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What is CP Violation?

C – Charge conjugation

Ce´
L Ñ e`

L

P – Parity

Pe´
L Ñ e´

R

B0

K`

π0
π´

B̄0

K´

π0

π`

CPMirror

CP violation distinguishes matter from antimatter

Well established in the Standard Model, but searching also for
beyond-SM sources.
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Sources of CP violation

ACP “
ΓpX Ñ fq ´ ΓpX Ñ fq
ΓpX Ñ fq ` ΓpX Ñ fq

In first order:

CPV
in decay

CPV
in mixing

Interference between
mixing and decay

direct CPV
decay-specific

indirect, not decay specific,
only neutral mesons

|Af{Af| ‰ 1 p{q “ |p{q|eiϕ ‰ 1

ACP “ adir ` amix ` aint
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CPV and CKM
All SM CPV contained in the CKMmatrix (complex phase)
Unitarity gives a triangle in the complex plane:

VudV˚
ub ` VcdV˚

cb ` VtdV˚
tb “ 0

Area corresponds to
total CPV in SM.
α ` β ` γ “ 180˝

γ

α

α

dm∆ Kεsm∆ & dm∆

ubV

βsin 2
(excl. at CL > 0.95)

 < 0βsol. w/ cos 2

α

βγ
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Any discrepancies would indicate New Physics!
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LHCb
JINST 3 (2008) S08005

One-arm spectrometer

Optimised for B and D decays
100k bb pairs per second
σpccq “ 20 ˆ σpbbq

Data samples:
Run1: 3fb´1, 7,8 TeV (2011,2012)
Run2: 6fb´1, 13 TeV (2015-2018)
Run3: 25fb´1, (2021-2024)
Run4: 50fb´1, (2027-2030)
Run5: 300fb´1,(2031-2034)
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CPV in charm
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CPV in charm
Not measured yet

§ Unique: probes the up-sector
§ „Only first 2 generations of quarks
(b contribution is CKM suppressed)

§ Relevant elements almost real

§ SM prediction ă Op10´3q - high
precision needed!

§ LHCb: world leading sample of
charm hadrons
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LHCb publications in charm CPV

Sear
ch for C

P viola
tion

thro
ugh

an amplitu
de a

naly
sis o

f D
0 Ñ K`K´ π

` π
´ deca

ys

subm
. JHE

P, ar
Xiv:1

811.0
8304

Measurement of the charm-mixing

parameter yCP
subm. PRL, arXiv:1810.06874

Measurement of angular and CP asymmetries in

D0
Ñ π`

π´
µ` µ´

and D0
Ñ K`K´

µ` µ´
decays

PRL 121, 091801 (2018)

Measurem
ent of th

e time-integr
ated CP

asymmetry in D0 Ñ K0SK
0
S de

cays

JHEP 11(2018)0
48

A measurement of the CP asymmetry difference

in Λ`
c Ñ pK´K` and pπ´

π` decays
JHEP 03 (2018) 182

Updated determination of D0 ´ D0 mixing
and CP violation parameters with D0 Ñ K ` π´ decays

PRD 97, 031101 (2018)

Measurement of the CP violation

parameter A
Γ in D 0

Ñ
K `
K ´

and D 0
Ñ
π `
π ´

decays

PRL 118, 261803 (2017)ANDMORE
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Time-integrated measurements

§ In first order measure afdir + aind
§ Golden mode: D0 Ñ K`K´, π`π´

§ Start by measuring ∆ACP: other asymmetries cancel in first order
§ LHCb has the world best measurements to date!

D˚` Decays
(pion tag)
PRL 116 (2016) 191601
Run1 data
7.7 ˆ 106 (K`,K´)
2.5 ˆ 106 (π`, π´)

semileptonic B decays
(muon tag)
JHEP 07 (2014) 041
Run1 data
2.1 ˆ 106 (K`,K´)
773k (π`, π´)
measured also single-mode ACP
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Time-integrated measurements: ∆ACP
PRL 116 (2016) 191601, JHEP 07 (2014) 041
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∆ACP “ p´0.10˘0.08pstat.q ˘0.03psystqq%

most precise single-experiment
measurement

Still no evidence of CPV...
Expected scaling of stat. unc.:

Run 1-2 (9fb´1): 0.03%
Run 1-5 (300fb´1): 0.003%
LHCB-PUB-2018-009

semileptonic
∆ACP “ p`0.14 ˘ 0.16pstat.q ˘ 0.08psystqq%
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Time-dependent measurements
§ Primarily probes indirect CPV
§ Measure asymmetry in eff. lifetimes in decays to CP eigenstates

D0 Ñ K`K´, π`π´

§ Measure difference in (eff.) lifetimes of CP and flavour eigenstates
D0 Ñ K´π`

AΓ “
τ
D0 ´ τD0

τ
D0 ` τD0

« ´aind`
1
2
adiryCP

yCP “
τ pD0Ñflavour eigenstateq

τ pD0ÑCPeigenstateq
´ 1

How to interpret?
AΓ “

1
2

ˆˆˇ
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ˇ

q
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§ Need also precise measurements of mixing parameters
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Time-dependent measurements: yCP
Submitted to PRL, arXiv:1810.06874
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§ Run1 data, semileptonic tag
§ Extract yCP from ratios of decays
D0 Ñ K`K´pπ`π´q and D0 Ñ K´π`:

§ Get ratio of yields in bins of decay time
§ fit to extract ∆Γ
§ 878.2k K`K´

§ 311.6k π`π´

§ 4579.5k K´π`

§ Calculate yCP from ∆Γ andW.A. value of
Γ “ 2.4284 ps´1
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Time-dependent measurements: yCP
Submitted to PRL, arXiv:1810.06874

0.5 1.0 1.5 2.0 2.5 3.0 3.5
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0.20]
π

K/
K

K
[

R

LHCb
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]
π

K/
π

π[
R

Data
Fit

 decay time [ps]0D

ππ

KK

Decay ∆Γ [ ps−1] yCP [%]

D0 → K+K− 0.0153± 0.0036± 0.0027 0.63± 0.15± 0.11
D0 → π+π− 0.0093± 0.0067± 0.0038 0.38± 0.28± 0.15

§ KK: best precision from single experiment.
§ Combined: yCP “ p0.57 ˘ 0.13pstat.q ˘ 0.09psyst.qq%

§ As precise as the world-average value!
§ Consistent with W.A. value and with no CPV
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CPV in B sector
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CPV in B sector

Everything we have mentioned so far, and more...

CP violation in Bmesons confirmed since 2001.

Main interest today:
New physics
Measuring also other parameters, like CKM angles

Tara Nanut (EPFL) CP Violation in Heavy-Flavour Hadrons at LHCb 15/32

15
32



LHCb publications on CPV in B sector

Sear
ch for C

P viola
tion

in

Λ
0
b

Ñ pK
´ and

Λ
0
b

Ñ pπ
´ deca

ys

PLB
787

(201
8) 12

4-13
3

Measurement of CP asymmetries in two-body B0
psq -meson

decays to charged pions and kaons

PRD 98, 032004 (2018)

Search for CP violation using triple product asymmetries in

Λ0
b Ñ pK´

π`
π´, Λ0

b Ñ pK´K`K´
and Ξ0

b Ñ pK´K´
π`

decays

JHEP 08 (2018) 039

Measurem
ent of th

e CKM angle γ
using

B˘ Ñ DK˘ with D Ñ K0Sπ
`π´ , K0SK

`K´ decays

JHEP 08 (2018) 17
6

Measurement of CP violation in

B0
Ñ D¯

π˘ decaysJHEP 06 (2018) 084

Measurem
ent of th

e CP asymmetry in

B´ Ñ D´
s D

0 and B´ Ñ D´D0 decays

JHEP 05 (2018
) 160

Measurement of CP asymmetry in

B 0
s Ñ

D ¯
s K ˘

decays

JHEP 03 (2018) 059
ANDMORE
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B to charm: measuring CKM angle γ
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Measurements of γ

§ γ is the phase between VudV˚
ub and VcdV˚

cb.
§ Theoretically very clean: δγ{γ “ Op10´7q

§ Excellent New Physics probe!
§ Experimentally more challenging: from tree level B Ñ DX decays
§ LHCb contribution is substantial:

World average LHCb combination Pre-LHCb
γ “ p73.5`4.2

´5.1 q˝ γ “ p74.0`5.0
´5.8q˝ γ “ p73`22

´25q˝

LHCb-CONF-2018-002

§ Precision predictions:
§ End of Run 3 „ 1.5˝ uncertainty („ 23 fb´1)
§ End of Run 4 „ 0.9˝ uncertainty („ 50 fb´1)
§ End of Run 5 „ 0.3˝ uncertainty („ 300 fb´1)

Tara Nanut (EPFL) CP Violation in Heavy-Flavour Hadrons at LHCb 18/32

18
32



Many methods and techniques

D0 Ñ multi body

GGSZ
e.g. K0

Sππ golden mode
D0 ÑCP eigenstates

GLW
e.g. KK, ππ

very sensitive but
multiple solutions

D0 Ñ flavour specific

ADS
e.g. Kπ

more susceptible
to systematics

time-dependant

e.g. B0
s Ñ D´

s K`

interf. mix., dec.

B0 Ñ multibody

Dalitz

e.g. B0 Ñ D0K`π´

will become important
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HFLAV
Moriond 2018
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GGSZ: D0 Ñ K0
Sππ,KK

JHEP 1808 (2018) 176
§ GGSZ observable:

dΓB˘pxq “ A2
p˘,¯q ` r2BA

2
p¯,˘q ` 2Ap˘,¯qAp¯,˘qrx˘ci ` y˘siqs

§ Single solution, excellent sensitivity from interference between
various contributions.

x˘ “ rB cospδB ˘ γq ci “ cospδDp˘,¯q
q

y˘ “ rB sinpδB ˘ γq si “ sinpδDp˘,¯q
q

§ 2fb´1 at 13 TeV
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§ Method: model-independent fit of the Dalitz plot in bins.
§ Bins from CLEO-c, minimised δD variation; ci, si given.
§ Compare D Dalitz plot distribution for B`,B´.
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GGSZ: D0 Ñ K0
Sππ,KK

JHEP 1808 (2018) 176
§ B`,B´ yields in bin i : fpNtot,Fi,ci, si, x`p´q, y`p´qq

§ Simultaneous fit for both B charges, D decay modes (and K0
S

categories)
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§ Yields: 3900 K0
Sππ and 530 K0

SKK
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GGSZ: D0 Ñ K0
Sππ,KK

JHEP 1808 (2018) 176

Table 4: Correlation matrix of the experimental and strong-phase related systematic uncertainties.

x� y� x+ y+

x� 1 �0.25 0.43 �0.09

y� 1 �0.20 �0.05

x+ 1 0.14

y+ 1

and by splitting the candidates depending on whether the hardware trigger decision was
due to particles in the signal-candidate decay chain or other particles produced in the pp
collision. No anomalies are found and no additional systematic uncertainties are assigned.

In total the systematic uncertainties are less than half of the corresponding statistical
uncertainties. The correlation matrix obtained for the combined e↵ect of the sources of
experimental and strong-phase related systematic uncertainties is given in Table 4.

8 Results and interpretation

The CP observables are measured to be

x� = ( 9.0± 1.7± 0.7± 0.4)⇥ 10�2,

y� = ( 2.1± 2.2± 0.5± 1.1)⇥ 10�2,

x+ = (�7.7± 1.9± 0.7± 0.4)⇥ 10�2,

y+ = (�1.0± 1.9± 0.4± 0.9)⇥ 10�2,

where the first uncertainty is statistical, the second is the total experimental systematic
uncertainty and the third is that arising from the precision of the CLEO measurements.

The signature for CP violation is that (x+, y+) 6= (x�, y�). The distance between
(x+, y+) and (x�, y�) is calculated, taking all uncertainties and correlations into account,
and found to be |(x+, y+)� (x�, y�)| = (17.0± 2.7)⇥ 10�2, which is di↵erent from zero
by 6.4 standard deviations. This constitutes the first observation of CP violation in
B± ! DK± decays for the D ! K0

Sh
+h� final states.

These results are compared to the expected central values of x± and y± that can be
computed from rB, �B, and � as determined in the LHCb combination in Ref. [52], and
the results are shown in Fig. 10 (the later LHCb combination in Ref. [56] includes the
results of this measurement and is therefore unsuitable for comparison). The two sets
of (x+, y+) are in agreement within 1.6 standard deviations when the uncertainties and
correlations of both the LHCb combination and this measurement are taken into account.
There is a 2.7 standard deviation tension between the measured values of (x�, y�) and the
values calculated from the LHCb combination. This tension will be investigated further
when this measurement and the LHCb combination are updated using data taken in 2017
and 2018.

The results for x± and y± are interpreted in terms of the underlying physics parameters
�, rB and �B. The interpretation is done via a maximum likelihood fit using a frequentist
treatment as described in Ref. [57]. The solution for the physics parameters has a two-fold

21

§ CP violation: px`, y`q ‰ px´, y´q : 6.4σ deviation!
§ First observation of CPV in B˘ Ñ DK˘, D Ñ K0

Sh
`h´.

§ Fit x˘, y˘ to obtain γ, rB, δB:

±x

±y

0.2− 0.1− 0 0.1 0.20.2−

0.1−

0

0.1

0.2
2015 & 2016 data

LHCb Combination
LHCb

−B

+B

Figure 10: Two-dimensional 68.3%, 95.5% and 99.7% confidence regions for (x±, y±) obtained
in this measurement, as well as for the LHCb combination in Ref. [52], taking statistical and
systematic uncertainties, as well as their correlations, into account.

ambiguity as the equations are invariant under the simultaneous substitutions � ! �+180�

and �B ! �B + 180�. The solution that satisfies 0 < � < 180� is chosen. The central
values and 68% (95%) confidence intervals, calculated with the PLUGIN [58] method, are

� = 87� +11�

�12�
�
+22�

�23�
�
,

rB = 0.086 +0.013
�0.014

�
+0.025
�0.027

�
,

�B = 101� +11�

�11�
�
+22�

�23�
�
.

The values for � and rB are consistent with those presented in Ref. [52]. This is the most
precise measurement of � from a single analysis. The value of �B shows some disagreement
with Ref. [52], where the angle is determined to be

�
139.9 +4.8

�5.2

��
.

The values of x±, y± measured in this analysis can be combined with those from the
corresponding analysis of Run 1 data [9]. This procedure is done via a maximum likelihood
fit, as implemented in the gammacombo package [57]. The previous measurements are
identified by the index I, and the results within this paper are identified by the index II.
When combining the two results, the fit determines the (x̂±, ŷ±) parameters that maximize
the multivariate Gaussian likelihood function

L(z|ẑ) = ((2⇡)8|⌃|)�1/2 exp


�1

2
(z � ẑ)T⌃�1(z � ẑ)

�
, (14)

where z = (xI
±, y

I
±, x

II
±, y

II
±)

T and ẑ = (x̂±, ŷ±, x̂±, ŷ±)T are 8⇥ 1 vectors and ⌃ is the 8⇥ 8
covariance matrix

⌃ =

✓
⌃I ⌃I–II

⌃II–I ⌃II

◆
. (15)

The covariance matrix is expressed in terms of the covariance matrices obtained for the
individual measurements, ⌃I and ⌃II, and the cross-covariance matrix ⌃I–II describing

22

§ Most precise γ measurement from a single analysis
§ Can combine result with previous LHCb analysis (Run1)
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Charmless Bpsq: measuring ϕs
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ϕs
§ Bs unitarity triangle: VusV˚

ub ` VcsV˚
cb ` VtsV˚

tb “ 0
§ ϕs = phase diff. between amplitudes decaying to CP eigenstates and
those that do after mixing

§ SM: ϕccs « ´2βs
§ Recent first evidence of CPV in Bs Ñ K`K´! PRD 98 (2018) 032004
§ Golden mode: Bs Ñ J{ψϕmeasured by CDF, D0, ATLAS, CMS

§ LHCb taking it further: Bs Ñ J{ψKK,
Bs Ñ ψp2Sqϕ, Bs Ñ J{ψππ, Bs Ñ DsDs

§ LHCb Bs Ñ J{ψKK dominates the
world-average. PRL 114, 041801 (2015)

§ LHCb also measured ϕsss in Bs Ñ ϕϕ PRD
90, 052011 (2014), LHCb-CONF-2018-001
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ϕdds : B0
s Ñ pK`π´qpK´π`q

JHEP 03 (2018) 140

§ 3fb´1, 7 and 8 TeV
§ First measurement of ϕdds
§ 9 quasi-two-body states are
considered; CPV effects assumed to
be same for all, and CPV in mixing is
neglected

§ ϕdds “ ϕM ´ 2ϕD expected small in SM
§ ϕM = Bs ´ BS mixing phase, ϕD = CPV
weak phase in decay

B0
s

K+

π−

K−

π+

θ1 θ2

ϕ
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ϕdds : B0
s Ñ pK`π´qpK´π`q

JHEP 03 (2018) 140

§ Fit to 4-body invariant mass; obtain signal weights through sPlot to
perform the CP fit on a sample representing only signal.

   

ă f|Bsptq ą and ă f|Bsptq ą

4-body phase-space factor

flavour t
agging

product
ion asymmetries

decay time acceptanceand resolution factors

angular acceptance

  

§ Extremely complex fit
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ϕdds : B0
s Ñ pK`π´qpK´π`q

JHEP 03 (2018) 140
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Figure 7: One-dimensional projections of the decay-time-dependent, flavour-tagged fit to (black
points) the sPlot weighted data for (top row) the two (K⇡) invariant masses, (middle row) the
two (K⇡) decay plane angles, (bottom left) the angle between the two (K,⇡) decay planes and
(bottom right) the decay-time. The solid gray line represents the total fit model along with the
CP -averaged components for each contributing decay.

1 and 2. The longitudinal polarisation fraction for the B0
s ! K⇤0K⇤0 vector-vector decay

is determined to be fV V
L = 0.208± 0.032± 0.046, where the first uncertainty is statistical

and the second one systematic. This confirms, with improved precision, the relatively low
value reported previously by LHCb [14]. The first determination of the CP asymmetry
of the (K+⇡�)(K�⇡+) final state and the best, sometimes the first, measurements of
19 CP -averaged amplitude parameters corresponding to scalar, vector and tensor final
states, are also reported. This analysis determines for the first time the mixing-induced
CP -violating phase �s using a b ! dds transition. The value of this phase is measured to
be �dd

s = �0.10± 0.13± 0.14 rad, which is consistent with both the SM expectation [7]

18
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CP violation in baryons
§ First evidence of CPV in baryons:

LHCb, Λb Ñ pπ´π`π´ 3.3σ
Nature Physics 13, 391-396 (2017)

§ In general expected CPV in baryons to be of similar levels as in mesons
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Triple product asymmetries
§ T-violation + CPT conservation -> CP violation
§ Construct a triple-product CT, odd under T-reversal
§ Complementary dependence on the strong phase difference than
decay rate asymmetries

§ Largely insensitive to production and detection asymmetries

AT “
ΓpX,CT ą 0q ´ ΓpX,CT ă 0q

ΓpX,CT ą 0q ` ΓpX,CT ă 0q

AT “
ΓpX,´CT ą 0q ´ ΓpX,´CT ă 0q

ΓpX,´CT ą 0q ` ΓpX,´CT ă 0q

§ The CP-violating observable:

aT´odd
CP “

1
2

pAT ´ ATq
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T-odd asymmetries: Λ0
b Ñ pK´h`h´,Ξ0

b Ñ pK´K´π`

JHEP 08 (2018) 039

§ Rich resonant structure enhances sensitivity to CPV
§ T-odd observable:

CT “ pppph1 ˆ ph2q

h1,2 “ K´π` pΛ0
b Ñ pK´π`π´q

h1,2 “ K´
fastK

` pΛ0
b Ñ pK´K`K´q

h1,2 “ K´
fastπ

` pΞ0
b Ñ pK´K´π`q

§ Simultaneous fit tomppKhhq to 4 samples for each mode.
§ 9877 ˘ 195 pΛ0

b Ñ pK´π`π´q

§ 5297 ˘ 83 (Λ0
b Ñ pK´K`K´)

§ 709 ˘ 45 (Ξ0
b Ñ pK´K´π`)
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T-odd asymmetries: Λ0
b Ñ pK´h`h´,Ξ0

b Ñ pK´K´π`

JHEP 08 (2018) 039
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LHCb

Λ0
b→ pK−π+π− Λ0

b→ pK−K+K− Ξ0
b→ pK−K−π+

aT̂ -odd
P (%) −0.60± 0.84± 0.31 −1.56± 1.51± 0.32 −3.04± 5.19± 0.36

aCP
T̂ -odd (%) −0.81± 0.84± 0.31 1.12± 1.51± 0.32 −3.58± 5.19± 0.36

§ CP asymmetries may vary over
phase-space due to interference
between resonant contributions

§ Repeat analysis in specific phase-space
regions with different binning schemes.
No CPV observed
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Summary
CHARM
CPV not measured yet!
Approaching SM sensitivity
Many LHCb results still only with Run1!
Main issue: huge statistics, controlling systematics...

B SECTOR
Not probing only CPV directly, but also other parameters: CKM angles
Searches for New Physics
Extremely rich field

BARYONS
Still largely unexplored
Expected similar CPV levels as in mesons

LHCb is an invaluable player in the CPV field
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