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LHCb at Point 8
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38 2. LHC collider and LHCb detector

Figure 2.1: Graphical view of the LHC ring position. As reported in the text the ring is placed
about 100 m underground. The ground-level positions of the access points of the four main
experiments (ALICE, ATLAS, CMS and LHCb) is also shown.

2.1.1 2010 data taking

LHC started its physics operation on the 23rd November 2009, colliding two proton bunches with
450 GeV of energy per beam and increased to 1.18 GeV per beam within few operational days.
The first proton-proton collision at 3.5 TeV per beam has been recorded on the 30th March
2010 and continued until the end of October. During this first year of high energy collisions,
instantaneous luminosity achieved by the machine increased continously as shown in Fig. 2.3.
The total integrated luminosity delivered by LHC to each of the four experiments has been about
42 pb�1, out of which LHCb recorded about 38 pb�1 with an e�ciency close to 90%. In Fig. 2.3
a pie chart representing the data taking e�ciency and the various sources of ine�ciencies is also
shown. The LHCb detector and Data Acquisition (DAQ) system performed well during 2010, in
particular considering that the system had to operate with an higher number of visible collisions
µ with respect to the design value of 0.4. In Fig. 2.4 the values of µ as a function of the fill
number during 2010.

2.1.2 2011 data taking

In 2011, the data taking operations started on the 12th April and ended at the end of October.
During this period LHC operated again at an energy of 3.5 TeV per beam. The data taking
conditions have been more stable with respect to 2010. In particular, LHCb, in order to cope
with detector and trigger design limits, worked with a system allowing to continuously levelling
the instantaneous luminosity to about 3.5 � 1032 cm�2s�1, as shown in Fig. 2.5. Such a value
correspond to about 1.75 times the instantaneous design luminosity.
The total integrated luminosity delivered to LHCb has been 1.22 fb�1 and the experiment
collected 1.11 fb�1 with an e�ciency of about 90% as shown in Fig. 2.6.
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LHCb is a specialized detector covering a broad program of high precision 
measurements in heavy flavors physics (beauty and charm).  
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LHCb Detector 
• LHCb is a single forward spectrometer, with a warm dipole magnet  

- Acceptance lies in [10 ,300] mrad in the horizontal plane and in [10,250] mrad in the vertical plane. 

- Max intensity of B is about 1T, while the integral is about 4 Tm. 
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• Excellent tracking 

• VELO + T-stations 

• Excellent PID 

• RICH detectors 

• Calorimeters and muon sub-detectors.
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LHCb integrated luminosity 
• LHCb able to level instantaneous luminosity  

- Linst ~ [1-4] x 1032 cm–2s–1 up to now. 

• Run 1 at 7-8 TeV (2011-2012). 

• Run 2 at 13 TeV (2015-2018) ongoing. 

• 40 MHz collision rate (25ns bunch spacing). 

• Today ~7 fb–1 of “good” data  collected. 

• Estimated to collect additional ~2.3 fb-1 in 2018.
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Chapter 2. The LHCb detector at the LHC 33

Figure 2.3: Integrated luminosity recorded by LHCb as a function of the month of the year, divided
by years of data taking.

larger in Run 2 with respect to Run 1 for many decay modes.
Thanks to excellent performance of the LHC and of the LHCb detector, an unprece-

dented sample of charm and beauty hadrons has been collected. This will allow the LHCb
collaboration to perform high precision measurements, improving previous results coming
from the BaBar, Belle and CDF Collaborations and possibly allowing the discovery of NP
effects.

2.2 The LHCb detector
The LHCb experiment [34] is designed to exploit the great production cross-section of
bb pairs in pp collision at the LHC center-of-mass energies. The cross-section values are
�(pp ! bbX)ps=7 TeV = (72.0± 0.3± 6.8)µb at

p
s = 7 TeV and �(pp ! bbX)ps=13 TeV =

(154.3± 1.5± 14.3)µb [35] at
p
s = 13 TeV. The same characteristics that allow LHCb

to be an ideal experiment for b physics are optimal for the study of c physics as well,
also because the cc production cross-section is even larger than the bb production cross-
section, namely �(pp ! ccX)ps=7 TeV = (1230 ± 190)µb [36] at

p
s = 7 TeV and

�(pp ! ccX)ps=13 TeV = (2369± 3± 152± 118)µb [37] at
p
s = 13 TeV.

Due to the average imbalance in momentum of two partons that collide during a pp
interaction, the b and c quarks are produced strongly boosted along the beam-line. As
a consequence, the b and c hadrons at the LHC are produced prominently in the same
forward or backward region and with a small angle with respect to the beam direction, as
can be seen in Fig. 2.4.

Performance LHCb
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� Model based on levelling at a peak luminosity of 4.6×1032 cm-2s-1 for the 
BCMS beam (2332 colliding pairs) – 2017-like.
– Integrated luminosity given purely by time in stable beams (and number of 

colliding pairs).
– LHCb does not gain from higher bunch charges, smaller xing angles (in 1 & 5) 

and E* levelling, only availability and beam type matter.

~ 2.3 fb-1assuming ~45% stable 
beams efficiency

At the end this year LHCb will have a sample of 
about a factor of 3 wrt Run 1. It could make a 
“significant” difference for some crucial 
measurements (Run 2 yields/fb-1 > Run 1 yields/fb-1.). 
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Figure 5. Differential branching fraction of B0→ K∗(892)0µ+µ− decays as a function of q2.
The data are overlaid with the SM prediction from refs. [50, 51]. No SM prediction is included
in the region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 <
19.0GeV2/c4 is also presented. The uncertainties shown are the quadratic sum of the statistical
and systematic uncertainties, and include the uncertainty on the B0→ J/ψK∗0 and J/ψ → µ+µ−

branching fractions.

is shown in figure 5. The uncertainties given are a quadratic sum of statistical and sys-

tematic uncertainties and the bands shown indicate the SM prediction from refs. [50, 51].

The results are also reported in table 2. The various sources of systematic uncertainties

are described in section 8.

The total branching fraction of the B0→ K∗(892)0µ+µ− decay is obtained from the

sum over the eight q2 bins. To account for the fraction of signal events in the vetoed q2

regions, a correction factor of 1.532 ± 0.001(stat) ± 0.010(syst) is applied. This factor is

determined using the calculation in ref. [52] and form factors from ref. [53]. The systematic

uncertainty is determined by recalculating the extrapolation factor using the form factors

from ref. [54] and taking the difference to the nominal value. The resulting total branching

fraction is

B(B0→ K∗(892)0µ+µ−) = (1.036+0.018
−0.017 ± 0.012± 0.007± 0.070)× 10−6,

where the uncertainties, from left to right, are statistical, systematic, from the extrap-

olation to the full q2 region and due to the uncertainty of the branching fraction of the

normalisation mode.

8 Systematic uncertainties

The sources of systematic uncertainty considered can alter the angular and mass dis-

tributions, as well as the ratio of efficiencies between the signal and control channels.

In general, the systematic uncertainties are significantly smaller than the statistical

uncertainties. The various sources of systematic uncertainty are discussed in detail below
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Figure 9: Current experimental uncertainties for R(D) and R(D⇤) as well as the extrapolation
to 10 fb�1 and 22 fb�1 assuming that the dominant systematics can be reduced with luminosity.

there will be observables that are much more precisely measured at LHCb with these data,
for example related to the polarisation of the fully reconstructed D

⇤+ meson. Angular
analyses and the investigation of a number of observables, recently defined in Refs. [60–63],
give maximal sensitivity to BSM physics. While these observables can already be studied
at a Phase-1 upgrade of the LHCb detector, the ultimate sensitivity will be reached only
in Phase-2.

Other final states, such as the ⇤0
b ! ⇤

+
c

(⇤)
⌧⌫ decays would certainly benefit from

the increase in luminosity as for example the ⇤0
b ! ⇤

+
c

⇤
µ⌫X signal yield in Run 1 data

is approximately an order of magnitude smaller than for the R(D⇤) case. One other
important channel which will benefit hugely from 300 fb�1, is the B

+
c modes, B

+
c ! J/ ⌧⌫.

Additionally, based on the projections from the R(J/ ) analysis, the uncertainty compared
to R(J/ ) is approximately four times larger. This is another channel that would benefit
greatly from from the larger dataset and can only be done at LHCb.

Finally, the abundant datasets expected in the Phase-2 upgrade would allow CKM-
suppressed semi-tauonic decays, such as ⇤0

b ! p⌧⌫, to be studied. Dedicated studies are
needed in this respect, however the techniques being developed for the current semi-tauonic
analyses would limit physics backgrounds due to e.g. b-baryon decays and charmless
baryonic decays of B mesons.

6 Rare decays

Presently, analyses of rare decays are typically statistically limited with experimental
systematic uncertainties that are relatively small. Rare decays would therefore particularly
profit from larger data samples, and an integrated luminosity of

R
Ldt = 300 fb�1 would

allow for precision measurements also in the area of very rare decays.
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⌧
D

=
0.410 ps [16], for

(top)
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!

K +
K �

and
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, averaged

over the full Run
1 data sample. Solid

lines

show
the time dependence with

a slope equal to the best estimates of
�A

� .

full Run 1 data sample are compared with fit results in Fig. 3.

The complementary analysis based on Eq. (2) follows a procedure largely unchanged

from
the previous LHCb analysis [11], described in Refs. [19, 20] and briefly summarized

below. The selection
requirements for this method

di↵er from
those based

on
Eq. (1)

only in the lack of a requirement on � 2
IP (D 0). A

similar blinding procedure is used. This

analysis is applied to the 2 fb �1
subsample of the present data, collected in 2012, that was

not used in Ref. [11]. The 2012 data is split into three data-taking periods to account for

known di↵erences in the detector alignment and calibration after detector interventions.

Biases on the decay-time distribution, introduced by the selection criteria and detection

asymmetries, are accounted for through per-candidate acceptance functions, as described

in
Ref. [20]. These acceptance functions are parametrized

by
the decay-time intervals

within which a candidate would pass the event selection if its decay time could be varied.

They are determined using a data-driven method, and used to normalize the per-candidate

probability density functions over the decay-time range in which the candidate would be

accepted.A
two-stage

unbinned
maximum

likelihood
fit is used

to
determine

the
e↵ective

decay
widths.

In
the

first stage, fits to
the

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 (D 0)) (Fig. 4) is made

to
separate

secondary
background.

The
finding

of an

asymmetry consistent with zero in the control channel, A
� (K �

⇡ +
) =

(�0.07±0.15)⇥10 �3,

validates the method.
Small mismodeling

e↵ects are observed
in
the decay-time fits
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LHCb finds hints of possible deviations from the Standard Model.

A reach physics program
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Latest from LHCC meeting

6

Riccardo Cenci’s talk  
https://indico.cern.ch/event/692482/ 

LHCb covers a wide range of topics 
significantly impacting the field.  
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LHCb physics output
• Submitted papers: 416. 

• Additional 12 to be released for the 
winter conferences. 

• Highest papers/author ratio at LHC. 

• Still more Run-I analyses in the pipeline.

7
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LHCb Upgrade I (Run 3, 2021-2023)
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 triggerless readout at 
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Upgrade of the whole detector planned during LS2 (2019/2020)

Why upgrade?

• higher rate  
• higher pile up 
• higher occupancy 
• higher fluence  
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Figure 2: (left) Evolution of interaction rates in LHCb (for 25 ns running, as will be the case
after LS1) as a function of luminosity, split into categories of number of interactions per event. A
significant increase in pile-up is visible when going from 1 to 2 ⇥1033 cm�2 s�1. (right) Average
number of pp interactions per bunch crossing visible in LHCb as a function of luminosity, for
events with at least one visible interaction.
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Figure 3: Number of vertices per event for
running at various values of µ. The default
value used in the simulation, corresponding to
2⇥1033 cm�2 s�1, is indicated by the dotted line.

1.3 VELO upgrade overview

As explained above, the upgraded VELO must maintain or improve its physics performance
while delivering readout at 40 MHz in the operating conditions of the upgrade. This
can only be achieved by a complete replacement of the silicon sensors and electronics.
Following an externally refereed review the collaboration has chosen to install a detector
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Figure 1.2: Schematic view of the LHCb upgrade detector. To be compared with Fig. 1.1. UT =
Upstream Tracker. SciFi Tracker = Scintillating Fibre Tracker.

tracking subsystems, the Tracker Turicensis (TT) and the T-stations, located just before
and just after the LHCb dipole magnet. These subsystems and their projected upgrade
performance are the focus of this TDR. The four TT planes will be replaced by new high
granularity silicon micro-strip planes with an improved coverage of the LHCb acceptance.
The new system is called the Upstream Tracker (UT) and is the subject of Chap. 2. The
current downstream tracker (T-stations) is composed of two detector technologies: a
silicon micro-strip Inner Tracker (IT) in the high ⌘ region and a straw drift tube Outer
Tracker (OT) in the low ⌘ region. The three OT/IT tracking stations will be replaced
with a Scintillating Fibre Tracker (SFT), composed of 2.5m long fibres read out by silicon
photo-multipliers (SiPMs) outside the acceptance. The SFT is discussed in detail in
Chap. 3. The performance of the UT and SFT detectors, as far as the individual detection
planes are concerned, are addressed separately in their respective chapters, where also the
cost, schedule and task sharing of these subsystems are presented. The charged particle
tracking is an essential physics tool of the LHCb experiment. It must provide the basic
track reconstruction, leading to a precise measurement of the charged particle momenta
in the extreme environment of the LHCb upgrade over its entire lifetime. Therefore, the
projected performance of the complete LHCb upgrade tracking system, which involves
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and just after the LHCb dipole magnet. These subsystems and their projected upgrade
performance are the focus of this TDR. The four TT planes will be replaced by new high
granularity silicon micro-strip planes with an improved coverage of the LHCb acceptance.
The new system is called the Upstream Tracker (UT) and is the subject of Chap. 2. The
current downstream tracker (T-stations) is composed of two detector technologies: a
silicon micro-strip Inner Tracker (IT) in the high ⌘ region and a straw drift tube Outer
Tracker (OT) in the low ⌘ region. The three OT/IT tracking stations will be replaced
with a Scintillating Fibre Tracker (SFT), composed of 2.5m long fibres read out by silicon
photo-multipliers (SiPMs) outside the acceptance. The SFT is discussed in detail in
Chap. 3. The performance of the UT and SFT detectors, as far as the individual detection
planes are concerned, are addressed separately in their respective chapters, where also the
cost, schedule and task sharing of these subsystems are presented. The charged particle
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track reconstruction, leading to a precise measurement of the charged particle momenta
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Figure 2.7: Overview of UT geometry looking downstream. The di↵erent sensor geometries are
colour coded.

1526mm in X and 1336mm in Y, corresponding to ✓x between ± 317mrad, and ✓y between
± 279mrad. The UTbX plane covers wider in X of 1717 mm. Its angular coverage is
± 314mrad and ± 248mrad in X and Y directions, respectively.

The radius of the circular cutout in the innermost sensors is determined by the size
of the beam-pipe, the thickness of thermal insulation layer, and the clearance required.
The outer radius of the existing beam-pipe at UTbX is 27.4mm. The current design of
thermal insulation, presented in Ref. [19] is 3.5mm thick aerogel heat shield. We allow
for 2.5mm clearance. These considerations lead to an inner radius of the silicon sensor of
33.4mm. Due to the 0.8mm guard ring, the active area starts at 34.2mm. The central
hole leads to an acceptance starting at roughly 14mrad for straight tracks from the centre
of the interaction region. We have verified by simulation that for the typical B decay of
interest, we lose only about 5% of the events because one track is in the beam-pipe hole,
when compared with tracks reconstructed in the VELO and the outer tracker.

Each UT sensors is composed of 250 µm thick silicon and a 10 µm metalisation layer.
The sensors positions are shown as coloured squares in Fig. 2.7. In the central area the
track density is very high. To deal with the high density, sensors of thinner strips, and
also shorter lengths are used. Sensors shaded in yellow have nominal length, and 95µm
pitch, half that of the nominal sensor. Sensors shaded in pink have both half the nominal
pitch and the half nominal length, being about 5 cm long in Y direction. Thus, the central
two staves have sixteen sensors each, instead of fourteen. Each of these fine pitch sensors
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granularity silicon micro-strip planes with an improved coverage of the LHCb acceptance.
The new system is called the Upstream Tracker (UT) and is the subject of Chap. 2. The
current downstream tracker (T-stations) is composed of two detector technologies: a
silicon micro-strip Inner Tracker (IT) in the high ⌘ region and a straw drift tube Outer
Tracker (OT) in the low ⌘ region. The three OT/IT tracking stations will be replaced
with a Scintillating Fibre Tracker (SFT), composed of 2.5m long fibres read out by silicon
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cost, schedule and task sharing of these subsystems are presented. The charged particle
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The outer radius of the existing beam-pipe at UTbX is 27.4mm. The current design of
thermal insulation, presented in Ref. [19] is 3.5mm thick aerogel heat shield. We allow
for 2.5mm clearance. These considerations lead to an inner radius of the silicon sensor of
33.4mm. Due to the 0.8mm guard ring, the active area starts at 34.2mm. The central
hole leads to an acceptance starting at roughly 14mrad for straight tracks from the centre
of the interaction region. We have verified by simulation that for the typical B decay of
interest, we lose only about 5% of the events because one track is in the beam-pipe hole,
when compared with tracks reconstructed in the VELO and the outer tracker.

Each UT sensors is composed of 250 µm thick silicon and a 10 µm metalisation layer.
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Silicon Inner Tracker will 
be removed. 

Major upgrade of the electronics to allow 
the read-out of all sub-detectors at 40MHz. 
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LHCb-Pisa Group
• Founded in 2013 (end of Run 1). 

• Team Leader: G.Punzi. 

• Started with only 2.1 FTE (Bedeschi, 
Morello, Punzi). 

• Today well established (9.2 FTE), 
growing in size, plus several students.
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LHCb Pisa
Bedeschi Franco DR 60%
Cenci Riccardo Post-doc 100%
Fantechi Riccardo PR 10%
Lusiani Alberto Ric-SNS 70%
Morello Michael J. Ric-SNS 100%
Pajero Tommaso PhD 100%
Punzi Giovanni (TL) PA 100%
Rama Matteo Ric-INFN 100%
Stracka Simone Ric-INFN 80%
Walsh John J. PR 100%
Tuci Giulia PhD 100%

Di Luca Andrea laureando
Lazzari Federico borsista
Vitali Giacomo laureando

https://web.infn.it/LHCb-PI/

https://web.infn.it/LHCb-PI/
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Theses

10

https://web.infn.it/LHCb-PI/index.php/students/thesis

7 tesi di laurea magistrale  
+ 2 in coso 

1 tesi di PhD  
+ 2 in coso 
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Main activities
• The group has a great deal of expertise in the field of flavor 

physics, accumulated by its members in many years of activity 
in previous experiments (BaBar and CDF). 

• Actively pursuing some of the most important physics analyses. 
Full responsibility with contact authors from Pisa. 

• Tuning and optimization of the software that simulates the 
detector (official commitment of the Group). 

• Proposal of an innovative real-time tracker to be installed in 
Run-4,  as a natural product of the CSN5 R&D (“RETINA”).
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Physics analysis
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• Measurement from LHCb using Run-1+Run-2 data 
has led to the first observation of the Bs→μμ decay 
from a single experiment:  

• Also first measurement of the effective lifetime, that 
will be useful for discriminating between NP models.  

• With 300 fb-1 in Run 5,  LHCb has the potential to 
reach a relative uncertainty on the the ratio of B0 to Bs 
branching fractions at level of 10%. SM prediction 
BR(B0) =(1.0±0.1)x10−10.

B0s→μ+μ− and B0→μ+μ− 
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Figure 1: Mass distribution of the selected B0
(s) ! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid, and the di↵erent components are detailed.

of 4.6% and 10.9%, respectively. The dependence is approximately linear in the physically
allowed Aµ+µ�

�� range.
For the B0

s ! µ+µ� lifetime determination, the data are background-subtracted with
the sPlot technique [41], using a fit to the dimuon mass distribution to disentangle signal
and background components statistically. Subsequently, a fit to the signal decay-time
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0

s candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0

s ! µ+µ� signal to be
simplified by removing most of the B0 ! µ+µ� and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e�ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.

The mass fit includes the B0
s ! µ+µ� and combinatorial background components.

The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.

The variation of the trigger and selection e�ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡� decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world

6
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Measurement of the B0
s ! µ+µ�

branching fraction and e↵ective

lifetime and search for B0 ! µ+µ�

decays

The LHCb collaboration†

Abstract

A search for the rare decays B0
s ! µ+µ� and B0 ! µ+µ� is performed at the

LHCb experiment using data collected in pp collisions corresponding to a total
integrated luminosity of 4.4 fb�1. An excess of B0

s ! µ+µ� decays is observed
with a significance of 7.8 standard deviations, representing the first observation
of this decay in a single experiment. The branching fraction is measured to be
B(B0

s ! µ+µ�) =
�
3.0± 0.6+0.3

�0.2

�
⇥ 10�9, where the first uncertainty is statistical

and the second systematic. The first measurement of the B0
s ! µ+µ� e↵ec-

tive lifetime, ⌧(B0
s ! µ+µ�) = 2.04± 0.44± 0.05 ps, is reported. No significant

excess of B0 ! µ+µ� decays is found and a 95% confidence level upper limit,
B(B0 ! µ+µ�) < 3.4⇥ 10�10, is determined. All results are in agreement with the
Standard Model expectations.

Published in Phys. Rev. Lett. 118 (2017), 191801

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

†Authors are listed at the end of this paper.
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c� CERN on behalf of the LHCb collaboration, licence CC-BY-4.0.

†Authors are listed at the end of this paper.
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ACP with neutrals: D+(s)➝𝜂’π+
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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 �ACP (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 �ACP 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 �ACP is assigned as a systematic uncertainty.

The �ACP 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 �ACP 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

�ACP (D
±
! ⌘0⇡±) = (�0.58± 0.72± 0.55)%,

�ACP (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, ACP (D±
! K0

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

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

to be

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

ACP (D
±
s ! ⌘0⇡±) = (�0.82± 0.36± 0.24± 0.27)%,

where the last contribution to the uncertainty comes from the ACP (D±
! K0

S⇡
±) and

ACP (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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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

A
0
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 �ACP . The total systematic
uncertainty is the sum in quadrature of the individual contributions.

Source �[�ACP (D±)] �[�ACP (D±
s )]

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

D±
(s) production asymmetry 0.07 0.02

Total 0.55 0.24

7

bachelor pion

D+

p

anti-p

π+
π+

𝜸
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A search for CP violation in D± → η′π± and D±
s → η′π± decays is performed using proton–proton 

collision data, corresponding to an integrated luminosity of 3 fb− 1, recorded by the LHCb experiment at 
centre-of-mass energies of 7 and 8 TeV. The measured CP-violating charge asymmetries are ACP(D± →
η′π±) = (− 0.61 ± 0.72 ± 0.53 ± 0.12)% and ACP(D±

s → η′π±) = (− 0.82 ± 0.36 ± 0.22 ± 0.27)%, where 
the first uncertainties are statistical, the second systematic, and the third are the uncertainties on the 
ACP(D± → K 0

S π±) and ACP(D±
s → φπ±) measurements used for calibration. The results represent the 

most precise measurements of these asymmetries to date.
© 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.

1. Introduction

The decays of charmed mesons offer a unique opportunity for 
the experimental investigation of hitherto unobserved CP violation 
in the up-type quark sector. The Standard Model (SM) predicts CP
violation to occur in the charm sector, albeit at a level of O

(
10− 3)

at leading order in 1/mc , compatible with the lack of evidence in 
current measurements. Larger values are possible if new sources of 
CP violation beyond the SM exist. The study of charm systems is 
a unique tool to probe sources of CP violation that affect only the 
dynamics of up-type quarks [1].

In order for non-zero CP asymmetries to be observable in a 
process, two or more interfering amplitudes with different CP-odd 
and CP-even phases are needed. In the SM, no direct CP violation 
can therefore emerge at leading order in Cabibbo-favoured charm 
decays, which are mediated by a single weak amplitude, while 
small CP asymmetries are expected in singly-Cabibbo-suppressed 
decays [2] due to the interference of colour-allowed tree-level 
amplitudes with loop- (penguin) and colour-suppressed tree-level 
amplitudes. Since these asymmetries may be enhanced by non-
perturbative effects [3], theoretical interpretations of experimental 
results require the analysis of several channels with similar sen-
sitivity. In particular, the study of charm decays to pseudoscalar 
mesons tests flavour topology [4] and SU(3) predictions, and may 
constrain amplitudes through triangle relations or shed light on 
sources of SU(3) flavour symmetry breaking [5–7]. To date, the 
most precise measurements of CP asymmetries in singly-Cabibbo-
suppressed two-body charm decays have been performed in D0 →
K +K − and D0 → π+π − decays by the LHCb Collaboration [8,9], 
and have shown no evidence for CP violation. Among the other 
charm decays to two pseudoscalar mesons with significant branch-

ing fractions, thus far D± → η′π± and D±
s → η′π± have been 

studied only in e+e− collisions [10,11] due to the experimental 
difficulty of reconstructing η(′) mesons in hadron collisions. The 
most recent studies of these decays at the Belle and CLEO exper-
iments yielded a CP asymmetry of (− 0.12 ± 1.12 ± 0.17)% [11]
for the singly-Cabibbo-suppressed D± → η′π± decay and (− 2.2 ±
2.2 ± 0.6)% [10] for the Cabibbo-favoured D±

s → η′π± decay, re-
spectively.

In this Letter the first analysis of D±
(s) → η′π± decays at a 

hadron collider is presented, using proton–proton (pp) collision 
data corresponding to an integrated luminosity of approximately 
3 fb− 1, collected by the LHCb experiment. This allows for the large 
charm yields available at the LHC to be exploited, resulting in the 
most precise measurement of CP asymmetries in these decays to 
date.

2. Method

The CP asymmetries ACP are determined from the measured 
(raw) asymmetries

Araw(D±
(s) → f ±) =

N(D+
(s) → f +) − N(D −

(s) → f − )

N(D+
(s) → f +) + N(D −

(s) → f − )
, (1)

where N denotes the observed yield for the decay to a given 
charged final state f ± . The measured asymmetries include addi-
tional contributions other than ACP(D±

(s) → f ±). For small asym-
metries, it is possible to approximate to first order

Araw ≈ ACP + AP + AD, (2)

http://dx.doi.org/10.1016/j.physletb.2017.05.013
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.

Phys. Lett. B 771 (2017) 21-30   
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Full Run 1 data sample, N(D±)=63k and N(Ds
±)=152k.
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Figure 3: Measured asymmetry A(t) in bins of t/⌧D, where ⌧D = 0.410 ps [16], for (top)
D0

! K+K� and (bottom) D0
! ⇡+⇡�, averaged over the full Run 1 data sample. Solid lines

show the time dependence with a slope equal to the best estimates of �A�.

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

from the previous LHCb analysis [11], described in Refs. [19, 20] and briefly summarized
below. The selection requirements for this method di↵er from those based on Eq. (1)
only in the lack of a requirement on �2

IP(D
0). A similar blinding procedure is used. This

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

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

A two-stage unbinned maximum likelihood fit is used to determine the e↵ective
decay widths. In the first stage, fits to the D0 mass and �m spectra are used to
determine yields of signal decays and both combinatorial and partially reconstructed
backgrounds. In the second stage, a fit to the decay-time distribution together with
ln(�2

IP(D
0)) (Fig. 4) is made to separate secondary background. The finding of an

asymmetry consistent with zero in the control channel, A�(K�⇡+) = (�0.07±0.15)⇥10�3,
validates the method. Small mismodeling e↵ects are observed in the decay-time fits

6
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Abstract

Asymmetries in the time-dependent rates of D0
! K+K� and D0

! ⇡+⇡� decays
are measured in a pp collision data sample collected with the LHCb detector during
LHC Run 1, corresponding to an integrated luminosity of 3 fb�1. The asymmetries
in e↵ective decay widths between D0 and D0 decays, sensitive to indirect CP
violation, are measured to be A�(K+K�) = (�0.30 ± 0.32 ± 0.10) ⇥ 10�3 and
A�(⇡+⇡�) = (0.46 ± 0.58 ± 0.12) ⇥ 10�3, where the first uncertainty is statistical
and the second systematic. These measurements show no evidence for CP violation
and improve on the precision of the previous best measurements by nearly a factor
of two.
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Marino, Morello, Pajero, Punzi

Measurement of the CP Violation Parameter AΓ in D0 → K +K − and D0 → π +π − Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 22 February 2017; published 28 June 2017)

Asymmetries in the time-dependent rates ofD0 → KþK− and D0 → πþπ− decays are measured in a pp
collision data sample collected with the LHCb detector during LHC Run 1, corresponding to an integrated
luminosity of 3 fb−1. The asymmetries in effective decay widths between D0 and D0 decays, sensitive to
indirect CP violation, are measured to be AΓðKþK−Þ ¼ ð−0.30 % 0.32 % 0.10Þ × 10−3 and AΓðπþπ−Þ ¼
ð0.46 % 0.58 % 0.12Þ × 10−3, where the first uncertainty is statistical and the second systematic. These
measurements show no evidence for CP violation and improve on the precision of the previous best
measurements by nearly a factor of two.

DOI: 10.1103/PhysRevLett.118.261803

Symmetry under the combined operations of charge
conjugation and parity (CP) was found to be violated in
flavor-changing interactions of the s quark [1], and later in
processes involving the b quark [2,3]. Within the standard
model, violation of CP symmetry in the charm sector is
predicted at a level below Oð10−3Þ [4,5]. Charm hadrons
are the only particles where CP violation involving up-type
quarks is expected to be observable, providing a unique
opportunity to detect effects beyond the standard model
that leave down-type quarks unaffected.
A sensitive probe of CP violation in the charm sector is

given by decays ofD0 mesons into CP eigenstates f, where
f ¼ πþπ− or f¼KþK−. The time-integrated CP asymme-
tries and the charm-mixing parameters x ≡ ðm2 −m1Þ=Γ
and y ≡ ðΓ2 − Γ1Þ=ð2ΓÞ [6], where m1;2 and Γ1;2 are the
masses and widths of the mass eigenstates jD1;2i, are
known to be small [7–9]. As a result, the time-dependent
CP asymmetry of each decay mode can be approximated
as [8]

ACPðtÞ≡ Γ(D0ðtÞ → f) − Γ(D0ðtÞ → f)
Γ(D0ðtÞ → f)þ Γ(D0ðtÞ → f)

≃ afdir − AΓ
t
τD

; ð1Þ

where Γ(D0ðtÞ → f) and Γ(D0ðtÞ → f) indicate the time-
dependent decay rates of an initial D0 or D0 decaying to a
final state f at decay time t, τD ¼ 1=Γ ¼ 2=ðΓ1 þ Γ2Þ is
the average lifetime of the D0 meson, afdir is the asymmetry

related to direct CP violation, and AΓ is the asymmetry
between the D0 and D0 effective decay widths

AΓ ≡
Γ̂D0→f − Γ̂D0→f

Γ̂D0→f þ Γ̂D0→f

: ð2Þ

The effective decay width Γ̂D0→f is defined asR∞
0

Γ(D0ðtÞ → f)dt=
R∞
0
tΓ(D0ðtÞ → f)dt, i.e., the inverse

of the effective lifetime.
Neglecting contributions from subleading amplitudes

[5,10], afdir vanishes and AΓ is independent of the final state
f. Furthermore, in the absence of CP violation in mixing, it
can be found that AΓ ¼ −x sinϕ, where ϕ ¼ arg ½ðqĀfÞ=
ðpAfÞ', AfðĀfÞ is the amplitude of the D0 → f (D0 → f)
decay, andp andq are the coefficients of the decomposition of
the mass eigenstates jD1;2i ¼ pjD0i % qjD0i. This implies
that jAΓj < jxj≲ 5 × 10−3 [6].
This Letter presents a measurement of AΓ with pp

collision data collected by LHCb in Run 1, corresponding
to an integrated luminosity of 3 fb−1, with 1 fb−1 collected
during 2011 at a center-of-mass energy of 7 TeVand 2 fb−1

collected during 2012 at 8 TeV. The measurements pre-
sented are independent of the center-of-mass energy, but
the two periods are analyzed separately to account for
differences in cross sections and in the general running
conditions. The charge of the pion from the D(þ → D0πþ

(D(− → D0π−) decay is used to identify the flavor of theD0

(D0) meson at production. Two different approaches are
used to perform the measurement of AΓ. The first is a new
method based on Eq. (1) and provides the more precise
results. This is described in the following text, unless
otherwise stated. The other method, based on Eq. (2),
has been described previously in Ref. [11] and is only
summarized here. In the following, inclusion of charge-
conjugate processes is implied throughout, unless other-
wise stated.

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
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It approaches the level of 10-4.  Not yet  evidence for 
CP violation, but very close to the SM predictions.

P. Marino’s  PhD thesis  
CERN-THESIS-2017-007 

T. Pajero (new PhD student) is 
updating the measurement to 
the full Run1+Run2 statistics. 

Most precise measurement of CPV in the 
charm sector. Most precise asymmetry 
measurement in LHCb. 
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(left) and LD sample (right). Selections listed in Tab. 13– 15 are applied. �m distributions are
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S ) and PV constrained. Normalized residuals are displayed
in the insets.
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Time integrated ACP(D0➝KSKS)
• Very promising for searching direct CPV in charm.   

• Challenging in LHCb because  Kshort is a neutral 
long-lived particle. Need an efficient reconstruction 
of “downstream” tracks. 

• Analysis in advanced state, currently under internal 
review. Publication of results on Run 2 (2015-2016) 
data expected for Beauty18 on May.  

• Master thesis of G. Tuci. Extension to full Run1 + 
Run2 will attain a precision of ~1%, the same of 
current world average.  

• Important motivation and benchmark for the Pisa 
proposal of the “Downstream Tracker” for future 
LHCb-Upgrades (see next).

16

Punzi, Stracka, Walsh, Tuci

LL 
N(D0)~763

Run 2 (2015-2016) data
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. Tuci’s M
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LHCb simulation

• Pisa officially contributes to the tuning and the optimization of the 
software that simulates the detector.  

- R. Cenci is Co-convener of the Simulation Working Group (Jun 2015 - Mar 2018). 

• Pisa also committed for the LHCb-Upgrade I (Run-3) to coordinate 
and significantly contribute to the effort for developing the Fast 
Simulator.  

- M. Rama is the Coordinator of the Fast Simulation subgroup (Sep 2016 - now).

17
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MC Production 

• Efficient MC Production is 
fundamental, because takes most 
of the LHCb computing resources 
(80%). 

• Multiple tasks, from submission of 
MC sample requests to 
coordination and maintenance of 
the software. 

• Number of produced events has 
doubled in 2017 wrt 2016.
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A faster detector simulation 
• Many analyses already limited by the 

Monte Carlo sample size. Started a 
coordinated effort for improving the 
simulation performance.  

• Fundamental in Run-3, where the 
increase in computing power will not 
compensate the higher data rate .

19

FastSim assumed to be 10 times faster than Sim

• Pisa is developing a flexible framework which allows to select full/fast sim modes 
for different particle types and sub-detectors, depending on user’s needs. 

• Pisa is also committed in developing a fast simulation based on hits library for 
the calorimeter. (G. Vitali, Master Thesis)

Rama, Vitali
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 Towards Future Upgrades  

• LHCb Upgrade I in Run-3 (2021-2023) 
• Linst= 2 x 1033 cm-2 s-1, integrate 22 fb-1 by the end of Run 3. 

• LHCb Upgrade Ib in Run-4 (2026-2029) 
• Profit from LS3 for a “consolidation” of Upgrade I in Run 4 (1b). 

• integrate 50 fb-1 by the end of Run 4. Same inst. luminosity of Run-3. 

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

• Linst = 2 x 1034 cm-2 s-1, integrate > 300 fb-1.  

• May be the only general heavy flavour experiment on this timescale.
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CERN-LHCC-2017-003

“It is proposed to upgrade the LHCb experiment in order to take full advantage of the flavour-physics 
opportunities at the High Luminosity LHC (HL-LHC).  
..... 
This project will extend the HL-LHC's capabilities to search for physics beyond the Standard Model, and 
implements the highest-priority recommendation of the European Strategy for Particle Physics (Update 
2013), which is to exploit the full potential of the LHC for a variety of physics goals, including flavour.” 

Already funded and in construction  

Proposal for 
Future LHCb 
Upgrades.
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LHCb timeline in the next decades

21

2019 2021 2024 2027 2030

Run 2 LS2 Run 3 Run 4LS3 LS4

2031

Run 5

2033Today

LHCb Upgrade I
Phase II

HL-LHC

Belle II
2018 2025

50 ab-1

Install LHCb 
Upgrade I

Install HL-LHC and 
ATLAS & CMS 
Phase II Upgrades

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

LHCb-Upgrade IbLHCb-Upgrade Ia

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

8fb-1 50fb-1

22 fb-1
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30 Chapter 2. The LHCb experiment

Figure 2.16: Track definition in LHCb tracking.

LS3 consolidation 

• Profit from LS3 to implement some consolidations of 
the upgraded LHCb in Run 4 (2027-2030). 

• Some already planned and mandatory e.g. replace 
innermost part of ECAL due to radiation damage 
(strong physics interest: 𝛑0, 𝛾, e-) 

• Other proposals to improve LHCb performance and 
physics acceptance: 

- tracking stations inside the magnet to improve tracking 
acceptance for low momentum particles. 

- Build a “downstream tracker unit” (RETINA like) that can be 
integrated in the DAQ architecture and act as an embedded 
track-detector to reconstruct downstream tracks in realtime 
(long-lived particles Ks,𝛬). 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5

The Solution

Instrument the Internal Sides of the Magnet 
• Adding a measurement after the magnet bending will improve momentum resolution 
• A large fraction of the otherwise lost tracks will be recovered 
• Possibly further widening LHCb physics program (see next talk)

Maurizio Martinelli - Magnet Stations Overview And Tracking | 30.5.2017Solution Magnet Stations

VP
UT

z

Magnet

New

SciFi

LHCb 
Upgrade

Tuesday 30th May 2017 Frédéric Machefert 19 / 20

Overall geometry

It is diHcult to replace the full 
detector surface, but we could 
imagine some intermediate 
solu�on

Replace the inner region with 
fast-�ming and good spa�al 
resolu�on (Si layers) for the 
LS3  ?

176 modules would be needed

The removed innermost cells which are s�ll in speci�ca�ons could be 
re-deployed in the middle region

In turn, the middle region modules would replace some outer ones

This could be done in higher priority in the horizontal band which is 
also a%ected by the magne�c �eld 

50% of the photons from a neutral pion produced by a b-hadron 

(single p0 �nal state) fall into this horizontal band

Those last steps would require a full dismantling of the calorimeter. 
DiHcult to do during the LS3 ?

Pisa proposal
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Why a Downstream Tracker?
• In the Upgrade era trigger will remain software (huge 

farm of CPUs processing 30MHz of pp collisions).  

- Physics output will entirely rely on the real-time analysis. No 
resources for any further offline data processing. Physics 
not reconstructed in the trigger is lost.                                                  

• Finding tracks downstream the magnet at the earliest 
trigger level is not part of the baseline trigger 
scheme (significant CPU required). 

• This would result in limited (if any) efficiency for 
decays with downstream tracks (Ks,KL,𝛬,…) that 
cannot easily be triggered thorough other signatures. 
Currently LHCb yields <  Belle 2 yields.
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30 Chapter 2. The LHCb experiment

Figure 2.16: Track definition in LHCb tracking.

The challenges ahead
●

●

●

●

CERN-LHCC-2017-003

Largest sample of 
reconstructed 
D0→KSKS : 5000 
candidates at Belle 

arXiv: 1705.05966
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Distributed-embedded Retina 
• Rely on Artificial Retina algorithm, very suitable for 

massive pattern recognition. 

• A single tracking board performing both hit 
distribution and template matching. 

• Use commercial PCIe FPGA boards, one for each 
DAQ Board (~250 boards connected high-speed 
optical network).  

• Pisa proposal fully based on results from INFN-CSN5 
RETINA project.  

• Planned to install a first prototype already in Run-3 to 
track a “vertical slice”. 

- Currently discussing if the prototype can already accelerate 
online reconstruction in Run-3. 
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Distributed-embedded retina

●

●

●

●

Prototype measured performances
●
●
●
●
●

See S.Stracka talk - Beyond the LH
C

b Phase-1 U
pgrade W

orkshop Elba 
https://agenda.infn.it/conferenceD

isplay.py?confId=12253

INFN-CSN5  
RETINA

Cenci, Fantechi, Lazzari, Morello, Punzi, Stracka, et al.

30 MHz
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Outreach
• LHCb-Pisa contributes every year to 

several outreach events:  

• CERN LHCb MasterClass.  

• Bright Toscana: la notte dei 
ricercatori.  

• Digital Lab Science VIS-SNS.  

• Un giorno da ricercatore VIS-SNS.

25
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Conclusions
• LHCb smoothly taking data during Run 2 - collecting huge 

samples of heavy flavored decays. 

• Wide physics output that significantly impacts the field. 

• LHCb-Upgrade Phase I behind of the corner. Proposal of 
Future Upgrades Phase II to run at higher luminosity submitted 
to LHCC and under discussion within the community.    

• LHCb-Pisa Group doing an excellent job contributing to 
physics analysis, to current and future LHCb simulation 
software, and paving the way to flavor physics at extreme 
intensity.   
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Backup
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