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Status of the Experiment
• First observation of CP violation in the charm sector

 

Observation of CP Violation in Charm Decays
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A search for charge-parity (CP) violation in D 0 → K−Kþ and D 0 → π−πþ decays is reported, using pp
collision data corresponding to an integrated luminosity of 5.9 fb−1 collected at a center-of-mass energy
of 13 TeV with the LHCb detector. The flavor of the charm meson is inferred from the charge of the pion
in D "ð2010Þþ → D 0πþ decays or from the charge of the muon in B̄ → D 0μ−ν̄μX decays. The difference
between the CP asymmetries in D 0 → K−Kþ and D 0 → π−πþ decays is measured to be ΔACP ¼
½−18.2 ' 3.2ðstatÞ ' 0.9ðsystÞ( × 10−4 for π-tagged and ΔACP ¼ ½−9 ' 8ðstatÞ ' 5ðsystÞ( × 10−4 for μ-
tagged D 0 mesons. Combining these with previous LHCb results leads to ΔACP ¼ ð−15.4 ' 2.9Þ × 10−4,
where the uncertainty includes both statistical and systematic contributions. The measured value differs
from zero by more than 5 standard deviations. This is the first observation of CP violation in the decay of
charm hadrons.
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The noninvariance of fundamental interactions under the
combined action of charge conjugation (C) and parity (P)
transformations, so-called CP violation, is a necessary
condition for the dynamical generation of the baryon
asymmetry of the universe [1]. The standard model
(SM) of particle physics includes CP violation through
an irreducible complex phase in the Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix [2,3]. The realiza-
tion of CP violation in weak interactions has been
established in the K- and B-meson systems by several
experiments [4–12], and all results are well interpreted
within the CKM formalism. However, the size of CP
violation in the SM appears to be too small to account for
the observed matter-antimatter asymmetry [13–15], sug-
gesting the existence of sources of CP violation beyond
the SM.
The observation of CP violation in the charm sector

has not been achieved yet, despite decades of exper-
imental searches. Charm hadrons provide a unique
opportunity to measure CP violation with particles
containing only up-type quarks. The size of CP violation
in charm decays is expected to be tiny in the SM, with
asymmetries typically of the order of 10−4 − 10−3, but
due to the presence of low-energy strong-interaction
effects, theoretical predictions are difficult to compute
reliably [16–34]. Motivated by the fact that contributions

of beyond-the-SM virtual particles may alter the size of
CP violation with respect to the SM expectation, a
number of theoretical analyses have been performed
[19,27,32,35].
Unprecedented experimental precision can be reached

at LHCb in the measurement of CP-violating asymmetries
in D 0 → K−Kþ and D 0 → π−πþ decays. The inclusion of
charge-conjugate decay modes is implied throughout
except in asymmetry definitions. Searches for CP violation
in these decay modes have been performed by the BABAR
[36], Belle [37], CDF [38,39], and LHCb [40–44]
Collaborations. The corresponding CP asymmetries have
been found to be consistent with zero within a precision of a
few per mille.
This Letter presents a measurement of the difference

of the time-integrated CP asymmetries in D 0 → K−Kþ and
D 0 → π−πþ decays, performed using pp collision data
collected with the LHCb detector at a center-of-mass
energy of 13 TeV, and corresponding to an integrated
luminosity of 5.9 fb−1.
The time-dependent CP asymmetry, ACPðf; tÞ, between

states produced as D 0 or D̄ 0 mesons decaying to a CP
eigenstate f at time t is defined as

ACPðf; tÞ≡ Γ(D 0ðtÞ → fÞ − ΓðD̄ 0ðtÞ → f)
Γ(D 0ðtÞ → fÞ þ ΓðD̄ 0ðtÞ → f)

; ð1Þ

where Γ denotes the time-dependent rate of a given decay.
For f ¼ K−Kþ or f ¼ π−πþ, ACPðf; tÞ can be expressed in
terms of a direct component associated withCP violation in
the decay amplitude and another component associated
with CP violation in D 0-D̄ 0 mixing or in the interference
between mixing and decay.
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Gaussian functions are distinct for positive and negative
tags, whereas widths and fractions are shared. The param-
eters of the Johnson SU function, which accounts for the
slight asymmetric shape of the signal distribution due to
the proximity of the m ðD 0Þ þ m ðπþ Þ threshold, are also
shared. The combinatorial background is described by
an empirical function of the form ½m ðD 0πþ Þ − m ðD 0Þ−
m ðπþ Þ%αeβm ðD 0πþ Þ, where α and β are two free parameters
which are shared among positive and negative tags. In the
analysis of the μ-tagged sample, the fits are performed to
the m ðD 0Þ distributions. The signal is described by the sum
of two Gaussian functions convolved with a truncated
power-law function that accounts for final-state photon
radiation effects, whereas the combinatorial background is
described by an exponential function. A small contribution
from D 0 → K−πþ decays with a misidentified kaon or pion
is also visible, which is modeled as the tail of a Gaussian
function. Separate fits are performed to subsamples of data
collected with different magnet polarities and in different
years. All partial ΔACP values corresponding to each
subsample are found to be in good agreement and then
averaged to obtain the final results. If single fits are
performed to the overall π-tagged and μ-tagged samples,
small differences of the order of a few 10−5 are found. The
m ðD 0πþ Þ and m ðD 0Þ distributions corresponding to the
entire samples are displayed in Fig. 1 (see also Ref. [60] for
the corresponding asymmetries as a function of mass). The
π-tagged (μ-tagged) signal yields are approximately 44
(9) million D 0 → K−Kþ decays and 14 (3) million D 0 →
π−πþ decays. In the case of π-tagged decays, the fits to the

m ðD 0πþ Þ distributions do not distinguish between back-
ground that produces peaks in m ðD 0πþ Þ, which can arise
from D &þ decays where the correct tagging pion is found
but the D 0 meson is misreconstructed, and signal. The
effect on ΔACP of residual peaking backgrounds, sup-
pressed by selection requirements to less than 1% of the
number of signal candidates, is evaluated as a systematic
uncertainty.
Studies of systematic uncertainties on ΔACP are carried

out independently for the π-tagged and μ-tagged samples.
Several sources affecting the measurement are considered.
In the case of π-tagged decays, the dominant systematic
uncertainty is related to the knowledge of the signal and
background mass models. It is evaluated by generating
pseudoexperiments according to the baseline fit model,
then fitting alternative models to those data. A value of
0.6 × 10−4 is assigned as a systematic uncertainty, corre-
sponding to the largest variation observed using the
alternative functions. Possible differences between D 0πþ

and D̄ 0π− invariant-mass shapes are investigated by study-
ing a sample of 232 million D &þ → D̄ 0ðK−πþ Þπþ and
D &− → D̄ 0ðKþ π−Þπ− decays. The effect on ΔACP is esti-
mated to be on the order of 10−5 at most, hence, negligible.
A similar study with pseudoexperiments is also performed
with the μ-tagged sample and a value of 2 × 10−4 is found.
In the case of μ-tagged decays, the main systematic

uncertainty is due to the possibility that the D 0 flavor is not
tagged correctly by the muon charge because of misrecon-
struction. The probability of wrongly assigning the D 0

flavor (mistag) is studied with a large sample of μ-tagged
D 0 → K−πþ decays by comparing the charges of kaon
and muon candidates. Mistag rates are found to be at the
percent level and compatible for positively and negatively
tagged decays. The corresponding systematic uncertainty is
estimated to be 4 × 10−4, also taking into account the fact
that wrongly tagged decays include a fraction of doubly
Cabibbo-suppressed D 0 → Kþ π− and mixed D 0 → D̄ 0 →
Kþ π− decays, calculated to be 0.39% with negligible
uncertainty for both the Kþ π− and K− πþ final states
using input from Ref. [63].
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 π-tagged
and μ-tagged decays, respectively. Although suppressed by
the requirement that the D 0 trajectory points back to the PV,
a fraction of D 0 mesons from B decays is still present in the
final π-tagged sample. As D 0 → K−Kþ and D 0 → π−πþ

decays may have different levels of contamination, the
value of ΔACP may be biased because of an incomplete
cancellation of the production asymmetries of b hadrons.
The fractions of D 0 mesons from B decays are estimated by
performing a fit to the distribution of the D 0-candidate
impact parameter in the plane transverse to the beam
direction [60]. The corresponding systematic uncertainty

]2c) [MeV/+π0D(m
2005 2010 2015 2020

 )2 c
C

an
di

da
te

s 
/ (

 0
.1

 M
eV

/

0

1000

2000

3000

4000

5000

6000

310×

Data

+K−K→0D

Comb. bkg.

LHCb

]2c) [MeV/+π0D(m
2005 2010 2015 2020

 )2 c
C

an
di

da
te

s 
/ (

 0
.1

 M
eV

/

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200

310×

Data

+π−π→0D

Comb. bkg.

LHCb

]2c) [MeV/0D(m
1850 1900

 )2 c
C

an
di

da
te

s 
/ (

 1
 M

eV
/

0

100

200

300

400

500

600

310×

Data
+K−K→0D
+π−K→0D

Comb. bkg.

LHCb

]2c) [MeV/0D(m
1800 1850 1900

 )2 c
C

an
di

da
te

s 
/ (

 1
 M

eV
/

0

20

40

60

80

100

120

140

160
310×

Data
+π−π→0D
+π−K→0D

Comb. bkg.

LHCb

FIG. 1. Mass distributions of selected (top) π' -tagged and
(bottom) μ' -tagged candidates for (left) K−Kþ and (right) π−πþ

final states of the D 0-meson decays, with fit projections overlaid.
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Status of the experiment: 3 fronts

2) Building the upgrade for Run 3 
• Readout 1MHz !40 MHz 
• Fully process all events online  
• New 'subsystem': Real Time Analysis project 

•

3) Planning for further upgrades (Run-4, Run-5) 
• Physics case supported by LHCC  

[LHCB-PUB-2018-009-002] 
• Framework TDR in preparation

 

DIP
RIC

1) Run-2 data analysis still in full swing 
• From ϕs to pentaquarks  
• Much more to come... 

Just finished dismantling  
old detector

Prospettive a lungo termine: LHCb upgrade II

33

arXiV:1808.08865
- Huge challenge for detector and TDAQ systems 

- Expression of Interest submitted in 2017 

- Physics case document submitted August 27 

- Clear interest from the italian community: 3D 
pixels with timing, muRWELL for muon 
detector, online tracking with FPGA, photons 
sensors

- Aim at exploiting fully HL-LHC phase to collect >300 fb-1

https://arxiv.org/abs/1808.08865

https://cds.cern.ch/record/2244311/?ln=it


• Pisa da tempo impegnata su fronte CPV charm (anche referaggio interno 
della scoperta [M. Morello]) 

• Sforzo attuale: ricerca altre CPV del charm 
• Indirect CPV: AΓ(D0) con dati 2015/16, presentata a FPCP 

• Work in Progress: 
• Charm -> Ks modes 
• D0 oscillations 
• Charm -> η(') modes 
• B0 ->µµ  

• Inoltre contributo importante alla Fast Simulation - essenziale per future 
analisi a statistiche sempre maggiori ! (MC statistics dominated) 

• Outreach activities: MasterClass
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Figure 7: Measured asymmetry of the primary decays in bins of t/τD0 , where τD0 = 0.410 ps [33],
for (top) the D0→ K−π+, (centre) D0→ K+K− and (bottom) D0→ π+π− decay channels,
averaged over the full 2015–2016 data sample. The solid lines show the linear fit, whose slope is
equal to −AΓ.

where one daughter particle is not reconstructed. If one of the reconstructed daughter
particles is misidentified, its wrong mass assignment can compensate for the loss of
invariant mass due to the unreconstructed particle. For D0 mesons produced in the decay
of a D∗+ meson, these backgrounds appear like a peak in the ∆m distribution, similar to
that of the signal, albeit with a larger width. Therefore, unlike pure h+h− combinatorial
background, these backgrounds are not subtracted by the ∆m sideband subtraction. The
background from D+

s → K+K−π+ decays where the D+
s is produced in the PV and the

pion is identified as π+
tag
, may also be problematic, since its ∆m distribution differs from

that of the combination of a true D0 with an unrelated pion. These backgrounds are
studied using the RapidSim simulation package [34]. The D0→ K−π+ decay channel and
the signal decays, instead, are simulated using the LHCb simulation. The background
contamination in the signal region is estimated through template fits to the m(h+h−)
data distribution (Fig. 8). The agreement of the fit with the data is not perfect. However,
it describes well the features of the m(h+h−) distributions and allows an estimate of
the size of the background contamination under the D0 mass peak to be made with
a precision sufficient to assess a systematic uncertainty. The fit returns a background
contamination in the signal region of 0.5% (0.2%) for the K+K− (π+π−) decay channel.
The time-dependence of the background component is inferred from the simulation, while
the asymmetries are measured in all bins of decay time in the sideband [1750, 1800]MeV/c2.
The bias on the measurement of AΓ is determined to be 0.3× 10−4 (0.2× 10−4) for the
K+K− (π+π−) decay channel. This estimate, which contains a statistical component due
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LHCb-CONF-2019-001
May 16, 2019

Search for time-dependent CP

violation in D0
→ K+K− and

D0
→ π+π− decays

LHCb collaboration†

Abstract

A search for charge-parity (CP ) violation in the time-dependent decay rates of
D0→ K+K− and D0→ π+π− decays is reported. The data correspond to an
integrated luminosity of 1.9 fb−1 collected by the LHCb detector in 2015–2016 in
pp collisions at a centre-of-mass energy of 13TeV. The flavour of the D0 meson is
inferred from the charge of the pion in D∗(2010)+→ D0π+ decays. The asymmetries
of the time-dependent decay rates of D0 and D0 decays, sensitive to CP violation
in the mixing and in the interference between mixing and decay, are measured to be
AΓ(K+K−) = (1.3± 3.5± 0.7)× 10−4 and AΓ(π+π−) = (11.3± 6.9± 0.8)× 10−4,
where the first uncertainties are statistical and the second are systematic.

c⃝ 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.

†Conference report prepared for the 17th international conference on Flavor Physics and CP violation,
Victoria, Canada, 6–10 May 2019. Contact authors: Tommaso Pajero, tommaso.pajero@cern.ch and
Michael J. Morello, michael.joseph.morello@cern.ch.

Attivita' di Pisa nel 2019



Attivita' di Pisa nel 2019
• Pisa e' forte componente del Real Time Analysis project di LHCb (20+ istituzioni) 

- R&D degli ultimi anni (RETINA) sfociato in "hardware accelerators" della ricostruzione  
- Pisa achievements in 2019: 

• VELO Cluster finding at 38 MHz in (real) FPGA  
(LHCb pianifica di incorporare nel readout di Run-3) 

• Dimostrato VELO pattern recognition at ~full efficiency in FPGA (emulated) 
• Successful forward track reco studies for future upgrades (DoWnstream Tracker) 

- 3 presentazioni a conferenze tecniche in 2019 
- In 2018 LHCb reviewed a demo system (-> Vertical Slice Test recommended) 
- In 2019 LHCb review for real application in Run-3 VELO reconstruction (ongoing) 

256	events	〜7μs

VELO FPGA tracking efficiencyCluster finding at 38MHz in Pisa lab



1) Analisi dati Run2 -> physics papers 
2) Prototipi lab FPGA -> Vertical Slice Test at LHCb 

Dimostrare funzionalita' di ricostruzione a 30MHz, in integrazione con il DAQ 
(collaborazione con FE e CA). Step essenziale per applicazione reale in Run-3.

S/E S/ES/E

PCIe-x8 (~60Gbs) → 0.5 Tb/s

FPGA cards

2xQSFP (8*100 
Gbs = 0.8 Tb/s)Patch Panel 16x16 QSFP

             RUN-3 Event Builder prototype

Attivita' di Pisa nel 2020



Composizione gruppo

Piu' 4 laureandi magistrali: 
• Roberto Ribatti 
• Giacomo Petrillo 
• Lorenzo Pica 
• Luca Giambastiani

+1.8 FTE rispetto a 2019 
[+altri 2 FTE dottorandi da Nov. '19] 

Sheet1

Page 1

Nome LHCb Job

Bassi Giovanni 1 0 100 100 dot

Bedeschi Franco 1 0 60 60 staf

Fantechi Riccardo 1 0 20 20 staf

Lazzari Federico 1 0 100 100 dot

Lusiani Alberto 1 0 70 70 staf

Morello Michael Joseph 1 0 100 100 staf

Pajero Tommaso 1 0 100 100 dot

Punzi Giovanni 1 0 100 100 staf PO P.I. 

Rama Mateo 1 0 100 100 staf Speaker Bureau

Stracka Simone 1 0 60 60 staf

Tuci Giulia 1 0 100 100 dot

Vitali Giacomo 1 0 100 100 AR

Walsh John 1 0 100 100 staf Editorial Board

13 0 11.1 0 11.1

FTE Ricercatori

Cognome Ric. Tec. Altro Totale Qualifca

Dir Ric

I Ric

Ric SNS

Ric SNS

Simul. Liason Charm WG

Ric

Ric

I Ric



Richieste finanziarie
Preventivo LHCb-Pisa 2020

Missioni

Missioni IT 11 k€

ME metabolismo 84.5 k€

ME responsabilita' 7.6 k€

ME FPGA Vertical Slice Test (2 mu) 7.6 k€

TOTALE Missioni  110 k€

Consumi
Metabolismo 16.5 k€

FPGA Vertical Slice Test 10 k€

TOTALE Consumi 26.5 k€

N.B.:  - Metabolismi da tabelle standard CSN1 
- a FE richiesta coordinata alla nostra su VST 



Richieste alla Sezione

• Continuazione uso dello spazio laboratorio LHCb 
per la preparazione dei prototipi per VST


