactions
representation.

u c t

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

9

Chapter 1. Theory and motivations

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-
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SM expectations are of the order of (VubV*cb/VusV*cs) ∼ 10−3 (or less).  
CPV, until today, has always eluded experimental searches in the last decades. 
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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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In the Wolfenstein parametrisation the values of§q are the following

§d =°∏+ ∏3

2
+ ∏5

8
(1+4A2)°∏5 A2(Ω+ i¥)+O (∏7),
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(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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Amplitudes in charm meson decays and mixing are described, to an excellent 
approximation, by the physics of the two first generations only.

“charm unitary triangle”

k = 1/
q
p2x + p2y

✓x = arctan(px/pz)

✓y = arctan(py/pz)

n+(k, ✓x, ✓y)

n�(k,�✓x, ✓y)
(1)

⇤q = V ⇤
cqVuq (q 2 d, s, b)
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Chapter 1. Theory and motivations

Since all the observables are related to the squared amplitudes, phases are not experimentally
measurable, but only phases differences are accessible. Thus, CP violation in the decay
appears as a result of the interference among various terms in the decay amplitude, and it does
not occur unless at least two terms have different weak phases and different strong phases. As
an example, let us consider a decay process which can proceed through several amplitudes

A f =
X

k
|Ak |ei (¡k+±k ), A f =

X

k
|Ak |ei (°¡k+±k )

where ±k are the strong phases, which do not change sign under CP , and ¡k are the weak
phases. The difference between the two amplitudes is

|A f |2 ° |A f |2 =°2
X

l ,k
|Al ||Ak |sin(¡l °¡k )sin(±l °±k ).

To observe CP violation one needs |A f | 6= |A f |, therefore there must be a contribution from at
least two processes with different weak and strong phases in order to have a non vanishing
interference term.

Experimentally, there are three manifestations of CP-violation and they are enclosed in the
following variable

∏ f =
q A f

p A f
=°¥CP RmR f ei¡ f , (1.23)

where

Rm =
ØØØØ

q
p

ØØØØ , R f =
ØØØØØ

A f

A f

ØØØØØ , ¡ f = arg
µ q A f

p A f

∂
.

1.5.1 C P violation in the decay

CP violation in the decay (also called direct CP violation) occurs when the decay amplitudes
for CP-conjugated processes are not equal. A golden observable sensitive to the CP violation
in the decay is the CP asymmetry defined as

ACP ( f ) = °(D! f )°°(D! f )

°(D! f )+°(D! f )
,

where ° is the time-integrated decay width of the D! f decay process and it is proportional
to the squared amplitude (°(P ! f ) / |A f |2 and °(P ! f ) / |A f |2), thus

ACP ( f ) = Adir
CP =

|A f |2 ° |A f |2

|A f |2 +|A f |2
=

1°R2
f

1+R2
f

.
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1.6. D0 time-dependent decay rates to C P -eigenstates

Therefore, CP violation in the decay occurs if

R f =
ØØØØØ

A f

A f

ØØØØØ 6= 1.

1.5.2 C P violation in the mixing

CP violation in the mixing occurs when the probability for the oscillation process depends on
the initial state, i.e. the probability for the D0! D0 process is different from the CP-conjugated
one, D0! D0. This is defined as

Rm =
ØØØØ

q
p

ØØØØ 6= 1,

From the definition of q and p (see eq. (1.17)) follows

ØØØØ
q
p

ØØØØ
2

=
|M§

12 ° i°§12/2|
|M12 ° i°12/2| ,

where only off-diagonal elements of the Hamiltonian of eq. (1.16) contribute. The off-diagonal
terms are proportional to the probability for the transition of |D0i to |D0i and vice versa; if
these terms are different CP violation in mixing follows.

1.5.3 C P violation in the interference

In the case of a common final state f shared simultaneously by the D0 and the D0 meson, the
CP symmetry can be violated in the interference between the decay without mixing, D0! f ,
and the decay with mixing, D0 ! D0 ! f . It occurs when

arg(∏ f )+arg(∏ f ) 6= 0.

For final CP eigenstates, as K +K ° and º+º°, the above condition simplifies to

=(∏ f ) 6= 0,

which is equivalent to ¡ f 6= {0,º}.

1.6 D0 time-dependent decay rates to C P -eigenstates

The singly Cabibbo-suppressed D0! K +K ° and D0!º+º° decays are the main subject of
this thesis. Their time evolution is then described in detail in the following, along with the
standard formalism currently used in the literature [10, 20]. The decay rates of these decays
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For final CP eigenstates, as K +K ° and º+º°, the above condition simplifies to

=(∏ f ) 6= 0,
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1.6 D0 time-dependent decay rates to C P -eigenstates

The singly Cabibbo-suppressed D0! K +K ° and D0!º+º° decays are the main subject of
this thesis. Their time evolution is then described in detail in the following, along with the
standard formalism currently used in the literature [10, 20]. The decay rates of these decays
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Necessary interference of at least two amplitudes (tree + penguin 
topologies) contributing simultaneously to the process, with different 
strong and weak phases.
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Āf

Af

���� 6= 1

Rm ⌘
����
q

p

���� 6= 1

ACP ⌘ �(D ! f)� �(D̄ ! f)

�(D ! f) + �(D̄ ! f
=

1�R2
f

1 +R2
f

Af = |a1|ei(�1+�1) + |a2|ei(�2+�2)
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Āf = |a1|ei(�1��1) + |a2|ei(�2��2)

ACP =
2|a1a2| sin(�2 � �1) sin(�2 � �1)

|a1|2 + |a2|2 + 2|a1a2| cos(�2 � �1) cos(�2 � �1)

�1, �2 strong phases

�1,�2 weak phases

�ACP ⌘ ACP (D
0 ! K+K�)�ACP (D

0 ! ⇡+⇡�) = �Adir
CP

 
1 +

hti
⌧D

yCP

!
+
�hti
⌧

Aind
CP

�ACP ⌘ ACP (K
+K�)� ACP (⇡

+⇡�) = Araw(K
+K�)� Araw(⇡

+⇡�)

�ACP = (�15.4± 2.9)⇥ 10�4

Rf ⌘
����
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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.
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1.5. C P violation formalism
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(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

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
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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
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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 taggedsample 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.

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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########
$
sin’

%
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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 taggedsample 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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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 |D̄0i (|q|2 + |p|2) = 1,� = arg (q/p)

x ⌘ 2(m2 �m2)/(�1 + �2)

y ⌘ (�2 � �1)/(�1 + �2)

�ACP ⌘ ACP(D
0 ! K+K�)�ACP(D

0 ! ⇡+⇡�)

⇡ �Adir
CP +

✓
1 +

hti
⌧D

yCP

◆
Aind

CP

A� ⇡ �Aind
CP

A� ⌘ �̂(D0 ! f)� �̂(D̄0 ! f)

�̂(D0 ! f) + �̂(D̄0 ! f)

1

�̂
= ⌧̂ ⌘

R
�(t)tdtR
�(t)dt

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]
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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(D
0). 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 D0 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(D
0)) (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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0)) for theD0
! K+K� candidates selected in the second of the

three 2012 data taking periods with magnetic field pointing downwards. The unbinned maximum
likelihood fit results are overlaid. Gaussian kernels are used to smooth the combinatorial and
partially reconstructed backgrounds.

and a corresponding systematic uncertainty of 0.04 ⇥ 10�3 (0.09 ⇥ 10�3) for K+K�

(⇡+⇡�) is assigned. The largest systematic uncertainty for the A� measurement with
K+K� (⇡+⇡�) 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�(K+K�, 2012) = (�0.03 ± 0.46 ± 0.10) ⇥ 10�3 and A�(⇡+⇡�, 2012) =
(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�(K+K�) = (�0.14 ± 0.37 ± 0.10) ⇥ 10�3 and
A�(⇡+⇡�) = (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 D0
! K+K� and D0

! ⇡+⇡� 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� =
(�0.13± 0.28± 0.10)⇥ 10�3, while their di↵erence is �A� = (�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� = (�0.29 ± 0.28) ⇥ 10�3 for the average of the
K+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.
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Most precise measurement of 
CPV in the charm sector.
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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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CPV in calibration channels assumed negligible

Most precise measurements from a single experiment. No evidence of CP asymmetry. 


