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Introduction



Introduction: Why do we study flavour physics?

• CPV is necessary condition to baryon asymmetry in the Universe.
• SM includes CPV in de CKM 3 × 3 matrix through a complex phase.

• SM CPV is not sufficient to explain matter–antimatter asymmetry.
• We look for new sources of CPV.

• Looking for SM deviations in an ’indirect’ way is complementary to direct
production searches
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Introduction: CP violation
We need at least 2 competitive interfering
amplitudes with different weak (ϕ) and
strong (δ) phases. CP violating effects
depend on

λ =
q

p

A

A
.

CPV in decay P (B0
s → f ) , P (B0

s → f ), thus |A|2 , |A|2

CPV in mixing P (B0
s → B0

s ) , P (B0
s → B0

s ), thus |q/p | , 1.
CPV in interference P (B0

s → f ) , P (B0
s → B0

s → f ), thus arg(λ) , 0.

NP NP
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Beauty physics



Beauty physics
Direct CPV: B± →→→ π±K +K − arXiv:1905.09244

• Using 3 fb−1 Run 1 data.
• Separated Dalitz plot analysis
for B+ (2000 events) and B−

(1600 events).
• DP amplitude with seven
components, using isobar
model.

• Mainly non-resonant and
ρ0(1450) (about 30% each).
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Figure 3: Distribution of m2
K+K− up to 3.5 GeV2/c4. Data are represented by points for B+ and

B− separately, with the result of the fit overlaid.

pair. A future analysis with the addition of the Run 2 data recorded with the LHCb
detector should be able to investigate this effect further.

With respect to the low m2
K+K− region, shown in Fig. 3, an interesting feature of the

fit result is the significant contribution, with a fit fraction of 16%, from the ππ ↔ KK
S-wave rescattering amplitude. This contribution alone produces a CP asymmetry of
(−66 ± 4 ± 2)%, which is the largest CP violation manifestation ever observed for a
single amplitude. Since almost all of the observed CP asymmetry in the B± → π±K+K−

decay is observed in the rescattering amplitude, this must be directly related to the total
inclusive CP asymmetry observed in this channel, which was previously reported to be
(−12.3± 2.1)% [1]. For the coupled channel B± → π±π+π−, with a branching fraction
three times larger than that of B± → π±K+K−, a positive CP asymmetry has been
measured [42]. This gives consistency for the interpretation of the large CPV observed
here originates from rescattering effects. Finally, the inclusion of the φ(1020) resonance
in the amplitude model also improves the data description near the K+K− threshold,
however with the uncertainties of the current analysis this contribution is not statistically
significant.

A second solution is found in the fit, presenting a large positive CP asymmetry of
76% in the K∗0(1430)0 component, which is compensated by a similarly large negative
asymmetry in the interference term between K∗0(1430)0 and the single-pole amplitudes,
such that the net effect is a negligible CP asymmetry near the K∗0 (1430)0 region, as seen
in data. As such, this solution is interpreted as an unphysical solution. More data are
necessary to understand this feature.

7

CP asymmetry
The rescattering amplitude, produces a negative CP asymmetry, which is the
largest CPV effect from a single amplitude

A = (−66 ± 4 ± 2)%
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Beauty physics
Direct CPV: B± →→→ π±π+π− LHCb-PAPER-2019-017 LHCb-PAPER-2019-018

• Using Run 1 data: 3 fb−1 (about 20000 signal decays).
• Three different approaches to the complicaded S–wave parametization:

Isobar Each contribution has a clear physical meaning.
K–matrix Unitary by construction.

QMI Fit regions of the Dalitz Plot directly from data.
All three are in broad agreement.

• Lots of resonances in π+π− pairs:
Non S–wave ρ(770), ω(782), f2(1270), ρ0(1450) and ρ3(1690)

S–wave f0(500), f0(980), f0(1500) and f0(1710)

Para empregos institucionais e en contextos 
de alta representación, o sigillum acompañará 
as siglas do xeito indicado.

O sigillum inscríbese nun cadrado azul de 
igual tamaño que o cadrado azul das siglas, 
separados por unha canle de cor branca como 
se indica nas especificacións de construción.
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Preliminary
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Parameter Value
Signal yield 20 594± 1 569
Combinatorial bkg yield 4 409± 1 634
B+ → K+π+π− bkg yield 143± 11
Combinatorial bkg asym +0.005± 0.010
B+ → K+π+π− bkg asym +0.000± 0.008

Dalitz plot analysis performed in the signal region,
5.249 < m(π±π+π−) < 5.317 GeV/c2

  8 / 24

B+ → πππ sample
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● Sample correspond to 3fb-1 from 
Run 1.

● Charm veto.

● f
2
(1270) region.

● ρ(770) region.

● low scalar m(ππ).
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First observation of several sources of CP violation in B+ → π+π+π− decays at LHCb 14 / 26

f2(1270) region
ρ(770) region
low scalar mππ
charm veto
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Beauty physics
Direct CPV: B± →→→ π±π+π− LHCb-PAPER-2019-017 LHCb-PAPER-2019-018

• Three different kinds of CP
asymmetries observed:

1 Huge asymmetry in S–P
interference around the ρ0(770)
pole with over 25σ statistical
significance. First observation
of CPV in a quasi–two–body
interference.

2 Large asymmetry in f2(1270)
tensor, with +10σ . First CPV
involving a tensor.

3 Asymmetry in S–wave at low
π+π− mass with over 10σ
statistical significance. Flip of
sign in mKK threshold.

• No asymmetry observed in ρ − ω
mixing.

Para empregos institucionais e en contextos 
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as siglas do xeito indicado.

O sigillum inscríbese nun cadrado azul de 
igual tamaño que o cadrado azul das siglas, 
separados por unha canle de cor branca como 
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Clear ρ-ω interference
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Poorly described by all 3 S-wave approaches, can be fixed in 2 ways

Free f2(1270) pole parameters
Inconsistent with PDG values, disagreement between 3 approaches

Additional D-wave contribution
Fit with additional D-wave, f2(1430) state not well established

Very large CP asymmetry well-described by all 3 S-wave approaches
First observation of several sources of CP violation in B+ → π+π+π− decays at LHCb 20 / 26
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Beauty physics
Direct CPV: B+

u →→→ J ///ψρ+ Eur. Phys. J. C79 (2019) 537

• Using 3 fb−1 of Run 1 data.
• BF is measured relative to B+ → J/ψK +

because of the similarity with
B+ → J/ψ(→ µ+µ−) ρ+(→ π+π0(→ γγ))

Results
B(B+

u → J/ψρ+) = (3.81+0.25−0.24 ± 0.35) × 10−5

A(B+
u → J/ψρ+) = −0.045+0.056−0.057 ± 0.008

• Both are the most precise
measurements to date, and compatible
with the previous BaBar result
Phys.Rev.D76:031101,2007.

• This A value can be used to place
penguin constraints in measurements of
ϕs in B0

s → J/ψϕ.

1 Introduction

In the Standard Model of particle physics, the decay B+→ J/ψρ+ proceeds predominantly
via a b → ccd transition involving tree and penguin amplitudes,1 as shown in Fig. 1.
Interference between these two amplitudes can lead to direct CP violation that is measured
through an asymmetry defined as

ACP ≡ B(B−→ J/ψρ−)− B(B+→ J/ψρ+)

B(B−→ J/ψρ−) + B(B+→ J/ψρ+)
. (1)

No precise prediction for ACP exists, though it is expected to have an absolute value
. 0.35 [1] assuming isospin symmetry between the B0→ J/ψρ0 and the B+→ J/ψρ+

decays. Measurements of ACP provide an estimate of the imaginary part of the penguin-
to-tree amplitude ratio for the b → ccd transition. Similarly to the B0→ J/ψρ0 decay [2],
the CP asymmetry is expected to be enhanced in this decay compared to the decay
B0
s→ J/ψφ [3, 4]. Therefore its value can be used to place constraints on penguin effects

in measurements of the CP -violating phase φs from the decay B0
s → J/ψφ, assuming

approximate SU(3) flavour symmetry and neglecting exchange and annihilation diagrams.
The branching fraction and the value of ACP for B+→ J/ψρ+ decays were measured
previously by the BaBar collaboration to be (5.0±0.7±0.3)×10−5 and −0.11±0.12±0.08,
respectively [5].

In this paper, the branching fraction and the direct CP asymmetry of the decay
B+→ J/ψρ+ are measured using proton-proton (pp) collision data collected with the
LHCb detector at centre-of-mass energies of 7 TeV (in 2011) and 8 TeV (in 2012),
corresponding to a total integrated luminosity of 3 fb−1. The B+ → J/ψρ+ decay is
analysed using the J/ψ→ µ+µ−, ρ+→ π+π0 and π0→ γγ decays. Its branching fraction
is measured relative to that of the abundant decay B+→ J/ψK+, which has the same
number of charged final-state particles and contains a J/ψ meson as the decay of interest.
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Figure 1: Leading-order Feynman diagrams for the (left) tree and (right) penguin amplitudes
contributing to the decay B+→ J/ψρ+.

2 Detector and simulation

The LHCb detector [6,7] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex

1Charge conjugation is implied throughout this paper, unless otherwise stated.
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Beauty physics
Mixing–induced CPV: γ status JHEP 08 (2018) 176 JHEP 03 (2018) 059

• Phase γ is measured through
interference in B± → DK ± and in
B0
d ,s
decays

Results 2018
LHCb γ = (74.5+5.0−5.8)

◦

HFLAV γ = (73.5+4.2−5.1)
◦

UTFIT γ = (65.8 ± 2.2)◦

• Both consistent within ∼ 2σ . This is
a non trivial test on:

• KM theory of CPV single-phase
hypothesis

• Contribution of new physics in
tree–level diagrams

• Small internal tensions between B0
s,d

and B± .

Table 1: Statistical correlation matrix for the fit to data.

x− y− x+ y+

x− 1 −0.21 0.05 0.00

y− 1 −0.01 0.02

x+ 1 0.02

y+ 1

Table 2: Fit results for the total B± → DK± yields in the signal region, where the invariant
mass of the B candidate is in the interval 5249–5319 MeV/c2, integrated over the Dalitz plots.

B− → DK− B+ → DK+

Long Downstream Long Downstream
D → K0

Sπ
+π− 602± 26 1 315± 39 606± 26 1 334± 39

D → K0
SK

+K− 92± 10 189± 15 82± 10 193± 15

compared with the yields predicted from the values of (x±, y±) obtained in the default fit.
The yields from the direct fit agree with the prediction with a p-value of 0.33. In Fig. 8
(right) the difference N i

B+ −N−iB− in each bin is calculated using the results of the direct fit
of the B± → DK± yields. This distribution is compared to that predicted by the central
(x±, y±) values. The measured yield differences are compatible with the prediction with
a p-value of 0.58. In addition, data are fitted with the assumption of no CP violation
by enforcing x+ = x− ≡ x0 and y+ = y− ≡ y0. The obtained x0 and y0 values are used
to determine the predicted values of N i

B+ −N−iB− , which are also shown in Fig. 8 (right).

0.1 0.1
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0.1

0.1

y
±

γ γ

LHCb
B−

B+

Figure 7: Confidence levels at 68.2%, 95.5% and 99.7% probability for (x+, y+) and (x−, y−) as
measured in B± → DK± decays (statistical uncertainties only). The parameters (x+, y+) relate
to B+ decays and (x−, y−) refer to B− decays. The black dots show the central values obtained
in the fit.
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correlated. The results for the coverage of the best fit point is shown in Table 4.160
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Beauty physics
Mixing–induced CPV: neutral B 0

s decays

• Observable phase is
ϕs = ϕM − 2ϕD = arg(λ) = arg

(
q
p
A
A

)
.

• Also important in the decay rate are
∆Γ and ∆m.

• NP can appear in ϕM .
• Tree decays (b → s c̄c): no NP in
ϕD .

• Loop decays (b → sq̄q , q = s, d ):
potential NP in ϕD .

• Deviation of ϕs from SM would imply
NP.

• Direct CPV posible in |λ | , 1 too.
• S, P and D wave interfering
amplitudes.

10 KAON 2019 CP violation in b and c at LHCb 10/09/2019



Beauty physics
Mixing–induced CPV: B 0

s →→→ J ///ψK +K − Eur. Phys. J. C 79 (2019) 706

• Using 1.9 (Run 2) fb−1 of data
(about 117000 events).

• Looking at 990 − 1050MeV /c2
mass window. Mainly ϕ(1020)
and modest f0(980) contribution.

• Average decay–time resolution
σeff = 45.5 fs−1

• Decay–time and angular
efficiencies are estimated with
simulation and matched to data

• Four–dimensional amplitude
analysis (helicity angles & time).
The fit is performed in 6 mKK

bins.
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Key parameters

ϕs = −83 ± 41 ± 6mrad
|λ | = 1.012 ± 0.016 ± 0.006

Γs − Γd = −4.1 ± 2.4 ± 1.5 fs−1

∆Γs = 77 ± 8 ± 3 fs−1
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Beauty physics
Mixing–induced CPV: B 0

s →→→ J ///ψπ+π− Phys. Lett. B 797 (2019)

• Using 1.9 (Run 2) fb−1 of data
(about 33000 events).

• Mainly f0(980) contribution with
other S–wave and D–wave
amplitudes.

• Average decay–time resolution
σeff = 41.5 fs−1

• Decay–time and angular
efficiencies are estimated with
simulation and matched to data

• Five–dimensional amplitude
analysis (helicity angles, mass &
time).
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Key parameters

ϕs = −57 ± 60 ± 11mrad
|λ | = 1.01 +0.08

−0.06 ± 0.03

ΓH − Γd = −50 ± 4 ± 4 fs−1
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Beauty physics
Mixing–induced CPV: Status of ϕcc̄ss

• Results are in agreement with
previous measurements and the
SM prediction.

Average LHCb

ϕs = −41 ± 25mrad
∆Γs = 0.0816 ± 0.0048ps−1

HFLAV combination

ϕs = −55 ± 21mrad
∆Γs = 0.0764 ± 0.0024ps−1

• Reduction on experimental
uncertainty of ∼ 30% from the
average before Moriond 2019,
thanks to ATLAS.
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Beauty physics
Mixing–induced CPV: B 0

s →→→ ϕϕ arXiv:1907.10003

• Using 3 (Run 1) + 2 (Run 2) fb−1 of data
(about 8500 events).

• 4–dimension fit: helicity angles & time.
• Parameters Γs , ∆Γs and ∆ms are fixed to
known values.

• Mainly ϕ(1020) and S–wave f0(980)
contribution.

• Detector efficiency and decay–time
resolution are determined with
simulation.

• Decay–time efficiency determined with
data.

• Improvement on exp. unc. in 25% on
ϕs s̄ss and 40 % on |A0 |2 from previous
analysis.
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Key parameters
ϕs s̄ss = −73 ± 115 ± 27mrad
|λ | = 0.99 ± 0.05 ± 0.01

|A0 |2 = 0.381 ± 0.007 ± 0.012

|A0 |2 in agreement with QCD
predictions.
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Beauty physics
Mixing–induced CPV: B 0

{s ,d } →→→ K ∗0K ∗0 JHEP 07 (2019) 032

• Using 3 (Run 1) fb−1 of data.
• 5–dimension fit: helicity angles & 2 mKπ masses.
• B0

{s,d } → K ∗0K ∗0 are U–spin partners, and can be used to control penguin
pollution.

B 0
d →→→ K ∗0K ∗0

• Untagged and time–integrated
analysis.

• Assuming ∆Γ ≈ 0 and negligible
CPV in the mixing and the decay.

• First LHCb analysis

B 0
s →→→ K ∗0K ∗0

Compatible with TD analysis from
LHCb-PAPER-2017-048:

ϕs s̄ss = −100 ± 130 ± 140mrad
|λ | = 1.035 ± 0.034 ± 0.089

• Found |A0 |2(B0
d
) ≫ |A0 |2(B0

s ).

• Measured B0
s /B0

d
branching–fraction ratio R exp

sd
= 3.43 ± 0.38, there is a

theoretical prediction R theo
sd

= 16.4 ± 5.2, Phys.Rev.D76:074005,2007. ⊞
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Charm physics
Direct CPV: D 0 decays arXiv:1905.05428

• Using 5.9 fb−1 (almost full Run 2) of data.
• Both prompt m(D 0π+soft) and semileptonic m(D 0) tagging were used.

• The raw asymmetry in Cabbibo supressed D 0 → h+h− decays

A(D → h+h−) = N (D → f ) − N (D̄ → f̄ )
N (D → f ) + N (D̄ → f̄ )

= ACP +Adetector +Aproduction

includes both physics and detector effects. Then we compute:

∆ACP = A(K +K −) − A(π+π−) = ACP(K +K −) − ACP(π+π−).

• SU (3) symmetry imposes ACP(K +K −) = −ACP(π+π−).
• ∆ACP is primarily sensitive to direct CPV.
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Charm physics
Direct CPV: D 0 decays arXiv:1905.05428

Combination Run 1 & Run 2
∆ACP = (−15.4 ± 2.9) × 10−4

• CPV was observed at 5.3σ
statistical significance.

• Result consistent with the SM
expectations (10−4 − 10−3).

Using the latest results†, we
get:

adirCP = ∆ACP +
∆⟨t ⟩
τ(D 0)AΓ =

  = (−15.7 ± 2.9) × 10−4

prompt
44 M events 14 M events
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Figure 1: Mass distributions of selected (top) π±-tagged and (bottom) µ±-tagged candidates for
(left) K−K+ and (right) π−π+ 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 effects, whereas the combinatorial background is described by an
exponential function. A small contribution from D0→ K−π+ decays with a misidentified
kaon or pion is also visible, which is modeled as the tail of a Gaussian function. Separate
fits are performed to subsamples of data collected with different magnet polarities and
in different years. All partial ∆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 π-tagged and µ-tagged samples, small differences of the order of
a few 10−5 are found. The m(D0π+) 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 π-tagged (µ-tagged) signal yields are approximately 44 (9) million
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Figure 1: Mass distributions of selected (top) π±-tagged and (bottom) µ±-tagged candidates for
(left) K−K+ and (right) π−π+ 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 effects, whereas the combinatorial background is described by an
exponential function. A small contribution from D0→ K−π+ decays with a misidentified
kaon or pion is also visible, which is modeled as the tail of a Gaussian function. Separate
fits are performed to subsamples of data collected with different magnet polarities and
in different years. All partial ∆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 π-tagged and µ-tagged samples, small differences of the order of
a few 10−5 are found. The m(D0π+) 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 π-tagged (µ-tagged) signal yields are approximately 44 (9) million

5

9 M events 3 M events
semileptonic

† ∆⟨t ⟩
τ(D 0) =

⟨t ⟩KK−⟨t ⟩ππ
τ(D 0) = 0.115 ± 0.002 and AΓ ≈ −a ind

CP
= (−2.8 ± 2.8) × 10−4
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Charm physics
Indirect CPV: D 0 →→→ K +K − and D 0 →→→ π+π− LHCb-CONF-2019-001

• New measurement of AΓ with
1.9 fb−1.

• The asymmetries in the mixing
and in the interference are:

Asymmetries 2015–2016
AΓ(K +K −) = (1.3 ± 3.5 ± 0.7) × 10−4

AΓ(π+π−) = (11.3 ± 6.9 ± 0.8) × 10−4

• If we neglect decay phases, then
we get a combined value

Combination Run 1 + Run 2
AΓ(K+K−+π+π−) = (0.9±2.1±0.7)×10−4

• There is no evidence for CPV in
mixing or interference.
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Figure 7: Measured asymmetry of the primary decays in bins of t/τD0 , where τD0 = 0.410 ps [33],
for (top) the D0→ K−π+, (centre) D0→ K+K− and (bottom) D0→ π+π− decay channels,
averaged over the full 2015–2016 data sample. The solid lines show the linear fit, whose slope is
equal to −AΓ.

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

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

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

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

13
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Charm physics
Charm mixing parameters PRL 122, 231802 (2019)

This is a time–dependent DP analysis using the bin–flip method.
• Data is binned in DP coordinates
where the binning scheme is chose
to have approximately constant
strong–phase differences.

• Measure the yield ratio
R±
bj (xCP , yCP ,∆x ,∆y ) between

[−b,+b] bins as function of decay
time

Bin-flip Method

Data is binned in Dalitz coordinates where the binning scheme is
chose to have approximately constant strong-phase differences

Measure the yield ratio R±
bj between −b and b in bins of decay time
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Phys. Rev. D99 (2019) 012007, arXiv:1811.01032l
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Results and impact on current world average

yCP = [0.74± 0.36(stat.)± 0.11(syst.)]%

∆y = [−0.06± 0.16(stat.)± 0.03(syst.)]%

xCP = [0.27± 0.16(stat.)± 0.04(syst.)]%

∆x = [−0.053± 0.070(stat.)± 0.022(syst.)]%
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Charm physics
Charm mixing parameters PRL 122, 231802 (2019) PRL 122, 011802 (2019)

Most precise single–experiment measurements to date.

• Using 3 fb−1 of data (2.3 M
events) both prompt and
semileptonic.

Run 1 data
xCP = 0.27 ± 0.16(stat) ± 0.04(syst)%

∆x = −0.053±0.070(stat)±0.022(syst)%

• First evidence of x > 0 when
combinating with previous
measurements.

• Using 3 fb−1 of data coming from
semimuonic B decays.

Run 1 data
yCP = 0.57 ± 0.13 (stat) ± 0.09 (syst)

Both fit results compatible with
symmetry hypothesis.

zCP ± ∆z =

(
q

p

)η
(y ± i x ) with x =

∆m

Γ
and y =

∆Γ

2Γ

xCP = −ℑ(zCP), yCP = −ℜ(zCP), ∆x = −ℑ(∆z ) and ∆y = −ℜ(∆z )
20 KAON 2019 CP violation in b and c at LHCb 10/09/2019
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Conclusions
Summary

Beauty part
• Time–dependent analyses are compatible with the SM and produce the
strongest constraints in the different ϕs .

• Very large direct CPV manifestations in DP regions of charmless 3–body
decays. Possibly due to strong phases originated in rescattering.

• First observation of CPV involving a tensor.

Charm part
• First observation of CPV in charm decays. Direct CPV found with ∆ACP .
• Most precise determination of mixing parameters xCP and yCP from a single
experiment. Also first evidence of x > 0.

• All results are statistically limited: large room for improvements with next
runs of LHCb.
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Conclusions
Prospects in beauty arXiv:1808.08865
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Figure 3.3: Left: Global HFLAV average of φs and ∆Γs from a variety of experiments [25]. Right:
Scaling of the statistical precision on φs from several tree-dominated B0

s meson decay modes.

contributions to the decay can be neglected (see Sect. 3.3.3), then the experimentally observable
quantity is the phase, φcc̄ss = −2βs, which has a precise SM prediction of −36.4 ± 1.2 mrad
based upon global fits to experimental data [43]. Deviations from this value would be a clear
sign of physics beyond the SM, strongly motivating the need for more precise experimental
measurements.

The single most statistically sensitive measurement φcc̄ss is given by the flavour-tagged decay-
time-dependent angular analysis of the B0

s → J/ψ (µ+µ−)φ(K+K−) decay [44]. This channel
has a relatively high branching fraction and the presence of two muons in the final state leads
to a high trigger efficiency at hadron colliders. Moreover, particle-identification criteria can be
used in LHCb to suppress backgrounds efficiently, resulting in high sample purity (signal to
background ratio of about 50 in the signal region of ±20 MeV/c2 around the nominal B0

s mass).
The LHCb detector has excellent time resolution (∼ 45 fs) and good tagging power (∼ 4%), both
of which are crucial for a precision measurement. Angular analysis is necessary to disentangle the
interfering CP -odd and CP -even components in the final state, which arise due to the relative
angular momentum between the two vector resonances. In addition, there is a small (∼ 2%)
CP -odd K+K− S-wave contribution that must be accounted for. To do this correctly requires
detailed understanding of any variation of efficiency with angular variables and K+K− invariant
mass.

Figure 3.3 (left) shows the current global average value of φcc̄ss and ∆Γs, which are determined
simultaneously from fits to B0

s → J/ψφ and, in the case of LHCb, B0
s → J/ψπ+π− data. The

precision of the world average is dominated by the LHCb measurement which itself is dominated
by the result using B0

s → J/ψφ. The averages are consistent with SM predictions [34,43], but
there remains space for new physics contributions of O(10%). As the experimental precision
improves it will be essential to have good control over possible hadronic effects [45,46] that could
mimic the signature of beyond-the-SM physics (see Sect. 3.3.3).

Having multiple independent precision measurements is important since it allows not simply
to improve the precision of the average, but also to perform a powerful consistency check of
the SM. One important way in which this can be done is by allowing independent CP -violation
effects for each polarisation state in the B0

s → J/ψφ. This has been done as a cross-check in
the Run 1 analysis [44], but this strategy will become the default in Upgrade II. Additional
information can be obtained from B0

s → J/ψK+K− decays with K+K− invariant mass above
the φ(1020) meson, where higher spin K+K− resonances such as f ′2(1525) meson contribute [47].
Among other channels, competitive precision can be obtained with B0

s → J/ψπ+π− decays [48],
which have been found to be dominated by the CP -odd component. The B0

s → D+
s D
−
s [49]
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• LHCb is currently dominating
CKM phase γ = (74.0 ± 5.0) ◦.
Precision on γ after Upgrade II
will be 0.35 ◦.

• The expected precision on ϕcc̄ss

after Upgrade II will be ∼ 4 mrad
from B0

s → J/ψϕ decays, and
∼ 3 mrad from all modes
combined: at the same level of
nowadays CKMfitter value.
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Figure 4.6: Projected sensitivity for the LHCb γ combination with the currently used strategies and the
world average using projections from Belle II in addition.
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Figure 4.7: Asymmetry in the number of background-subtracted and efficiency-corrected candi-
dates as a function of position in phase space for (a) B+ → K+K+K−, (b) B+ → K+π+π−,
(c) B+ → π+π+π−, and (d) B+ → K+π+K− decays [168].

also intriguing. While some of the asymmetries appear to be associated with well established
resonances, such as the ρ(770)0 meson, there are others in regions of the phase space where there
are no such structures. It may be that additional strong phase differences are being generated
by rescattering processes, the effects of which should be particularly apparent at the opening
of thresholds. Furthermore, it is possible that new physics processes could be contributing
and perhaps enhancing the size of the asymmetries. It is vital therefore to perform amplitude

40
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Conclusions
Prospects in charm arXiv:1808.08865

D0 K ±

±8.0 × 10 5

±46.0 × 10 5

±32.0 × 10 5

±80.0 × 10 5

D0 K ± +

±8.0 × 10 6

±40.0 × 10 6

±96.0 × 10 6

D0 Ks
+

±1.4 × 10 5

±12.0 × 10 5

±6.2 × 10 5

±14.0 × 10 5

A

±1.0 × 10 5

±35.0 × 10 5

±4.3 × 10 5

±13.0 × 10 5

Current

HL-LHC

2025

LHCb

LHCb

Belle II

Figure 6.2: The predicted constraints on the indirect CP violation asymmetry in charm from
the decay channels indicated in the labels at the bottom of the columns. Predictions are shown
in LS2 (2020) from LHCb, LS3 (2025) from LHCb, at the end of Belle II (2025), and at the end
of the HL-LHC LHCb Upgrade II programme.
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Figure 6.3: The estimated constraints for LHCb Upgrade II on φ, |q/p| from the combination of
the analyses in the previous section (red) compared to the current world-average precision [25]
(light blue).

with new physics sensitive loop processes or those with exchange diagrams where larger SM
contributions are expected. The precision study of modes containing neutral particles will be
opened up by the proposed calorimeter of Upgrade II.

Direct CP violation effects in the charm system could be larger than those in indirect CP
violation, and Upgrade II will be able to characterise the direct CP sources. Alternatively CP
violation effects may be very small and Upgrade II will be needed to probe them. In either
scenario the experiment will have a strong programme in this field.
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• CPV in AΓ is predicted in the SM
to be 3 × 10−5. Its smallness may
be turned into an advantage
after all.

• We are now set for precision
studies con CPV in charm. Future
measurements with HL–LHC will
certainly matter.

Sample (L) Tag Yield Yield σ(∆ACP) σ(ACP(hh))
D 0 → K +K − D 0 → π+π− [%] [%]

Run 1–2 (9 fb−1) Prompt 52M 17M 0.03 0.07
Run 1–3 (23 fb−1) Prompt 280M 94M 0.013 0.03
Run 1–4 (50 fb−1) Prompt 1G 305M 0.007 0.015
Run 1–5 (300 fb−1) Prompt 4.9G 1.6G 0.003 0.007
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Abstract

Precision measurements of CP violating observables in the decays of b
and c hadrons are powerful probes to search for physics beyond the
Standard Model. The most recent results on CP violation in the decay,
mixing and interference of both b and c hadrons obtained by the LHCb
Collaboration with Run I and years 2015-2016 of Run II are presented,
including the first observation of CP violation in the charm system. In
particular world best constraints and world first measurements are
provided for CKM elements, unitarity angles and charm parameters.

We also discuss prospects for future sensitivities.
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R {s ,d }
From the V−A structure of the weak interaction and helicity
conservation in the strong interaction, the final state of these decays
is from QCDF expected to be highly longitudinally polarised (Z. Phys.
C1 (1979) 269).
The gluonic penguins are quite
different CKM elements

B0
s decay→ λ2 · Pt c + λ4 · Puc

B0
d decay→ λ3 · Pct + λ3 · Put

As the |A0 |2 for B0
s and B0

d
are so

different whilst not expecting so, this
translates into a thus unexpected
value of

Rsd =
B(B0

s )
B(B0

d
)
fL(B0

s )
fL(B0

d
)

1 − y 2
1 + y cosϕs

Chapter 5. Study of the decays B0! K⇤0K⇤0 and B0s! K⇤0K⇤0

5.10.2 Ratio of B0! K⇤0K⇤0 over B0
s
! K⇤0K⇤0

To compare in a direct way the B0 and B0s decays, the ratio of B
0 events over B0s events

in bins of cos ✓, � and mK⇡ is obtained. After adding together the K
+
⇡
� and K�⇡+

distributions, and the cos ✓1 and cos ✓2 distributions, which appear to be identical in the
full simulation, 10 equal bins in the cos ✓, � and mK⇡ distributions are taken and the yield
ratios (normalised) at each bin determined. The ratio of the amplitude analyses models
for the B0 and for the B0s obtained with the results previously measured are superimposed
to the data, shown in Fig. 5.23.
For the cos ✓ distribution, the probability of the B0 data being di↵erent from the B0s

data is calculated fitting the ratio with an horizontal line fixed at 1, and is measured to
be 4.8�. On the other hand, the cos ✓ distribution is more compatible with a parabola,
which is expected if there is a di↵erent longitudinal K⇤ polarisation. In the ratio of the
masses, the peak of the K⇡ mass distribution appears to be shifted between B0 and B0s ,
which is indicated by a variation from a slight excess of the ratio to a depletion across
the position of the K⇤0 pole. Such behaviour is expected as a result of the presence of
di↵erent hadron phases in the interference terms, for B0 and B0s , when account is taken
of the strong asymmetry in the angular acceptance. In fact, our model with the best fit
results is able to interpret correctly the observed behaviour in both distributions, neither
of which is predicted to be constant. Similarly the azimuthal distribution of the ratio
appears to be structured around ⇡, in agreement with the model for the best fit.
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Figure 5.23: Ratio of B0 ! K+⇡�K�⇡+ events over B0
s
! K+⇡�K�⇡+ events for the

cos ✓ (top left), the azimutal angle � (top right) and the K⇡ invariant mass (bottom) with
the ratio of the amplitude models superimposed (blue line). In the figure of the cos ✓, an
horizontal line (solid red line) and a parabola (dotted red line) are fitted to the data ratio.
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Figure 3: Aggregated four-body invariant-mass fit result of the 2011 and 2012 data. The solid
red distribution corresponds to the B0

s→ (K+π−)(K−π+) decay, the solid cyan distribution
to B0→ (K+π−)(K−π+), the dotted dark blue line to Λ0

b→ (pπ−)(K−π+), the dotted yellow
line to B0→ (K+π−)(K−K+) and the dotted cyan line represents the partially reconstructed
background. The tiny combinatorial background contribution is not represented. The black
points with error bars correspond to data to which the B0→ ρ0K∗0 contribution has been
subtracted with negatively weighted simulation, and the overall fit is represented by the thick
blue line.

Table 3: Signal and background yields for the 2011 and 2012 data samples, obtained from
the fit to the four-body mass spectrum of the selected candidates. Statistical and systematic
uncertainties are reported, the latter are estimated as explained in Sect. 8.

Yield 2011 sample 2012 sample
B0→ (K+π−)(K−π+) 99± 12± 3 249± 19± 5
B0
s→ (K+π−)(K−π+) 617± 26± 8 1337± 39± 12

Misidentified B0→ (K+π−)(K−K+) 145± 17± 2 266± 27± 8
Partially reconstructed background 100± 15± 4 230± 25± 6
Combinatorial background 7± 5± 11 48± 25± 25

either the B0→ (K+π−)(K−π+) or the B0
s→ (K+π−)(K−π+) decays. The contribution

from Λ0
b→ (pπ−)(K−π+), for which the yield is fixed, is treated using extended weights

according to Appendix B.2 of Ref. [33]. The sPlot method suppresses the background
contributions using their relative abundance in the four-body invariant mass spectrum
and, therefore, no assumption is required for their phase-space distribution.
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