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Why is charm charming?
Powerful and unique probe
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! Unique  - Powerful probe of 
BSM ßavour e"ects, 
complementary to B and K 
meson systems.

! Hard Ð SM predictions are hard 
in the D-meson system.

- E"ects are < 𝓞(10 -3 ) e"ects 
due to dynamic suppression.

- Require yields of 𝓞(10 6) and 
tight control of systematics.

- Lots of Heavy c- and b-
quarks (LHCb)

Figure 2. Current constraints of neutral meson oscillation measurements on new �F = 2
dimension six operator contributions, given in terms of the e↵ective operator scale (for generic
flavour structures on the left and in the MFV limit on the right) or Wilson coe�cients’ size (in
the centre). Bounds on the CP conserving and CP violating contributions are shown in blue
and red, respectively (see text for details).

operators involving only SM fields [4] via the matching procedure

LBSM ! L⌫SM +
X

d>4

Q(d)
i

⇤d�4
, (3)

where d is the canonical operator dimension. Below the EW breaking scale, these new
contributions can lead to (a) shifts in the Wilson coe�cients corresponding to Qi present in
Le↵

weak already within the SM; (b) the appearance of new e↵ective local operators. In both cases,
the resulting e↵ects on the measured flavour observables can be computed systematically. Given
the overall good agreement of SM predictions with current experimental measurements, such
procedure typically results in severe bounds on the underlying NP flavour breaking sources in
LBSM.

Let us consider the canonical example of NP in �F = 2 processes associated with oscillations
of neutral mesons (for recent extended discussion see [5]). The leading (d = 6) NP operators
are of the form Q(6)

AB ⇠ zij [q̄i�Aqj ]⌦ [q̄i�Bqj ], where qi denote the SM quark fields, while �A,B

denote the Cli↵ord algebra generators. Assuming zij to be generic O(1) complex numbers,
z ⇠ exp(i�NP), the reach of current constraints in terms the probed NP scales ⇤ are shown
in Fig. 2 (left). It is important to stress that most of these constraints are currently limited
by theory (i.e. lattice QCD inputs [6]) and parametric uncertainties. Consequently, significant
future improvements will require a corroborative e↵ort of mostly lattice QCD methods on the
theory side, as well as improved experimental determinations of SM CKM parameters by flavour
experiments, most notably LHCb and Belle II. Among the few �F = 2 observables which
remain largely free from theoretical uncertainties are those related to CP violation in D0 and
Bs oscillations. These are expected to remain e↵ective experimental null-tests of the SM in the
foreseeable future.

The current severe flavour bounds could be interpreted as a requirement on beyond SM
(BSM) degrees of freedom to exhibit a large mass gap with respect to the EW scale (if the
NP flavour and CP breaking sources are of order one and not aligned with Yu,d). Conversely,
TeV scale NP (c.f. Fig. 2 (centre)) can only be reconciled with current experimental results,
provided it exhibits su�cient flavour symmetry or structure, such that |zij | ⌧ 1 (the extreme
case being minimal flavour violation (MFV) [7], where one requires Yu,d to be the only sources
of flavour breaking even BSM) . However, even in this most minimalistic scenario, the suggestive
pattern of masses and mixing observed in both the quark and lepton (neutrino) sectors remains
largely unexplained. It thus remains as one of the ultimate goals of flavour physics to determine
whether the observed hierarchies and structures of flavour parameters are purely accidental, or
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Mixing and CP violation in D 0#K + $ - decays
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Updated determination ofD0ÐD̄0 mixing and CP violation
parameters with D0 → K + ! ! decays

R. Aaij et al.*

(LHCb Collaboration)

(Received 8 December 2017; published 22 February 2018)

We report measurements of charm-mixing parameters based on the decay-time-dependent ratio of
D0 → Kþ! ! toD0 → K! ! þ rates. The analysis uses a data sample of proton-proton collisions corresponding
to an integrated luminosity of5.0 fb! 1 recorded by the LHCb experiment from 2011 through 2016. Assuming
charge-parity (CP) symmetry, the mixing parameters are determined to bex02 ¼ ð3.9 $ 2.7Þ × 10! 5,
y0 ¼ ð5.28 $ 0.52Þ × 10! 3, andRD ¼ ð3.454 $ 0.031Þ × 10! 3. Without this assumption, the measurement
is performed separately forD0 and D̄0 mesons, yielding a directCP-violating asymmetryAD ¼
ð! 0.1 $ 9.1Þ × 10! 3, and magnitude of the ratio of mixing parameters1.00 < jq/pj < 1.35 at the
68.3% confidence level. All results include statistical and systematic uncertainties and improve significantly
upon previous single-measurement determinations. No evidence forCP violation in charm mixing is
observed.

DOI: 10.1103/PhysRevD.97.031101

I. INTRODUCTION

The mass eigenstates of neutral charm mesons are linear
combinations of the flavor eigenstates,jD1;2i ¼ pjD0i$
qjD̄0i, wherep andq are complex-valued coefficients. This
results inD0–D̄0 oscillations. In the limit of charge-parity
(CP) symmetry, oscillations are characterized by the dimen-
sionless differences in mass,x ≡ Δm/Γ≡ ðm2 ! m1Þ/Γ, and
decay width, y ≡ ΔΓ/2Γ≡ ðΓ2 ! Γ1Þ/2Γ, between the
CP-even (D2) and CP-odd (D1) mass eigenstates, where
Γ is the average decay width of neutralD mesons. IfCP
symmetry does not hold, the oscillation probabilities for
mesons produced asD0 andD̄0 can differ, further enriching
the phenomenology. Long- and short-distance amplitudes
govern the oscillations of neutralD mesons[1Ð3]. Long-
distance amplitudes depend on the exchange of low-energy
gluons and are challenging to calculate. Short-distance
amplitudes may include contributions from a broad class
of particles not described in the standard model, which might
affect the oscillation rate or introduce a difference between
theD0 andD̄0 meson decay rates. The study ofCP violation
inD0 oscillations therefore offers sensitivity to non-standard-
model phenomena[4Ð7].

The first evidence forD0–D̄0 oscillations was reported in
2007[8,9]. More recently, precise results from the LHCb
Collaboration [10Ð15] improved the knowledge of the

mixing parameters,x ¼ ð4.6þ1.4
! 1.5Þ × 10! 3 and y ¼ ð6.2 $

0.8Þ × 10! 3 [16], although neither a nonzero value for the
mass difference nor a departure fromCP symmetry have
been established.

This paper reports measurements ofCP-averaged and
CP-violating mixing parameters inD0–D̄0 oscillations
based on the comparison of the decay-time-dependent ratio
of D0 → Kþ! ! to D0 → K! ! þ rates with the correspond-
ing ratio for the charge-conjugate processes. The analysis
uses data corresponding to an integrated luminosity of
5.0 fb! 1 from proton-proton (pp ) collisions at 7, 8, and
13 TeV center-of-mass energies, recorded with the LHCb
experiment from 2011 through 2016. This analysis
improves upon a previous measurement[12], owing to
the tripling of the sample size and an improved treatment of
systematic uncertainties. The inclusion of charge-conjugate
processes is implicitly assumed unless stated otherwise.

The neutralD-meson flavor at production is determined
from the charge of the low-momentum pion (soft pion),! þ

s ,
produced in the flavor-conserving strong-interaction decay
D&ð2010Þþ → D0! þ

s . The shorthand notationD&þ is used
to indicate theD&ð2010Þþ meson throughout. We denote
as right-sign (RS) theD&þ → D0ð→ K! ! þÞ! þ

s process,
which is dominated by a Cabibbo-favored amplitude.
Wrong-sign (WS) decays,D&þ → D0ð→ Kþ! ! Þ! þ

s , arise
from the doubly Cabibbo-suppressedD0 → Kþ! ! decay
and the Cabibbo-favored̄D0 → Kþ! ! decay that follows
D0–D̄0 oscillation. Since the mixing parameters are small,
jxj; jyj " 1, the CP-averaged decay-time-dependent ratio
of WS-to-RS rates is approximated as[1Ð4]

RðtÞ # RD þ
!!!!!!
RD

p
y0

t
"
þ x02 þ y02

4

"
t
"

#
2

; ð1Þ
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Charm CP violation

CPV in charm sector yet unobserved.
Á Small value expected from SM

O (VubV
§
cb

/VusV
§
cs

) º 10°3.
Á Present sensitivity close to the SM expectation.

|q/p|

0.6 0.8 1 1.2 1.4 1.6

A
rg

(q
/p

) 
[d

eg
.]

−60

−40

−20

0

20

40

60

σ 1 
σ 2 
σ 3 
σ 4 
σ 5 

   HFAG-charm 
  CHARM 2015 

no CPV

[HFAG]

CPV in the decay
°
|Af /Af | 6= 1

¢
ØØØØ D

0 f

ØØØØ
2
6=

ØØØØ D
0 f

ØØØØ
2

CPV in the mixing
°
|q/p| 6= 1

¢
ØØØØ

D
0

D
0 f

ØØØØ
2
6=

ØØØØ
D

0

D
0 f

ØØØØ
2

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

¢
ØØØØ D

0 f + D
0

D
0 f

ØØØØ
2
6=

ØØØØ D
0 f + D

0

D
0 f

ØØØØ
2

Af = hf |H |D0i
Af = hf |H |D0i

Pietro Marino A° measurement 6/45
6/45

and

Charm CP violation

CPV in charm sector yet unobserved.
! Small value expected from SM

O (VubV
"
cb

/VusV
"
cs

) # 10$ 3.
! Present sensitivity close to the SM expectation.

|q/p|

0.6 0.8 1 1.2 1.4 1.6

A
rg

(q
/p

) 
[d

e
g

.]

−60

−40

−20

0

20

40

60

σ 1 

σ 2 

σ 3 

σ 4 

σ 5 

!!!"#$%&!"#$%&

!! '"$()!*+,- &

no CPV

[HFAG]

CPV in the decay
°
|Af /Af | %= 1

¢
ØØØØ D

0 f

ØØØØ
2

%=

ØØØØ D
0 f

ØØØØ
2

CPV in the mixing
°
|q/p| %= 1

¢
ØØØØ

D
0

D
0 f

ØØØØ
2

%=

ØØØØ
D

0

D
0 f

ØØØØ
2

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

¢
ØØØØ D

0 f + D
0

D
0 f

ØØØØ
2

%=

ØØØØ D
0 f + D

0

D
0 f

ØØØØ
2

Af = &f |H |D0'

Af = &f |H |D0'

Pietro Marino A° measurement 6/45
6/45

Mixing =

Interference = 



CP violation in D 0 mixing:
overview
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A modulation of wrong-sign D 0#K + $ -  rate versus 
decay time indicates oscillation. If oscillation 
patterns are di"erent for D 0 and D%0 ⇒ CPV in mixing.

D0

D%0K+ $ -

K- $ +
CF

DCS
mixing

! About 5/fb (2011-2016).

! Flavour of D 0 meson inferred from the strong D *± # D 0$ ±  
decays.

! Search di"erence in D 0#K + $ -  and D%0#K - $ + rates looking 
at the positive and negative ratios, respectively :

R(t )± = WS(t )±

RS(t )± º R±
D +

q
R±

D y 0± t
ø +

(x0±)2+(y 0±)2

4

° t
ø

¢2

! = arg[q A( øD0 ! K + " " )/( p A(D0 ! K + " " ))]
<latexit sha1_base64="zCIdGJyfVqyjFc/tsUNzheldrUU="></latexit><latexit sha1_base64="cRLTkqBhe9sTr0VvFvO4ViL/6YY="></latexit><latexit sha1_base64="cRLTkqBhe9sTr0VvFvO4ViL/6YY="></latexit><latexit sha1_base64="7Y7u/Yh2zJjgOtvuo2uVS02YZ4I="></latexit>
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CP violation in D 0 mixing:
signal
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! Cut on D 0 mass, PID, and IP. Fit M(D 0$).

! Yields extracted in bins of decay time up to about 20 𝜏.

vertex detector with unrelated segments in the downstream
tracking detectors. The track segments in the vertex detector
are genuine, resulting in properly measured opening angles
in the D!þ → D0πþs decay. Since the opening angle domi-
nates over the πþs momentum in the determination of theD!þ

mass, such spurious soft pions tend to produce a signal-like
peak in the D!þ mass spectrum. In addition, they bias the
WS-to-RS ratio because the mistaken association with
downstream track segments is prone to charge mismeasure-
ments. We suppress such candidates with stringent require-
ments on a dedicated discriminant based on many low-level
variables associated with track reconstruction [22].
Candidates consistent with the D!þ decay topology are
reconstructed by computing the two-body mass MðD0πþs Þ
using the known D0 and πþ masses [23] and the recon-
structed momenta [24]. The mass resolution is improved by
nearly a factor of 2 with a kinematic fit that constrains
theD!þ candidate to originate from a primary vertex [25]. If
multiple primary vertices are reconstructed, the vertex
resulting from the fit with the best χ2 probability is chosen.
The sample is further enriched in primary charm decays by
restricting the impact-parameter chi-squared, χ2IP, of the D

0

and πþs candidates such that the candidates point to the
primary vertex. The χ2IP variable is the difference between the
χ2 of the primary-vertex fit reconstructed including or
excluding the considered particle, and offers a measure of
consistency with the hypothesis that the particle originates
from the primary vertex. Only opposite-charge particle
pairs with K∓π% mass within 24 MeV/c2 (equivalent to
approximately three times the mass resolution) of the known
D0 mass [23] and KþK− and πþπ− masses more than
40 MeV/c2 away from theD0 mass are retained. Accidental
combinations of a genuine D0 with a random soft pion are
first suppressed by removing the 13% of events where more
than one D!þ candidate is reconstructed. We then use an

artificial neural-network discriminant that exploits the πþs
pseudorapidity, transverse momentum, and particle-
identification information, along with the track multiplicity
of the event. The discriminant is trained on an independent
RS sample to represent the WS signal features and on WS
events containing multiple candidates to represent back-
ground. Finally, we remove from the WS sample events
where the same D0 candidate is also used to reconstruct a
RS decay, which reduces the background by 16% with no
significant loss of signal.

IV. YIELD DETERMINATION

The RS andWS signal yields are determined by fitting the
MðD0πþs Þ distribution of D0 signal candidates. The decay-
time-integrated MðD0πþs Þ distributions of the selected RS
and WS candidates are shown in Fig. 1. The smooth
background is dominated by favoredD0 → K−πþ and D̄0 →
Kþπ− decays associated with random soft-pion candidates.
The sample contains approximately 1.77 × 108 RS and
7.22 × 105 WS signal decays. Each sample is divided into
13 subsamples according to the decay time, and signal yields
are determined for each subsample using an empirical shape
[11]. We assume that the signal shapes are common to WS
and RS decays for a given D! meson flavor whereas the
descriptions of the backgrounds are independent. The decay-
time-dependentWS-to-RS rate ratiosRþ andR− observed in
theD0 and D̄0 samples, respectively, and their difference, are
shown in Fig. 2. The ratios and difference include corrections
for the relative efficiencies for reconstructing K−πþ and
Kþπ− final states.

V. DETERMINATION OF OSCILLATION
PARAMETERS

The mixing parameters are determined by minimizing a
χ2 function that includes terms for the difference between
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FIG. 1. Distribution of MðD0πþs Þ for selected (a) right-sign D0 → K−πþ and (b) wrong-sign D0 → Kþπ− candidates.
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How to distingue secondary decays from prompt ones:

¬2
IP
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IP the di�erence in ¬2 of the primary vertex fit with and without

considering the particle in the fit.
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CP violation in D 0 mixing:
challenges
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! B # D decays

- Undetected B decays mimics a larger D decay time 
diluting the oscillations.

- Require D to point at the PV and assigned the 
maximum bias of the residual contribution (3%) as 
systematic uncertainty.

! Instrumental asymmetries &(K + $ - )/&(K- $ + )

- Mainly caused by K - /K +  di"erent cross-section in 
matter. 

- Measured to be about 1% comparing the ratio of 
D- #K + $ - $ -  and D - #K S(#$ + $ - )$ -  yields with the 
ratio of corresponding charge-conjugated decays. 

[PRD 97 031101 (2018)]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.031101


CP violation in D 0 mixing:
results
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! No measurable CP violation 
observed.

- 1.00 < |q/p| < 1.35 @ 68.3% CL

! Mixing parameters in the 
assumption of no CP violation:

xÕ2 = (0.39±0.023±0.014)x10 -3

yÕ   = (5.28±0.45±0.27)x10 -3

! Twice as precise as previous 
prompt measurement; now 
superseded [ PRL  111 251801 
(2013) ].

the observed and predicted ratios and for systematic effects,

χ2 ¼
X

i

!"
rþi − ϵþr R̃

þ
i

σþi

#
2

þ
"
r−i − ϵ−r R̃−

i

σ−i

#
2
$
þ χ2corr: ð2Þ

The observed WS-to-RS yield ratio and its statistical
uncertainty in the decay-time bin i are denoted by r%i
and σ%i , respectively. The associated predicted value R̃i

%

corresponds to the decay-time integral over bin i of Eq. (1),
including bin-specific corrections. The parameters associ-
ated with these corrections are determined separately for
data collected in different LHC and detector configurations
and vary independently in the fit within their constraint χ2corr
in Eq. (2). Such corrections account for small biases due to
(i) the decay-time evolution of the 1%Ð10% fraction of
signal candidates originating from b-hadron decays, (ii) the
approximately 0.3% component of the background from
misreconstructed charm decays that peak in the signal
region, and (iii) the effect of instrumental asymmetries in
the K% π! reconstruction efficiencies. The secondary-D&þ

fraction is determined by fitting, in each decay-time bin, the
χ2IP distribution of RS D0 signal decays. The peaking
background, dominated by D0 ! K−πþ decays in which
both final-state particles are misidentified, is determined by
extrapolating into the D0 signal mass region the contribu-
tions from misreconstructed charm decays identified by
reconstructing the two-body mass under various mass

hypotheses for the decay products. The relative efficiency
ϵ%r accounts for the effects of instrumental asymmetries in
the K% π! reconstruction efficiencies, mainly caused by K−

mesons having a larger nuclear interaction cross section
with matter than Kþ mesons. These asymmetries are
measured in data to be typically 0.01 with 0.001 precision,
independent of decay time. They are derived from the
efficiency ratio ϵþr ¼ 1/ϵ−r ¼ ϵðKþπ−Þ/ϵðK−πþÞ, obtained
by comparing the ratio of D− ! Kþπ−π− and D− !
K0

Sð! πþπ−Þπ− yields with the ratio of the corresponding
charge-conjugate decay yields. The asymmetry between Dþ

and D− production rates [26] cancels in this ratio, provided
that the kinematic distributions are consistent across sam-
ples. We therefore weight the D− ! Kþπ−π− candidates so
that their kinematic distributions match those in the D− !
K0

Sπ
− sample. We then determine ϵ%r as functions of kaon

momentum to account for the known momentum depend-
ence of the asymmetry between Kþ and K− interaction rates
with matter. In addition, a systematic uncertainty for possible
residual contamination from spurious soft pions is included
through a 1.05Ð1.35 scaling of the overall uncertainties. The
scaling value is chosen such that a fit with a constant
function of the time-integrated WS-to-RS ratio versus false-
pion probability has unit reduced χ2.
The observed WS-to-RS yield ratios for the D0 and D̄0

samples are studied first with bin-by-bin arbitrary offsets
designed to mimic the effect of significantly different mixing
parameters in the two samples. To search for residual
systematic uncertainties, the analysis is repeated on sta-
tistically independent data subsets chosen according to
criteria likely to reveal biases from specific instrumental
effects. These criteria include the data-taking year (2011Ð
2012 or 2015Ð2016), themagnet field orientation, the number
of primary vertices in the event, the candidate multiplicity per
event, the trigger category, the D0 momentum and χ2IP with
respect to the primary vertex, and the per-candidate proba-
bility to reconstruct a spurious soft pion. The resulting
variations of the measured CP-averaged and CP-violating
parameters are consistent with statistical fluctuations, with p
values distributed uniformly in the 4%Ð85% range.

VI. RESULTS

The efficiency-corrected WS-to-RS yield ratios are
subjected to three fits. The first fit allows for direct and
indirect CP violation; the second allows only for indirect
CP violation by imposing Rþ

D ¼ R−
D; and the third is a fit

under the CP-conservation hypothesis, in which all mixing
parameters are common to the D0 and D̄0 samples. The fit
results and their projections are presented in Table I and
Fig. 2, respectively. Figure 3 shows the central values and
confidence regions in the ðx02; y0Þ plane. For each fit, 208
WS-to-RS ratio data points are used, corresponding to 13
ranges of decay time, distinguishingD&þ fromD&− decays,
two magnetic-field orientations, and 2011, 2012, 2015,
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FIG. 2. Efficiency-corrected ratios of WS-to-RS yields for
(a) D&þ decays, (b) D&− decays, and (c) their differences as
functions of decay time in units of D0 lifetime. Projections of fits
allowing for (dashed line) no CP violation, (dotted line) no direct
CP violation, and (solid line) direct and indirect CP violation are
overlaid. The last two curves overlap. The abscissa of each data
point corresponds to the average decay time over the bin. The
error bars indicate the statistical uncertainties.

R. AAIJ et al. PHYS. REV. D 97, 031101 (2018)

031101-4

D0

D!0

Di"erence

[PRD 97 031101 (2018)]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.031101


Indirect CP violation in D 0#h + h- decays

8

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 ≡
öΓD0→f − öΓD0→f

öΓD0→f þ öΓD0→f

: ð2Þ

The effective decay width öΓD0→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 Internationallicense.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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CP violation in time-dependent D 0#h + h- rate
overview

9

D0 and D%0  decay both in the same CP-eigenstate Þnal 
state h + h- (h=K,$). CP violation leads to a di"erent 
time-dependent rate for D0  and D%0  decaying  to  h+ h- .

D0

D%0

h+ h-

D%0

D0

h+ h-

! All the data of Run1 (2011-2012): 3/fb.

! Flavour of D 0 meson inferred from the strong D *± # D 0$ ±  
decays.

! Search di"erence in D0#h + h-  and D%0#h + h-  rates looking at 
the asymmetry of time-dependent decay rates:

A! parameter

A golden observableto searchCPV in the charm sector

A! !
ö! (D0 " f ) # ö! (D0 " f )
ö! (D0 " f ) + ö! (D0 " f )

$
1

2

! "##
#
q

p

#
#
##

#
#
#
p

q

#
#
#
$
ycos! f #

"##
#
q

p

#
#
#+

#
#
#
p

q

#
#
#
$
xsin ! f

%

for D0 decaying intoCP-eigenstate Þnal state asf = K+ K# or
f = " + " # . E! ective decay width deÞned as

1/ ö! = ö# =

&
t ! (t )dt

&
! (t )dt

.

If CPV then A! is di! erent from zero.

CPV in the interference! f %= 0,"

CPV in the mixing|q/ p| %= 1

Pietro Marino A! measurement 7/45
7/ 45

[PRL 118 261803 (2017)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803


CP violation in time-dependent D 0#h + h- rate
signal

10

! Cut on D 0 mass, PID, and IP.

! Combinatorial background sideband-subtracted to 
extract yields in bins of decay time.

'm=m(hh$)-m(hh)

9.6M 3.0M 

[PRL 118 261803 (2017)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803


CP violation in time-dependent D 0#h + h- rate
challenges 
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! B # D decays

- Undetected B decays mimics a larger D decay 
time diluting the asymmetry.

- Select D pointing at the PV. Residual 
contribution estimated from a model calibrated 
by the yield of secondary decays at higher decay 
time.

! Instrumental asymmetries &(hh$ + )/&(hh$ - )

- Time-dependent detection asymmetries due to 
correlation between soft-pion kinematic (k=1/
((p x2+p z2)) and D 0 decay time.

- Correction applied reweighing the soft-pion 
kinematic to recover the left-right symmetry of 
the detector. Validated on D 0#K - $ + decays.

to avoid potential biases due to charge asymmetries of the
quickly varying acceptance function. The measured asym-
metry AðtÞ is then fitted with a linear function of the decay
time in units of τD, the slope of which is taken as the
estimate of AΓ [see Eq. (1)]. For the πþ π! and Kþ K! final
states, the slope is kept blind until the completion of the
analysis. The slope for the K! πþ sample, expected to be
unmeasurably small, is not blinded. Figure 1 shows the
values of AΓ obtained in the four subsamples defined in
Table I. The presence of significant deviations from zero
for the control channel indicates the existence of non-
negligible time-dependent residual detector asymmetries.
They partially cancel in the combination of the MagUp and
MagDown samples but not completely, yielding an overall
average that is incompatible with zero. These residual
biases arise due to correlations between the decay time and
other kinematic variables that affect the efficiency, most
notably the momentum of the soft pion.
A correction to remove the dependence of detection

asymmetries on the soft pion kinematics is applied in
the time-integrated ðk; qsθx ; θy Þ distribution, where k ¼
1=

!!!!!!!!!!!!!!!!
p2
x þ p2

z

p
is proportional to the curvature of the

trajectory in the magnetic field, qs is the sign of the
soft pion charge, and θx ¼ arctan ðpx =pzÞ and θy ¼
arctan ðpy =pzÞ are the pion emission angles in the bending
and vertical planes, respectively. In the absence of any
asymmetry in the sample or in the detector acceptance, this
distribution should be identical for D%þ and D%! decays. A
statistically significant asymmetry is, however, observed in
the K! πþ data (Fig. 2), where the most visible features are
due to geometric boundaries of the detector, where the
acceptance for positive and negative tracks differ. For each
of the three decay modes, candidates are therefore weighted
to fulfill Nþ ðk; þ θx ; θy Þ ¼ N! ðk; ! θx ; θy Þ, where N& is
the number of reconstructed D%& decays in a given bin.

The granularity of the correction is finer in ðk; qsθx Þ than in
θy , where only small nonuniformities are present [18].
The weighting procedure corrects for any asymmetry of

the detector response but also removes any global asym-
metry caused by either CP violation or differences in the
production cross sections for D%þ and D%! . Simulation
studies have confirmed that this procedure, while canceling
the time-integrated asymmetry, has no significant effect on
a possible genuine time-dependent asymmetry. The asym-
metry correction is independently determined and applied
within each subsample; the convergence of all AΓ values for
the K! πþ control sample to a common value, as seen in
Fig. 1 (top), thus provides a cross-check of the validity of
the method. Independent application of the same asymme-
try correction procedure to the D0 → Kþ K! and D0 →
πþ π! modes also leads to good quality for the decay-time
fit in each subsample and good consistency among sub-
samples, as shown in Fig. 1 (bottom left and bottom right).
Another effect that needs to be accounted for in the

measurement of AΓ is the residual contamination from
D%þ mesons produced in b-hadron decays. This contribu-
tion to the measured asymmetry is described with the
expression

FIG. 1. Results from AΓ fits in each subsample before (solid red squares) and after (empty black dots) the asymmetry correction.
Fit qualities (χ2=number of degrees of freedom) are also reported to the right of each graph. The weighted average of the four AΓ values
is indicated before (red hatched band) and after (black hatched band) the correction. The numerical values for the averages are
AΓðK! πþ Þ ¼ ð0.41& 0.10Þ ! 10! 3, AΓðKþ K! Þ ¼ ð0.93& 0.31Þ ! 10! 3, and AΓðπþ π! Þ ¼ ð1.77& 0.57Þ ! 10! 3 before the correction
and AΓðK! πþ Þ ¼ ð0.16& 0.10Þ ! 10! 3, AΓðKþ K! Þ ¼ ð! 0.30& 0.32Þ ! 10! 3, and AΓðπþ π! Þ ¼ ð0.46& 0.58Þ ! 10! 3 after the
correction. The label 2011 (2012) is abbreviated 11 (12) and MagUp (MagDown) is abbreviated UðDÞ.
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FIG. 2. (Left) Sum and (right) asymmetry of distributions of
positive and negative soft pions in the ðk; qsθx Þ plane for the 2011
MagUp D0 → K! πþ subsample after integration over θy .
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Araw in the z-axis 
Araw = (N(D *+ )-N(D *- ))/(N(D *+ )+N(D *- ))

[PRL 118 261803 (2017)]
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! Everything compatible with no CP 
violation at 0.3 per mille

 A𝝘(KK) = (-0.30±0.32±0.10)x10 -3

 A𝝘($$) = ( 0.46±0.58±0.12)x10 -3

! Complementary measurement 
yields compatible results. 

- Data-driven calculation of per-event 
acceptance.

! Combined with the statistical 
independent muon-tagged sample 
(B#D 0) - X) [JHEP 04 (2015) 043 ]:

A! t" # (1− fsec! t")Aprompt! t" $ fsec! t"Asec! t";

where Aprompt! t" and Asec! t" are the asymmetries for prompt
and secondary components, and fsec! t" is the fraction of
secondary decays in the sample at decay time t. This
fraction is estimated from a simulation-based model cali-
brated by the yield of secondary decays in data, obtained
at high values of t from fits to the χ2

IP!D
0" distribution,

while Asec! t" is obtained from a data sample with
ln (χ2

IP!D
0") > 4. From these estimates, the maximum

effect of the contamination of secondary decays is assessed
as δAKK

Γ # 0.08× 10−3 and δAππ
Γ # 0.12× 10−3, account-

ing for the uncertainty due to the determination of Asec! t"
and fsec! t" and for the possible contribution of nonzero
values of AKK

Γ and Aππ
Γ [18]. These effects are much smaller

than the statistical uncertainties and are assigned as
systematic uncertainties.
Many other effects have been examined as potential

sources of systematic uncertainty. The uncertainty on the
random pion background subtraction has been evaluated
from the measured asymmetry of the background and its
variation across the mass range surrounding the signal peak
in the Δm distribution, yielding an uncertainty of δAΓ #
0.01× 10−3 for both modes. The effect of approximating the
continuous three-dimensional !k; qsθx; θy" asymmetry cor-
rection with a discrete function has been estimated by
repeating the extraction of AΓ in the K−π$ control sample
with twice or half the number of bins, which leads to an
uncertainty of 0.02× 10−3 for both decay modes. An
additional uncertainty in the K$ K− mode due to the
presence of a peaking background from real D%$ →
D0π$ decays, with the D0 meson decaying into other final
states, has been evaluated as δAKK

Γ # 0.05× 10−3, based on
a study of the sidebands of the D0 candidate mass distri-
bution. Other possible sources of systematic uncertainty,
including the resolution of the decay-time measurement,
are found to be negligible.
The final results, obtained from the weighted average of

the values separately extracted from time-dependent fits of
each subsample (Fig. 1), are AΓ!K$ K−" # ! −0.30& 0.32&
0.10"×10−3 and AΓ!π$ π−" # ! 0.46& 0.58& 0.12"×10−3,
where the first uncertainty is statistical and the second is
systematic. Time-dependent asymmetries averaged over
the 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 differ from those based on Eq. (1) only in the lack
of a requirement on χ2

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 are split into three data-taking

periods to account for known differences 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 effective decay widths. In the first stage, fits to
the D0 mass and Δm spectra are used to determine yields of
signal decays and both combinatorial and partially recon-
structed backgrounds. In the second stage, a fit to the decay-
time distribution, together with ln (χ2

IP!D
0") (Fig. 4), is

made to separate secondary background. The finding of an
asymmetry consistent with zero in the control channel,
AΓ!K−π$ " # ! −0.07& 0.15"×10−3, validates the method.
Small mismodeling effects are observed in the decay-
time fits, and a corresponding systematic uncertainty of
0.04× 10−3 (0.09× 10−3) for K$ K− (π$ π−) is assigned.
The largest systematic uncertainty for the AΓ measurement,
with K$ K− (π$ π−), is 0.08×10−3 (0.10×10−3) due to the
uncertainty in modeling the contamination from the secon-
dary (combinatorial) background. The results from the 2012
data sample are AΓ!K$ K−;2012"#! −0.03& 0.46& 0.10"×
10−3 and AΓ!π$ π−; 2012" # ! 0.03& 0.79& 0.16" × 10−3.
These results are then combined with results from Ref. [11]

FIG. 3. Measured asymmetry A! t" in bins of t=τD, where τD #
0.410 ps [16] for (top) D0 → K$ K− and (bottom) D0 → π$ π−,
averaged over the full Run 1 data sample. Solid lines show the
time dependence with a slope equal to the best estimates of −AΓ.
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261803-4

[PRL 118 261803 (2017)]

A𝝘 = (-0.29±0.28)x10 -3

https://link.springer.com/article/10.1007/JHEP04(2015)043
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803
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A measurement of the CP
asymmetry di↵erence in

⇤+
c ! pK�K+

and p⇡�⇡+
decays

LHCb collaboration†

Abstract
The di↵erence between the CP asymmetries in the decays ⇤+

c ! pK�K+ and
⇤+
c ! p⇡�⇡+ is presented. Proton-proton collision data taken at centre-of-mass

energies of 7 and 8TeV collected by the LHCb detector in 2011 and 2012 are
used, corresponding to an integrated luminosity of 3 fb�1. The ⇤+

c candidates are
reconstructed as part of the ⇤0

b ! ⇤+
c µ

�X decay chain. In order to maximize
the cancellation of production and detection asymmetries in the di↵erence, the
final-state kinematic distributions of the two samples are aligned by applying phase-
space-dependent weights to the ⇤+

c ! p⇡�⇡+ sample. This alters the definition
of the integrated CP asymmetry to Awgt

CP (p⇡�⇡+). Both samples are corrected for
reconstruction and selection e�ciencies across the five-dimensional ⇤+

c decay phase
space. The di↵erence in CP asymmetries is found to be

�Awgt
CP = ACP (pK

�K+)�Awgt
CP (p⇡�⇡+)

= (0.30± 0.91± 0.61)%,

where the first uncertainty is statistical and the second is systematic.

Submitted to JHEP

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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CP violating charge asymmetries in * c decays:
in a nutshell
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! 3/fb from 2011-2012.

! Select * c from * b0# * c + ) - X in order to suppress 
backgrounds through the displaced vertex of * b0.

! Measure proton/antiproton charge asymmetry in * c+ #pK + K- 

and  * c+ #p$ + $ - .

! Use di"erence between pK + K- and  p$ + $ - asymmetries  to 
cancel * b0 production asymmetry and ) /p detection 
asymmetries.

Charge asymmetry in * c+ #ph + h- indicates direct CP 
violation in * c decays.

[arxiv: 1712.07051]

by a description of the statistical models used to determine the signal yields from the data
in Section 4. The weighting method used for correcting the measurement for experimental
asymmetries and the evaluation of the e�ciency variation across the 5D ph�h+ phase
space are presented in Section 5. Systematic e↵ects are considered and quantified in
Section 6. The results of the analysis are given in Section 7, and finally a summary is
made in Section 8.

2 Formalism

The analysis measures parameters sensitive to CP violation that are integrated across the
⇤+

c ! ph�h+ phase space. The definition of those parameters and the phase space are
given in this section.

2.1 CP violation parameters

The CP asymmetry in the decays of the ⇤+
c baryon to a given final state f is

ACP (f) =
�(f)� �(f̄)

�(f) + �(f̄)
, (1)

where �(f) is the decay rate of the ⇤+
c ! f process, and �(f̄) is the decay rate of the

charge conjugate decay ⇤
�
c ! f̄ . Rather than measure the individual decay rates, it is

simpler to count the number of reconstructed decays, and so the asymmetry in the yields
is defined as

Araw(f) =
N(fµ�)�N(f̄µ+)

N(fµ�) +N(f̄µ+)
, (2)

where N is the number of signal candidates reconstructed in association with a muon.
This is labelled as the raw asymmetry of the decay because the measurement of the
physics observable of interest, ACP , is contaminated by several experimental asymmetries.
Assuming that each contributing factor is small, the raw asymmetry can be expressed to
first order as the sum

Araw(f) = ACP (f) + A
⇤0
b

P (fµ) + Aµ
D(µ) + Af

D(f), (3)

where A
⇤0
b

P , Aµ
D, and Af

D are the ⇤0
b production asymmetry, muon detection asymmetry,

and ⇤+
c final-state detection asymmetry, respectively. A nonzero ⇤0

b production asymmetry
may arise for several reasons, such as the relative abundance of matter quarks in the pp
collision region. A dependence on the reconstructed ⇤0

b final state is introduced by the
detector acceptance and the reconstruction and selection applied to that state, which
alters the observed ⇤0

b production phase space. The two detection asymmetries may be
nonzero due to the di↵erent interaction cross-sections of the matter and antimatter states
with the LHCb detector. There may also be charge-dependent reconstruction and selection
e↵ects. In all cases, an experimental asymmetry is assumed to be fully parameterised by
the kinematics of the objects involved. The asymmetry of interest, ACP , is assumed to
be dependent on f but independent of ⇤+

c kinematics. This motivates a measurement of

2
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Figure 1: DeÞnition of reference frame axes and! +
c # ph! h+ phase space decay angles (adapted

from Fig. 1 in Ref. [11]).

the di! erence between raw asymmetries of two distinct$ +
c decay modes, chosen to be

pK ! K + and p#! #+ in this analysis,

" ACP = ACP (pK ! K + ) " ACP (p#! #+ ) (4)

$ Araw(pK ! K + ) " Araw(p#! #+ ), (5)

where the approximation tends to an equality as the kinematics between the Þnal states
become indistinguishable.

The observed kinematics of thepK ! K + µ! and p#! #+ µ! Þnal states are not expected
to be equal given the di! erent energy release and resonant structure of the two$ +

c decays.
To ensure similarity, the kinematic spectra of one state can be matched to that of another.
As around six times as manyp#! #+ signal candidates are found thanpK ! K + signal
candidates, as described in Section 4, thep#! #+ µ! data are weighted to match the
pK ! K + µ! data, given that the statistical uncertainty on theAraw(pK ! K + ) measurement
will be the dominant contribution to that on " Awgt

CP . Details of the weighting procedure
are given in Section 5. The kinematic weighting may alter the physics asymmetry, as the
p#! #+ phase space can be distorted, and so it is a weighted asymmetry,Awgt

CP , that enters
the measurement

" Awgt
CP = ACP (pK ! K + ) " Awgt

CP (p#! #+ ) (6)

$ Araw(pK ! K + ) " Awgt
raw (p#! #+ ). (7)

To allow for comparisons with theoretical models, the weighting function is provided in
the supplementary material of this article.

2.2 ! +
c ! ph " h+ phase space

For a $ +
c # ph! h+ decay, a full parameterisation of the dynamics requires Þve independent

variables. The experimental reconstruction and selection e# ciencies may vary as functions
of position in phase space and are corrected for here. This is in contrast to the magnitude
of CP violation, which may also vary across phase space, but is experiment-independent.

3

https://arxiv.org/pdf/1712.07051.pdf


CP violating charge asymmetries in * c decays:
signal
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! Select good quality * c + ) - and vetoing K s (from * c#p K%0)  
and  * (from * c#*$ + ).

Figure 2: The ph�h+ invariant mass spectra from the fully selected ⇤+
c ! pK �K + (left) and

⇤+
c ! p⇡�⇡+ (right) datasets summed over all data-taking conditions. The results of the fit to

each dataset are shown for illustration.

using the Geant4 toolkit [20] as described in Ref. [21].

4 Mass spectrum parameterisation

The ph�h+ invariant mass is used as a discriminating variable between signal and combi-
natorial background. Fits to the mass spectrum, shown in Fig. 2, are used to measure
the ph�h+ signal yields in order to compute Araw, as defined in Eq. (2). The sPlot proce-
dure [22] is employed to statistically subtract the combinatorial background component
in the data, as required for the kinematic weighting procedure, and takes the fitted model
as input.

The chosen fit model is the sum of a signal component and a background component,
each weighted by a corresponding yield parameter. The signal is modelled as the sum
of two Gaussian distributions which share a common mean but have separate width
parameters, and the combinatorial background is modelled as a first-order polynomial.

A cost function is defined as Neyman’s ! 2,

! 2 =
B!

i=1

(Ni � Nf Tot(mi; " ))2

Ni
, (9)

where i is the bin index over the number of bins B in the m(ph�h+) spectrum, Ni is the
observed number of entries in the ith bin, N is the expected number of entries in the
dataset as the sum of the fitted signal and background yield parameters, and f Tot(mi; " )
represents the integral of the total model in the mi bin with parameter vector " . The
binning is set as 120 bins of width 1MeV/c 2 in the range 2230 < m (ph�h+) < 2350MeV/c 2.
Fits to the pK �K + and p#�#+ data, summed over all conditions, are shown in Fig. 2.
A good description of the data by the model is seen in all fits to the data subsamples.
The pK �K + and p#�#+ signal yields, separated by data-taking conditions, are given in
Table 1.

To measure Araw as in Eq. (2), each data subsample is split by proton charge into $+
c

and $
�
c subsets. The model used in the previously described fit is used to define charge-

6

25k pK + K- 171k p$ + $ -

[arxiv: 1712.07051]

https://arxiv.org/pdf/1712.07051.pdf


CP violating charge asymmetries in * c decays:
results
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Systematics from simulation sample size,  weight precision, 
mass mis-modelings.

Figure 3: Background-subtracted distributions of the ! 0
b candidate transverse momentum (top

row) and the proton candidate pseudorapidity (bottom row) both before (left column) and after
(right column) weighting the p" ! " + sample (blue points) to match the pK ! K + sample (black
points). The data are summed across all data-taking conditions.

For the p! ! ! + data, which is weighted to match thepK ! K + kinematics, the e! ective
sample size is around80 %that of the unweighted p! ! ! + sample. The weighted data are
shown in them2(ph! )Ðm2(h! h+ ) plane in Fig. 4.

The statistical treatment of the weights in the Þt is validated by randomly sorting
candidates into" +

c and "
!
c datasets and Þtting the model 500 times, where it is seen that

the distribution of Araw(f ) divided by its uncertainty is centred around zero, the expected
value, and has a standard deviation of 1, indicating that the error estimate is correct.

6 Systematic e ! ects

To evaluate possible biases on the measurement of" Awgt
CP due to systematic e! ects, several

studies are performed and deviations from the nominal results are computed. Statistically
signiÞcant deviations are assigned to the measurement as systematic uncertainties.

The model used in the simultaneous#2 Þt, described in Section 4, is derived empirically,
and there may be other models which described the data similarly well. Variations of the

9

Reweigh the kinematics of the two Þnal states to proper 
cancel  production and detection asymmetries.

Before After

[arxiv: 1712.07051]

'A CP = (0.30±0.91±0.61)%

Multidimensional 
reweighs using a 

Gradient-BDT.

https://arxiv.org/pdf/1712.07051.pdf
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! The enormous yields and a dedicate detector (LHCb 
leads the exploration) make LHC the best player for 
searching charm CPV.

- Today shown just some recent results.

! Times are particularly exciting for ßavour physics and 
in particular for charm CPV searches.

- We are spanning interesting regions < 𝓞(10 -3 ).
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The LHCb detector
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Weight: 5600t 
Height: 10m 
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Figure 38: Reconstructed Cherenkov angle for isolated tracks, as a function of track momentum
in the C4F10 radiator [81]. The Cherenkov bands for muons, pions, kaons and protons are clearly
visible.

ring will generally overlap with several neighbouring rings. Solitary rings from isolated
tracks, where no overlap is found, provide a useful test of the RICH performance, since
isolated rings can be cleanly and unambiguously associated with a single track. Figure 38
shows the Cherenkov angle as a function of particle momentum using information from
the C4F10 radiator for isolated tracks selected in data (! 2% of all tracks). As expected,
the events populate distinct bands according to their mass.

4.2.2 Photoelectron yield

The average number of detected photons for each track traversing the Cherenkov radiator
media, called the photoelectron yield (Npe), is another important measure of the perfor-
mance of a RICH detector. The yields for the three radiators used in LHCb are measured
in data using two di↵erent samples of events [81]. The first sample is representative of
normal LHCb data taking conditions, and consists of the kaons and pions originating from
the decay D0 " K�⇡+, where the D0 is selected from D⇤+ " D0⇡+ decays. The second
sample consists of low detector occupancy p p " p p µ+µ� events, which provide a clean
track sample with very low background levels. In both samples, only high-momentum
tracks are selected, to ensure that the Cherenkov angle is close to saturation.

51

RICH

$ K p

4 Tm dipole
Magnet



Charm ßavour tagging
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! In order to measure mixing and CPV, it is necessary to 
identify the ßavour of the D 0 meson.

! LHCb exploits two decays:

- D* + # D 0 $ +  decays

- semi-leptonic B-decays

h
h

$ +D0

D*+
pp

h

h

B

pp

D0
µ–

𝝂

Charge
tag 

flavour


