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Charming physics
๏ Charm mesons 

 
 
 
 

๏ Why study charm?
• Decays by changing flavour 
→ involves virtual heavy W

• Far from QCD scale  
→ perturbative calculations

• Contains up-type quark 
→ provides unique probe of flavour 
structure

• Complementary to studies in  and 
• Often required input for  studies
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Charm at LHCb
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Triggering charm at LHCb
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๏ Software trigger
• Can use  lifetime (IP of tracks, displaced vertex)
• Rate too large to write to disk → turbo stream 
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Figure 44: (left) L0 muon trigger performance: TOS trigger e�ciency for selected B+! J/ K+

candidates. (right) L0 hadron trigger performance: TOS trigger e�ciency for di↵erent beauty
and charm decay modes.

40% to 53% for B0! K+⇡� .
The total output rate of the L0 trigger is limited to 1MHz, which is the maximum rate

at which the LHCb detector can be read out. This output rate consists of approximately
400 kHz of muon triggers, 500 kHz of hadron triggers and 150 kHz of electron and photon
triggers, where the individual triggers have an overlap of about 10%.

5.3 High Level Trigger

Events accepted by L0 are transported by the data acquisition network to one of the
processors of the EFF. The HLT is a software application, of which 29 500 instances run
on the EFF, and each instance consists of independently operating trigger “lines”, each of
which consists of selection parameters for a specific class of events.

The HLT is based on the same software framework used throughout LHCb. Given
the available resources in the EFF, the time per event is around fifty times smaller than
in the o✏ine processing. The HLT is divided in two levels. In the first level (HLT1), a
partial event reconstruction is performed. In the second level (HLT2), the complete event
is reconstructed. Where time allows, the HLT uses the same reconstruction algorithms as
employed o✏ine, with some simplifications that are needed to satisfy the time constraints.

5.3.1 First level

The o✏ine VELO reconstruction algorithm which performs a full 3D pattern recognition
is su�ciently fast to be run on all events entering the HLT. However, the o✏ine algorithm
makes a second pass on unused hits to enhance the e�ciency for tracks pointing far away
from the beam-line, while in the HLT this second pass is not used due to CPU constraints.
Vertices are reconstructed from a minimum of five intersecting VELO tracks. Vertices

61

L0 Hardware Trigger
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LHCb Upgraded trigger
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Strategy for the upgrade

• five-fold increase in the instantaneous luminosity
) L = 2⇥ 1033 cm�2

s
�1

• fully e↵ective after removing the limitations due to
hardware trigger to readout the full detector at 40
MHz instead of 1.1 MHz ) 2x bonus for fully
hadronic decay modes

LHCb overview Giovanni Cavallero October 19, 2021 30/45
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CPV in the Standard Model
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History of CPV
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Neutral meson oscillations
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3 types of CPV
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Charm flavour tagging
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Selecting prompt charm
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Selecting prompt charm
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Background from B → D
๏ Irreducible background from 

displaced  production in  
decays
• Background rate will depend on 

 decay time
• Cannot be suppressed completely
• Studied and modelled as a 

function of decay time

D0 B

D0
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Secondary background

15

For analyses using prompt charm, there will always 
be some irreducible background from secondary 
charm

Secondary background fraction will depend on the D0

decay time: higher for long-lived D0

It will be subject to different nuisance and physics 
asymmetries, due to the parent B hadron

So – it needs to be suppressed and the remaining 
fraction measured precisely (as function of D0 decay 
time)

small t(D0)
(< 1 τ)

high t(D0)
(> 5 τ)

Several methods to do this. Typical variables are 
the IPchi2 and the transverse IP
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Nuisance asymmetries
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Nuisance asymmetries
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Nuisance asymmetries

17

We measure raw yields of particles, and need to relate this to the 
underlying ‘physical’ CP asymmetry that we want to measure.

However, there are several sources of nuisance asymmetry which 
can mimic CP violation – these need to be carefully studied and 
corrections applied

The main examples are:
- Production asymmetries   σ(pp➝D+) ≠ σ(pp➝D−)
- Detector asymmetries ε(π+) ≠ ε(π−) 

Araw(X) = N(X) – N(X)
N(X) + N(X)

_
_

Even with a perfectly geometrically-symmetric detector 
there is an irreducible asymmetry:
LHCb is made from matter – inherently CP asymmetric

Material interactions can differ for particles and 
antiparticles

Must measure in (CP conserving) control modes
Can take input from other analyses.
Asymmetries are kinematically-dependent
⇒ must implement corrections in kinematic bins
or reweight control modes to match data kinematics

Introduction

• If we want to measure CP asymmetries in modes with an odd number 
of kaons*, then we need to measure the kaon detection asymmetry.

* Or modes with  a kinematically asymmetric K+K- pair (e.g. asl with Bs → Ds (→K*K)μνX) 

The updated RS/WS D0 → Kπ analysis will fit for RD+ and RD-, 
which requires external input for the K+π- detection asymmetry.

2Wednesday, February 13, 13

e.g. K+d (lower XS) and K−d (higher XS)



CPV discovery in charm
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The discovery mode
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Time dependence
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Fiducial region
๏ Detection asymmetry of 
• Cancels in 

• Cancels when switching magnet polarity

๏ Does not cancel perfectly
• Remove region with large det. asymmetry

‣ Regions too close to the beam pipe
‣ Regions close to detector acceptance boundaries

π±
tag

ΔACP = Araw(K+K−) − Araw(π+π−)

20

Supplemental material

Arithmetic average of mean decay times

The arithmetic average of the reconstructed mean decay times for D0
! K�K+ and

D0
! ⇡�⇡+ decays, hti, can be useful when interpreting the measurement of �ACP . The

values corresponding to the present measurements are hti⇡-tagged/⌧(D0) = 1.74 ± 0.10
and htiµ-tagged/⌧(D0) = 1.21± 0.01, whereas that corresponding to the combination with
previous LHCb measurements is hti/⌧(D0) = 1.71 ± 0.10. The uncertainties include
statistical and systematic contributions, and the world average of the D0 lifetime is used.

Additional plots
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Figure 2: Raw asymmetries of the tagging pion for the ⇡-tagged D0
! K�K+ sample, with

the polarity of the magnet (top) up and (bottom) down. The plots on the left include only
candidates with |py/pz| < 0.02, i.e., close to the horizontal plane, and the fiducial requirements
used to exclude the kinematic region surrounding the beam pipe, characterized by large values
of the raw asymmetry, are indicated as black lines (in addition to the forementioned requirement
|py/pz| < 0.02). The plots on the right include all candidates except those excluded by the
beam-pipe fiducial requirements, and the black lines indicate the fiducial requirements used to
exclude regions at the boundary of the detector acceptance, which are also characterized by
large values of the raw asymmetry. Distributions for the D0

! ⇡�⇡+ sample are very similar.

19
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Magnet down
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Kinematic reweighting
๏ Production (  and ) and 

detection (  and ) 
asymmetries depend on 
kinematic

๏ Match kinematics of  
and  in  and 
• First subtract background 

using mass fit
• Match distributions with 

per-event weights
• Match 3D distribution of 

D*+ B
π±

tag μ±

D*+

B K+K− π+π−

pT, ϕ, η
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Figure 3: Background-subtracted distributions of momentum (p), transverse momentum (pT),
azimuthal angle (') and pseudorapidity (⌘) of D⇤+ mesons for the prompt sample: (left col-
umn) before and (right column) after the weighting procedure for D0

! K�K+ and D0
! ⇡�⇡+

decays, as indicated in the legends. The distributions are normalized to unit area.
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Measurement of ΔACP
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Figure 5: Raw asymmetries in the ⇡-tagged sample for (left)D0
! K�K+ and (right)D0

! ⇡�⇡+

candidates as a function of m(D0⇡+).
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Figure 6: Raw asymmetries in the µ-tagged sample for (left)D0
! K�K+ and (right)D0

! ⇡�⇡+

candidates as a function of m(D0).
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Figure 1: Mass distributions of selected (top) ⇡±-tagged and (bottom) µ±-tagged candidates for
(left) K�K+ and (right) ⇡�⇡+ final states of the D0-meson decays, with fit projections overlaid.

are shared among positive and negative tags. In the analysis of the µ-tagged sample, the
fits are performed to the m(D0) 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 e↵ects, whereas the combinatorial background is described by an
exponential function. A small contribution from D0

! K�⇡+ 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 di↵erent magnet polarities and
in di↵erent years. All partial �ACP 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 ⇡-tagged and µ-tagged samples, small di↵erences of the order of
a few 10�5 are found. The m(D0⇡+) and m(D0) 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 ⇡-tagged (µ-tagged) signal yields are approximately 44 (9) million
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Pollution from secondary D

๏ Small fraction ( ) of secondary 
 in prompt  sample

๏ Can induce a (small) bias in 

๏ Measure yield and asymmetry of 
secondary in bins of decay time

fB
D0 D0

ΔACP

23

Secondary background

15

For analyses using prompt charm, there will always 
be some irreducible background from secondary 
charm

Secondary background fraction will depend on the D0

decay time: higher for long-lived D0

It will be subject to different nuisance and physics 
asymmetries, due to the parent B hadron

So – it needs to be suppressed and the remaining 
fraction measured precisely (as function of D0 decay 
time)

small t(D0)
(< 1 τ)

high t(D0)
(> 5 τ)

Several methods to do this. Typical variables are 
the IPchi2 and the transverse IP
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Crosschecks
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Figure 9: Measurements of �ACP in time-ordered data-taking subsamples (referred to as run
blocks) for (left) prompt and (right) semileptonic samples. The uncertainties are statistical only.
The horizontal red-dashed lines show the central values of the nominal results.
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Figure 10: Measurements of �ACP in bins of D0 decay time for (left) prompt and (right) semilep-
tonic samples. In each plot, the last bin on the right also includes a few overflow candidates.
The uncertainties are statistical only. The horizontal red-dashed lines show the central values of
the nominal results.
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Figure 11: Measurements of �ACP in bins of (top left) pseudorapidity, (top right) azimuthal
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IP of tagging pions for the prompt
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show the central value of the nominal result.
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Figure 11: Measurements of �ACP in bins of (top left) pseudorapidity, (top right) azimuthal
angle, (bottom left) transverse momentum and (bottom right) �2

IP of tagging pions for the prompt
sample. In each plot but that of the azimuthal angle, the last bin on the right also includes a
few overflow candidates. The uncertainties are statistical only. The horizontal red-dashed lines
show the central value of the nominal result.
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Table 1: Systematic uncertainties on �ACP for ⇡- and µ-tagged decays (in 10�4). The total
uncertainties are obtained as the sums in quadrature of the individual contributions.

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

in �ACP . Using the LHCb measurements of the b-hadron production asymmetries [50],
the systematic uncertainty on �ACP is estimated to be 1⇥ 10�4. The combination of a
di↵erence in the B reconstruction e�ciency as a function of the decay time between the
D0

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

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

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

Numerous additional robustness checks are carried out [60]. The measured value of
�ACP is studied as a function of several variables, notably including: the azimuthal angle,
�2
IP, transverse momentum and pseudorapidity of ⇡-tagged and µ-tagged D0 mesons as

well as of the tagging pions or muons; the �2 of the D⇤+ and B vertex fits; the track
quality of the tagging pion and the charged-particle multiplicity in the event. Furthermore,
the total sample is split into subsamples taken in di↵erent run periods within the years of
data taking, also distinguishing di↵erent magnet polarities. No evidence for unexpected
dependences of �ACP is found in any of these tests. A check using more stringent PID
requirements is performed, and all variations of �ACP are found to be compatible within
statistical uncertainties. An additional check concerns the measurement of �Abkg, that is
the di↵erence of the background raw asymmetries in K�K+ and ⇡�⇡+ final states. As the
prompt background is mainly composed of genuine D0 candidates paired with unrelated
pions originating from the PV, �Abkg is expected to be compatible with zero. A value of
�Abkg = (�2± 4)⇥ 10�4 is obtained.

The di↵erence of time-integrated CP asymmetries of D0
! K�K+ and D0

!⇡�⇡+

decays is measured using 13TeV pp collision data collected with the LHCb detector and
corresponding to an integrated luminosity of 5.9 fb�1. The results are

�A⇡-tagged
CP = [�18.2± 3.2 (stat.)± 0.9 (syst.)]⇥ 10�4,

�Aµ-tagged
CP = [�9± 8 (stat.)± 5 (syst.)]⇥ 10�4.

Both measurements are in good agreement with world averages [65] and previous LHCb
results [42, 43].
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By making a full combination with previous LHCb measurements [42,43], the following
value of �ACP is obtained

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes statistical and systematic contributions. The significance of
the deviation from zero corresponds to 5.3 standard deviations. This is the first observation
of CP violation in the decay of charm hadrons.

The interpretation of �ACP in terms of direct CP violation and A� requires knowledge
of the di↵erence of reconstructed mean decay times for D0

! K�K+ and D0
! ⇡�⇡+

decays normalized to the D0 lifetime, as shown in Eq. (3). The values corresponding to the
present measurements are �hti⇡-tagged /⌧(D0) = 0.135± 0.002 and �htiµ-tagged /⌧(D0) =
�0.003 ± 0.001, whereas that corresponding to the full combination is � hti /⌧(D0) =
0.115± 0.002. The uncertainties include statistical and systematic contributions, and the
world average of the D0 lifetime is used [66].

By using in addition the LHCb average A� = (�2.8± 2.8)⇥ 10�4 [46,47], from Eq. (3)
it is possible to derive

�adirCP = (�15.7± 2.9)⇥ 10�4,

which shows that, as expected, �ACP is primarily sensitive to direct CP violation. The
overall improvement in precision brought by the present analysis to the knowledge of
�adirCP is apparent when comparing with the value obtained from previous measurements,
�adirCP = (�13.4± 7.0)⇥ 10�4 [65].

In summary, this Letter reports the first observation of a nonzero CP asymmetry in
charm decays, using large samples of D0

! K�K+ and D0
! ⇡�⇡+ decays collected with

the LHCb detector. The result is consistent with, although in magnitude at the upper end
of, SM expectations, which lie in the range 10�4–10�3 [16–34]. In particular, the result
challenges predictions based on first-principle QCD dynamics [19,33]. It complies with
predictions based on flavor-SU(3) symmetry, if one assumes a dynamical enhancement
of the penguin amplitude [16,26–30,32]. In the next decade, further measurements with
charmed particles, along with possible theoretical improvements, will help clarify the
physics picture, and establish whether this result is consistent with the SM or indicates
the presence of new dynamics in the up-quark sector.
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