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The role of charm physics 
• Charm is the only up-type quark allowing full range of probes for mixing and CP Violation: 

• top quark decays too fast  (no hadronizination), 

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

• CPV not yet observed in charm and predicted to be small within SM, since mixing and relevant 
amplitudes are described, to an excellent approximation, by the physics of the first two generations only. 

• From CKM scheme CPV ∼ Ο(VubV*cb/VusV*cs) ∼ 10−3 or less, 

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

• Caveat: need to keep under control QCD effects (long distance) and shrink theory uncertainties.  

• Unprecedented huge samples of D decays are necessary (much larger than 106 events needed) in order 
to approach SM predictions.
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Charm Physics with LHCb
• All c-hadrons produced in pp collisions. 

• Huge production cross-section 
𝝈(pp➝DX)~1000 μbarn at 13 TeV. 

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

• Final Run 1 sample about factor of 30 
larger than samples collected by past 
experiments. 
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A plenty of charm
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Today Nsig(Run 1 + Run 2) ∼ 3.2 x Nsig(Run 1), and LHCb is taking data until the end of 
2018, collecting about a total of 8fb−1 of data with the same efficiency and purity (yield 
per luminosity in 2015-16 increased by a factor of ~4 wrt Run 1). 

LHCB-CONF-2016-005

LH
C

b-C
O

N
F-2016-005

Run 1Run 1Run 1

Run 1 Run 1 Run 1

630M 73M 404M

34M 131M 11M



CPV in the decay °
|Af /Af | 6= 1

¢
ØØØØ D0

f

ØØØØ
2

6=
ØØØØ D0

f

ØØØØ
2

CPV in the mixing °
|q/p| 6= 1

¢
ØØØØ

D0

D0

f

ØØØØ
2

6=
ØØØØ

D0

D0

f

ØØØØ
2

CPV in the interference °
¡f = arg(qAf /(pAf )) 6= 0,º

¢
ØØØØ D0

f + D0

D0

f

ØØØØ
2

6=
ØØØØ D0

f + D0

D0

f

ØØØØ
2

Charm Mixing and CPV
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Capitolo 1

Esercitazione

1.1 Caduta di un grave in sistema non inerziale

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

rotazione della Terra con velocità angolare !.

a) Detta

~

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

l’equazione di↵erenziale per

~

� = ~v � ~

V , trascurando i termini di secondo ordine in !.

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

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

il corpo all’equatore.

Soluzione

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

x ⌘ 2(m2 �m2)/(�1 + �2)

y ⌘ (�2 � �1)/(�1 + �2)

Siamo in un sistema di riferimeto non inerziale in quanto la Terra ruota con un velocità angolare

~! intorno al suo asse di rotazione, per cui in generale l’accellerazione assoluta ~aa nel sistema di

riferimento inerziale è legata all’accelerazione relativa ~ar nel sistema di riferimento non inerziale

nella seguente maniera

~aa = ~ar + ~a⌦ + ~! ⇥ (~! ⇥ ~r) + 2~! ⇥ ~v,

dove ~r è il vettore posizione nel sistema di riferimento non inerziale e ~v = d~r/dt è il vettore velocità

sempre nel sistema di riferimento non inerziale, e ⌦ è il centro del sistema di coordinate solidali

al sistema di riferimento non inerziale. Come nel caso dell’esercizio del pendolo di Foucault il

termine di accelerazione traslazionale ~a⌦ è un termine statico e non fa altro che modificare il valore

dell’accelerazione di gravità e la sua direzione

~

g̃ = ~g � ~a⌦,
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dove ~r è il vettore posizione nel sistema di riferimento non inerziale e ~v = d~r/dt è il vettore velocità
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termine di accelerazione traslazionale ~a⌦ è un termine statico e non fa altro che modificare il valore

dell’accelerazione di gravità e la sua direzione
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D0 mixing experimentally well established.  
Very slow rate x,y < 10-2 

CPV not yet observed in the charm sector.  
SM expectations are of the order of 10−3 or less.  

no mixing

no CPV



Figure 1: The time-integrated D0⇡+

s

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

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

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

i

in a decay time bin t
i

and eR(t
i

) is the value of R(t)±
pred

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

✏

+ �2

peaking

+
�2

other

). The term �2

other

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

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

6 Relative e�ciencies

The relative e�ciency ✏
r

, used in Eq. 5, accounts for instrumental asymmetries in the
K⌥⇡± reconstruction e�ciencies. The largest source of these is the di↵erence between
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Charm mixing and CPV in 
D0→K∓π±(WS/RS)

• Full Run 1 data sample (3fb-1) . 

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

• Much lower statistics than “prompt” decays 
(D*+→D0π+,D0  →Kπ), but it covers a 
complementary region in decay time.
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Charm mixing and CPV in D0 ! K±⇡⌥
(arXiv:1611.06143, submitted to PRD)

Motivation
CP violation has not yet been observed in the charm sector

Improve understanding of mixing in the charm sector

Flavour and mass eigenstates di↵er ! D

0 � D̄

0 mixing
Define dimensionless mixing parameters:

x =
m2 �m1

�
, y =

�2 � �1

2�
(|x |⌧ 1 and |y |⌧ 1)

x

0 = x cos �K⇡ + y sin �K⇡ y

0 = y cos �K⇡ � x sin �K⇡

Anita Nandi (Oxford) La Thuile 2017 8 March 2017 12 / 25
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Charm mixing and CPV in D0 ! K±⇡⌥
(arXiv:1611.06143, submitted to PRD)

Measurements of the time-dependent ratio of WS-to-RS decay rates:
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Time-dependent measurement of the R(t)=WS/RS(t)

1.7×106 RS 6.7×103 WS 



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

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

• Direct CPV occurs if RD
+≠ RD

−.   

• CPV in mixing and interference occurs if x’+≠x’− and y’+≠y’− . 

7

Figure 3: E�ciency-corrected data and fit projections for the DT (red open circles) and prompt
(black filled circles) samples. The top plot shows the D0 (R+(t)) samples. The middle plot shows
the D0 (R�(t)) samples. The bottom plot shows the di↵erence between the top and middle plots.
In all cases, the error bars superposed on the data points are those from the �2 minimization fits
without accounting for additional systematic uncertainties. The projections shown are for fits
assuming CP symmetry (solid blue), allowing no direct CPV (dash-dotted green), and allowing
all forms of CPV (dashed magenta). Bins are centered at the average t/⌧ of the bin.

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

9 Summary

In summary, the analysis of mixing and CPV parameters using the DT D0 ! K⌥⇡± sam-
ples provides results consistent with those of our earlier prompt analysis. Simultaneously
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fitting the disjoint datasets of the two analyses improves the precision of the measured
parameters by 10% – 20%, even though the DT analysis is based on almost 40 times fewer
candidates than the prompt analysis. In part, this results from much cleaner signals in
the DT analysis, and, in part, it results from the complementary higher acceptance of
the DT trigger at low D decay times. The current results supersede those of our earlier
publication [1].

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

Parameter DT + Prompt Prompt-only

No CPV

R
D

[10�3] 3.533± 0.054 3.568± 0.067

x02[10�4] 0.36± 0.43 0.55± 0.49

y0[10�3] 5.23± 0.84 4.8± 0.9

�2/ndf 96.6/111 86.4/101

No direct CPV

R
D

[10�3] 3.533± 0.054 3.568± 0.067

(x0+)2 [10�4] 0.49± 0.50 0.64± 0.56

y0+[10�3] 5.14± 0.91 4.8± 1.1

(x0�)2 [10�4] 0.24± 0.50 0.46± 0.55

y0�[10�3] 5.32± 0.91 4.8± 1.1

�2/ndf 96.1/109 86.0/99

All CPV allowed

R+

D

[10�3] 3.474± 0.081 3.545± 0.095

(x0+)2 [10�4] 0.11± 0.65 0.49± 0.70

y0+[10�3] 5.97± 1.25 5.1± 1.4

R�
D

[10�3] 3.591± 0.081 3.591± 0.090

(x0�)2 [10�4] 0.61± 0.61 0.60± 0.68

y0�[10�3] 4.50± 1.21 4.5± 1.4

�2/ndf 95.0/108 85.9/98
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World best measurement of charm mixing parameters. Results 
consistent with conservation of CP symmetry.  Precision improves 
by 10-20% wrt prompt-only data sample.



• Effects of “direct” CP violation can be isolated by taking the difference between the 
time-integrated CP asymmetries in the K+K− and π+π− modes: 

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

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

Direct CPV: ΔACP(D0➝h+h−)

8

LHCb dominates the world 
average with systematics well 
below statistical uncertainty.             

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

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

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

which supersedes the previous result obtained using the same decay channels based on
an integrated luminosity of 0.6 fb�1 [27]. This is the most precise measurement of a
time-integrated CP asymmetry in the charm sector from a single experiment.
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Time-integrated ACP(D0➝K+K−)
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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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probing more extensive portions of the space of non-SM
physics parameters.

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

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

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

ACPðhþh"; tÞ & Adir
CPðhþh"Þ þ

t

"
Aind
CPðhþh"Þ; (1)

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

Adir
CPðhþh"Þ ' ACPðt ¼ 0Þ

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

(2)

Aind
CPðhþh"Þ ¼

#CP

2

!
y
"########

q

p

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

q

########
$
cos’

" x
"########

q

p

########þ
########
p

q

########
$
sin’

%
; (3)

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

ACPðhþh"Þ ¼ Adir
CPðhþh"Þ þ Aind

CPðhþh"Þ
Z 1

0

t

"
DðtÞdt

¼ Adir
CPðhþh"Þ þ

hti
"
Aind
CPðhþh"Þ: (4)

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

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

CP
and Aind

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

II. OVERVIEW

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

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

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

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

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

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

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

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

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

CP
and Aind

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

II. OVERVIEW

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

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

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

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

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The
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with an online event selection (trigger) that imposes re-
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point from its production point, our sample is enriched in
higher-valued decay-time candidates with respect to ex-
periments at the B factories. This makes the present mea-
surement more sensitive to mixing-induced CP violation.
In addition, combination of our results with those from
Belle and BABAR provides some discrimination between
the two contributions to the asymmetry.

II. OVERVIEW

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

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

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

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

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The
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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
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5

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

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

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

MagDown 2012 MagDown 2012

Subsample D0! K�⇡+ D0! K+K� D0! ⇡+⇡�

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

[106]
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show the time dependence with a slope equal to the best estimates of �A

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

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

2

IP

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

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

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

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

IP

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

�

(K�
⇡

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

Assuming that only indirect CP violation contributes to AΓ, 
the two values, can be averaged to yield a single value: 
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Figure 4: Distribution of ln(�2

IP

(D0)) 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 D

0 ! K

+

K

� and D

0 ! ⇡

+

⇡

� 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.



The impact on LHCb on CP Violation 
of D0

➝h+h− decays in Run 1

12

Consistent with the hypothesis of CP 
symmetry with a p-value of 9.3% (1.7𝝈) 

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

C.L., 95% C.L., and 99.7% C.L. regions are plotted as ellipses.
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From HFAG 2016 the world average values are:

Consistent with the hypothesis of CP 
symmetry with a p-value of 79%.

My “unofficial” LHCb-only average: 
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LHCb dominates the world average and much more data are coming. 



Today
• LHC is a super-duper charm-factory, and  LHCb is doing an excellent job collecting 

the largest ever charm samples.  

• In Run 1 (especially for two-body golden modes) : 

• achieved statistical precision below 10−3, and systematics already close to 10−4. 

• no hints of CP-violation found so far, just started to approach SM expectations. 

• LHCb charm physics covers a broad program, with many world leading 
measurements not presented in this talk 

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

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

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

• The Run 2 (2015-2018, ~8fb-1) is currently 
ongoing and the size of LHCb samples 
already increased more than proportionally to 
the integrated luminosity.  

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

• A proposal of a Phase 2  LHCb-Upgrade at       
L >1034 cm–2s–1 (2031-??, >300fb-1 ) is 
currently under discussion.
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Because of the slow mixing rate of charm mesons (x,y~10-2) the time-dependent asymmetry is 
approximated at first order as the sum of two terms: 

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

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

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

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

ACPðhþh"; tÞ & Adir
CPðhþh"Þ þ

t

"
Aind
CPðhþh"Þ; (1)

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

Adir
CPðhþh"Þ ' ACPðt ¼ 0Þ

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

ACPðhþh"Þ ¼ Adir
CPðhþh"Þ þ Aind

CPðhþh"Þ
Z 1

0

t

"
DðtÞdt

¼ Adir
CPðhþh"Þ þ

hti
"
Aind
CPðhþh"Þ: (4)

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

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

CP
and Aind

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

II. OVERVIEW

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

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

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

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

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The
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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
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periments at the B factories. This makes the present mea-
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In addition, combination of our results with those from
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the two contributions to the asymmetry.

II. OVERVIEW

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

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

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

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

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The
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probing more extensive portions of the space of non-SM
physics parameters.
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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,
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identified as D0 and !D0 at the time of production (t ¼ 0)
defined as
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DðtÞ, different values of time-integrated asymmetry could
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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
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periments at the B factories. This makes the present mea-
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try, we determine the number of detected decays of oppo-
site flavor and use the fact that primary charm and
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pected to be of the order of a few 10"2, we use two
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The time-integrated asymmetry is then the time integral of ACP(t) over the experimental observed 
distribution of proper decay time D(t): 

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

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

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

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

ACPðhþh"; tÞ & Adir
CPðhþh"Þ þ

t

"
Aind
CPðhþh"Þ; (1)

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

Adir
CPðhþh"Þ ' ACPðt ¼ 0Þ

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

(2)
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%
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where #CP ¼ þ1 is the CP eigenvalue of the decay final
state and ’ is the CP-violating phase. The time-integrated
asymmetry is then the time integral of Eq. (1) over the
observed distribution of proper decay time [DðtÞ],

ACPðhþh"Þ ¼ Adir
CPðhþh"Þ þ Aind

CPðhþh"Þ
Z 1

0

t

"
DðtÞdt

¼ Adir
CPðhþh"Þ þ

hti
"
Aind
CPðhþh"Þ: (4)

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

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

CP
and Aind

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

II. OVERVIEW

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

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

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

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

describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF
trigger system was used to collect the event sample. We
describe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event selec-
tion and the kinematic requirements applied to isolate the
event samples are presented in Sec. VI; the reweighting
of kinematic distributions is discussed in Sec. VII. The
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where AP is the asymmetry in the production of D±
(s) mesons in high-energy pp collisions in

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

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

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

S⇡
± and D±

s

! �⇡± decays for D± ! ⌘0⇡± and D±
s

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

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

(s) ! ⌘0⇡± decays and
in the corresponding control channels are defined as

�A
CP

(D± ! ⌘0⇡±)⌘A
CP

(D± ! ⌘0⇡±)�A
CP

(D± ! K0
S⇡

±) (3)

=Araw(D
± ! ⌘0⇡±)�Araw(D

± ! K0
S⇡

±) +A(K0 �K0),

�A
CP

(D±
s

! ⌘0⇡±)⌘A
CP

(D±
s

! ⌘0⇡±)�A
CP

(D±
s

! �⇡±)

=Araw(D
±
s

! ⌘0⇡±)�Araw(D
±
s

! �⇡±).

These equations assume that the kinematic distributions of the pion and of the D(s)

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

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

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

A
CP

(D± ! ⌘0⇡±) ⇡ �A
CP

(D± ! ⌘0⇡±) +A
CP

(D± ! K0
S⇡

±). (4)

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

! ⌘0⇡± decay is approximated
as

A
CP

(D±
s

! ⌘0⇡±) ⇡ �A
CP

(D±
s

! ⌘0⇡±) +A
CP

(D±
s

! �⇡±). (5)

3 Detector

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

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

S⇡
± and D±

s

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

(s) signal leaking into the sidebands. The

di↵erence of raw asymmetries in �A
CP

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

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

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

may be partial, since
D±

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

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

± and
D±

s

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

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

e↵ect on �A
CP

is assigned as a systematic uncertainty.
The �A

CP

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

(s) ! ⌘0⇡±

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

CP

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

7 Results and summary

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

S⇡
±

decays, and between D±
s

! ⌘0⇡± and D±
s

! �⇡± decays, are measured to be

�A
CP

(D± ! ⌘0⇡±) = (�0.58± 0.72± 0.55)%,

�A
CP

(D±
s

! ⌘0⇡±) = (�0.44± 0.36± 0.24)%.

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

trol decays, A
CP

(D± ! K0
S⇡

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

CP

(D±
s

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

A
CP

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

A
CP

(D±
s

! ⌘0⇡±) = (�0.82± 0.36± 0.24± 0.27)%,

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

(D± ! K0
S⇡

±) and
A

CP

(D±
s

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

expectations [35–37] and with previous results obtained in e+e� collisions [10,11]. The
results represent the most precise measurements of these quantities to date.
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Full Run 1 data sample, N(D±)=63k and N(Ds
±)=152k. 

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

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

(solid), the D±
s

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

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

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

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

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

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

A0
P = (AP + fAb

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

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

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

Source �[�A
CP

(D±)] �[�A
CP

(D±
s

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

(s) production asymmetry 0.07 0.02

Total 0.55 0.24
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bachelor pion

D+

p

anti-p

π+

π+

𝜸

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

First time measurement of CPV in charm with neutrals at LHCb.
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Figure 2: Distribution of the reconstructed invariant mass m(⌅+
c

K�) for all candidates passing
the likelihood ratio selection; the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red) histogram shows the corresponding
mass spectrum from the ⌅+

c

sidebands and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦

c

(X)0 resonances.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c

candidates passing the likelihood
ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c

signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c

sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c

candidate passing the likelihood ratio selection and lying within the ⌅+
c

signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c

K� combination, with the constraint that it
originates from the PV. The ⌅+

c

K� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c

K�) > 4.5GeV.
The ⌅+

c

K� invariant mass is computed as

m(⌅+
c

K�) = m([pK�⇡+]
⌅

+
c
K�)�m([pK�⇡+]

⌅

+
c
) +m

⌅

+
c
, (2)

where m
⌅

+
c
= 2467.89+0.34

�0.50 MeV is the world-average ⌅+
c

mass [16] and [pK�⇡+]
⌅

+
c
is the

reconstructed ⌅+
c

! pK�⇡+ candidate. In this analysis, the distribution of the invariant
mass m(⌅+

c

K�) is studied from threshold up to 3450MeV.
The ⌅+

c

K� mass distribution for the combined data sets is shown in Fig. 2 where five
narrow structures are observed. To investigate the origin of these structures, Fig. 2 also

3

Observation of new narrow states 
𝛺0

c➝𝜩c
−K+

19

~1M 𝜩c−➝pK−π+ 

Table 1: Results of the fit to m(⌅+
c

K�) for the mass, width, yield and significance for each
resonance. The subscript “fd” indicates the feed-down contributions described in the text.
For each fitted parameter, the first uncertainty is statistical and the second systematic. The
asymmetric uncertainty on the ⌦

c

(X)0 arising from the ⌅+
c

mass is given separately. Upper
limits are also given for the resonances ⌦

c

(3050)0 and ⌦
c

(3119)0 for which the width is not
significant.

Resonance Mass (MeV) � (MeV) Yield N
�

⌦
c

(3000)0 3000.4± 0.2± 0.1+0.3
�0.5 4.5± 0.6± 0.3 1300± 100± 80 20.4

⌦
c

(3050)0 3050.2± 0.1± 0.1+0.3
�0.5 0.8± 0.2± 0.1 970± 60± 20 20.4

< 1.2MeV, 95% CL

⌦
c

(3066)0 3065.6± 0.1± 0.3+0.3
�0.5 3.5± 0.4± 0.2 1740± 100± 50 23.9

⌦
c

(3090)0 3090.2± 0.3± 0.5+0.3
�0.5 8.7± 1.0± 0.8 2000± 140± 130 21.1

⌦
c

(3119)0 3119.1± 0.3± 0.9+0.3
�0.5 1.1± 0.8± 0.4 480± 70± 30 10.4

< 2.6MeV, 95% CL

⌦
c

(3188)0 3188± 5 ± 13 60± 15± 11 1670± 450± 360

⌦
c

(3066)0fd 700± 40± 140

⌦
c

(3090)0fd 220± 60± 90

⌦
c

(3119)0fd 190± 70± 20

The threshold enhancement below 2970MeV is fully explained by feed-down from the
⌦

c

(3066)0 resonance.
Several additional checks are performed to verify the presence of the signals and the

stability of the fitted parameters. The likelihood ratio requirements are varied, testing
both looser and tighter selections. As another test, the data are divided into subsamples
according to the data-taking conditions, and each subsample is analyzed and fitted
separately. The charge combinations ⌅�

c

K+ and ⌅+
c

K� are also studied separately. In
all cases the fitted resonance parameters are consistent among the subsamples and with
the results from the reference fit.

Systematic uncertainties on the ⌦0
c

resonance parameters are evaluated as follows. The
fit bias is evaluated by generating and fitting an ensemble of 500 random mass spectra
that are generated according to the reference fit. For each parameter, the absolute value
of the di↵erence between the input value and the mean fitted value of the ensemble is
taken as the systematic uncertainty.

The background model uncertainty is estimated by exchanging it for the alternative
function B0(m) = (m�mth)↵e�+�m+�m

2
, where mth is the threshold mass and ↵, �, � and

� are free parameters. The uncertainty associated with the choice of the Breit–Wigner
model is estimated by fitting the data with relativistic L = 1, 2 Breit–Wigner functions
with varying Blatt–Weisskopf factors [29] and is found to be negligible.

Resonances can interfere if they are close in mass and have the same spin-parity.
The e↵ect is studied by introducing interference terms between each resonance and its
neighboring resonances, one pair of resonances at a time. This is implemented with an
amplitude of the form A = |c

i

BW
i

+ c
j

BW
j

ei�|2 for the interference between resonances i
and j, where BW

i

and BW
j

are complex Breit–Wigner functions and c
i,j

and � are free

6

Run 1 + 2015 data ~ 3.3fb-1

Spectroscopy of singly charmed baryons cqq' is 
intricate (many states are expected), but it provides 
a natural way both to understand the spectrum and 
improve accuracy of theory (i.e HQET).  

arXiv:1703.04639 [hep-ex].  Submitted to PRL.

See talk from R. Cardinale on “Hadron spectroscopy at LHCb”
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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 2.5KHz, where typical event size is 
60-100KBytes in Run 1 (2011-2012). In Run 2 (2015-2016) performances are even better. [LHCb-PROC-2015-011]

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

RICH detectors

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

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

Calorimeters

Muons System 

The LHC detector at LHC, JINST 3 (2008) S08005 


