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Charge-Parity Violation: why the interest?
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The Standard Model (SM) of particle physics despite being very successful in its predictions
fails to explain matter anti-matter differences in our universe.

CKMfitter group

New sources of these asymmetries (CPV) are
therefore expected in any satisfactory SM
extension!

Flavour transitions in the quark sector are
parametrised by the CKM matrix

These parameters are over constrained in the SM → great scenario to search for
incompatibilities and small deviations due to New Physics (NP) effects

Why b hadrons? related unitary triangles are less squeezed hence expect larger sensitivity to
any CP violation effect.

http://ckmfitter.in2p3.fr
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CPV phenomenology
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How: measure interfering amplitudes with different CKM phases

Mixing

|XL,H〉 = q |X 0〉 ± p |X 0〉
� |q/p| 6= 1

� Neutral meson mixing:
P(X → X ) 6= P(X → X )

� Ex.: as,d
sl = R(B

0→`X )−R(B0→`X )

R(B
0→`X )+R(B0→`X )

Decay

A(X → f ) 6= A(X → f )

� Amplitudes for CP conjugates differ

� Possible also for charged hadrons

� Only option for baryons (baryon
number conservation)

� Ex.: B0 → K +π− vs B
0 → K−π+

Interference Mixing and Decay

� Interference of direct decay and decay after mixing

� Partial decay widths are sensitive to
φq = φmix − 2φdec

� Decay-time dependent CP asymmetry:

aCP = Γ(B(t)→f )−Γ(B(t)→f )

Γ(B(t)→f )+Γ(B(t)→f )
= Cf cos(∆Mt)−Sf sin(∆Mt)

cosh( ∆Γt
2

)+A∆Γ
f

sinh( ∆Γt
2

)

� Ex.: B0 → J/ΨK 0
s
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The LHCb detector
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LHCb Detector Performance

http://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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Experimental challenges
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To measure CPV an experiment needs:

Excellent vertexing:

to separate primary from secondary vertexes
to resolve fast oscillations

Very good PID performance:

to distinguish between topologically identical events
to tag the initial flavour content

Very large sample sizes to be sensitive to tiny variations

Control over known CP asymmetries/effects

To help with these, the LHCb:

runs at lower instantaneous luminosity
than ATLAS or CMS

levels the luminosity, making trigger
conditions constant throughout the runs

takes data with different magnet
polarities
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A word on PID and tagging
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LHCb RICH Performance

Particle Identification

π/K separation:
εK ∼ 90%, π → K misID ∼ 5%

π/µ separation:
εµ ∼ 97%, π → µ misID ∼ 1− 3%

Calibrated via data driven methods

Good control and understanding of the PID
performance is critical to our analyses.

Flavour tagging

Efficiency: εtag =
Ntag

Ntag +Nuntag

Mistag: ω =
Nwrong

Nright +Nwrong

Tagging power:
εeff = εtag 〈(1− 2ω)2〉
Statistical uncertainty:
σstat ∝ 1√

εeff N

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2431-9
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Status of β(s) measurements
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→Accessible from the interference between mixing and decay

→Golden modes provide exact match to the CKM angle:
B0

s → J/ψK +K−(φs = −2βs ) and B0 → J/ψK 0
s (φd = 2β)

Standard Model predictions

B0
s system: φccs

s ≡ −2arg
(
− Vts V∗

tb
Vcs V∗

cb

)
= 0.0365+0.0013

−0.0012 rad

B0 system: φccs
d ≡ −2arg

(
−Vcd V∗

cb
Vtd V∗

tb

)
= 0.771+0.017

−0.041 rad
PRD (2015) 073007

Latest published results:

Ongoing new analyses and updates:

B0
s → J/ψ(→ e+e−)φ with Run I

B0
s → (K +π−)(K−π+) with Run I

B0
(s)
→ h+h− with Run I (update)

B0
s → J/ψK +K−,B0

s → J/ψπ+π− Run II

Decay Result Reference

B0
s → J/ψπ+π− +0.070±0.068±0.008 PLB B736 186 (2014)

B0
s → D+

s D−
s +0.02±0.17±0.02 PRL113 211801 (2014)

B0
s → J/ψK +K− -0.058±0.049±0.006 PRL114 041802 (2015)

B0 → D+D− ∆φ = −0.16+0.19
−0.21 PRL 117 261801(2016)

B0
s → ψ(2S)φ +0.23+0.29

−0.28 ± 0.02 PLB B762, 252-262 (2016)

B0
s → J/ψK+K− (m

K+K− > mφ(1020)) +0.119 ±0.107±0.034 arXiv:1704.08217 (2017)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.073007
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Measurement of φccs
s = −2βs in B0

s → J/ψK+K−
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arXiv:1704.08217 (2017)

Flavour-tagged, time-dependent amplitude
analysis with mK +K− above the φ(1020)
threshold with full LHCb Run I data sample.

Analysis strategy

Selection using multivariate analysis, background subtraction via sWeights in
m(J/ψK +K−) and multi-dimensional fit to the decay time, mK +K− and the helicity
angles.

Reconstruction and selection efficiency vs decay time are measured on data (control
channel: B0 → J/ψK∗0(→ K +π−))

Dominant systematics arise from resonance modelling and background subtraction

First time that φs is measured in final states dominated by a tensor
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Measurement of φccs
s = −2βs in B0

s → J/ψK+K−
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arXiv:1704.08217 (2017)

Fit results

B0
s → J/ψK +K− mK +K− >1.05GeV

φs 119± 107± 34 mrad
|λ| 0.994± 0.018± 0.006
Γs 0.650± 0.006± 0.004 ps−1

∆Γs 0.066± 0.018± 0.010 ps−1

+ B0
s → J/ψφ

φs −25± 45± 8 mrad
|λ| 0.978± 0.013± 0.003
Γs 0.6588± 0.0022± 0.0015 ps−1

∆Γs 0.0813± 0.0073± 0.0036 ps−1

PRL 114 (2015) 041801

Combining these also with the previous LHCb measurements using the B0
s → J/ψπ+π− yields

φs = 1± 37 mrad
PLB 736 (2014)

Fit projections

https://arxiv.org/abs/1411.3104
https://arxiv.org/abs/1405.4140
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TD CPV in B0
(s) → h+h−
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LHCb-CONF-2016-018

Motivation

→Two battle fronts:

Extremely rare B0 → K+K− and
B0

s → π+π−

Sizeable sample for their high stats
partners!

→Branching ratios are measured for the
rare modes

→TD CPV analysis can be done with the
high stats. samples

→Assuming U-spin symmetry, flavour
tagged TD CPV analysis can constrain γ
and φs
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Figure 2: Distributions of (left) mK+K� and (right) m⇡+⇡� for events selected applying the
criteria of Selection A or B, respectively. The continuous (blue) curves represent the results of
the best fits to the data points. The most relevant contributions to the invariant mass spectra
are reported and indicated. The vertical scales are chosen to magnify the relevant signal regions.
The bin-by-bin residual di↵erences between the fits and the data, in units of standard deviations
(pull), are also shown.

Table 1: Systematic uncertainties on the yields of the B0! K+K� and B0
s ! ⇡+⇡� decays.

Systematic uncertainty N(B0! K+K�) N(B0
s ! ⇡+⇡�)

Final state radiation 6.05 5.42
Signal mass shape 10.10 3.16

Comb. back. mass shape 5.48 2.58
Part. reco. back. mass shape 1.33 23.06
Crossfeed back. mass shape negligible negligible

PID e�ciencies 3.43 2.52
Sum in quadrature 13.50 24.17

The significance of the B0! K+K� signal to di↵er from the null hypothesis is then130

determined by performing a likelihood scan in the signal yield, i.e. repeating the fit for131

each value of the yield and computing the value of the likelihood at each point. The132

account for systematic uncertainties, the likelihood function is convolved with with a133

Gaussian function having width equal to the systematic uncertainty. The final significance134

is found to correspond to 5.8 standard deviations, thus yielding the first observation of135

the B0! K+K� decay. The likelihood profile is shown in Fig. 3.136

The corresponding branching fractions of B0! K+K� and B0
s ! ⇡+⇡� are determined137

relative to the B0 ! K+⇡� branching fractions, in order to cancel systematic e↵ects138

related to the bb̄ production cross section, the luminosity calibration and the knowledge139

4
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s ! ⇡+⇡� decays.
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s ! ⇡+⇡�)

Final state radiation 6.05 5.42
Signal mass shape 10.10 3.16

Comb. back. mass shape 5.48 2.58
Part. reco. back. mass shape 1.33 23.06
Crossfeed back. mass shape negligible negligible

PID e�ciencies 3.43 2.52
Sum in quadrature 13.50 24.17

The significance of the B0! K+K� signal to di↵er from the null hypothesis is then130

determined by performing a likelihood scan in the signal yield, i.e. repeating the fit for131

each value of the yield and computing the value of the likelihood at each point. The132

account for systematic uncertainties, the likelihood function is convolved with with a133

Gaussian function having width equal to the systematic uncertainty. The final significance134

is found to correspond to 5.8 standard deviations, thus yielding the first observation of135

the B0! K+K� decay. The likelihood profile is shown in Fig. 3.136

The corresponding branching fractions of B0! K+K� and B0
s ! ⇡+⇡� are determined137

relative to the B0 ! K+⇡� branching fractions, in order to cancel systematic e↵ects138

related to the bb̄ production cross section, the luminosity calibration and the knowledge139
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Most precise single measurement in B0 → π+π−

Unique measurement performed of B0
s → K+K−

Better precision expected with the
inclusion of the SS taggers!
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Status of γ measurements

Least well measured angle of the CKM unitarity triangle

No top quark coupling in its definition: γ = arg
(
−Vud V∗

ub
Vcd V∗

cb

)
(theoretically clean)

Single measurements aren’t precise enough to challenge the SM → big effort in producing
a combination of results from many (GLW+ADS) channels

Direct determination: γ = (72.1+5.4
−5.8)◦ vs Indirect: γ = (65.3+1.0

−2.5)◦

CKMfitter group

M. Vieites D́ıaz (USC) DPF 2017 11

http://ckmfitter.in2p3.fr
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Latest addition: B± → D∗0(→ D0π0 or D0γ)K±

M. Vieites D́ıaz (USC) DPF 2017 12

LHCb-PAPER-2017-021

Theoretically similar to the very well studied B± → D0h± PLB 760 (2016)

Experimental challenge of π0/γ reconstruction at LHCb overcame → these
particles are ignored in the analysis

Selection is then identical to that from B± → D0h±

Final fit is performed simultaneously over 12 (B||B × (K ||π)× 3− D daughters)
disjoint samples and accesses 19 CPV observables

These are built from different (double) ratios of partial decay widths (GLW) and
phase differences for both the fully reconstructed and the D∗0 modes

The Run I results from the fully reconstructed B±→ D0h± decays are updated
with the same fit.

The shape of the
m(D0h±) distribution
allows to distinguish the
π0 and the γ modes.

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-003.html
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Results from B± → D∗0(→ D0π0 or D0γ)K± D0 → Kπ

M. Vieites D́ıaz (USC) DPF 2017 13

LHCb-PAPER-2017-021



Introduction LHCb β(s) γ Baryons Summary

Latest LHCb γ combination

M. Vieites D́ıaz (USC) DPF 2017 14

LHCb-CONF-2017-004

→ Obtained from the combination of several time-integrated analyses and the
time-dependent B0

s → D∓s K±

→ Follows the same strategy as the previous LHCb combination: γ = (72.2+6.8
−7.3)◦

JHEP 12 (2016) 087

→ New modes added since last publication:

B± → D0K∗± ADS/GLW (new)

B±→ D∗0K± GLW (new)

B0
s → D∓s K± TD (1 fb−1 → 3fb−1)

B± → D0K± GLW (3 fb−1 → 5fb−1)

γ = (76.8+5.1
−5.7)

◦ (preliminary)

most precise measurement to date!

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-032.html


Introduction LHCb β(s) γ Baryons Summary

Baryons enter the game too! CPV in Λ0
b → pπ−π+π−

M. Vieites D́ıaz (USC) DPF 2017 15

Nature Physics 13 (2017) 391

Motivation

Direct CP violation (CPV) had never been observed
in baryon decays

Large CPV effects are expected in charmless Λb

decays (ACP ∼ 20%) Y. K. Hsiao et al.

Both tree and penguin diagrams contribute with
similar amplitudes

aCP 6= 0 at 3.3σ was seen!
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Figure 3: Fit projections for the four signal categories according to ⇤0
b , ⇤

0
b flavour and C bT , C bT

sign for the ⇤0
b ! p⇡�⇡+⇡� candidates with � 2 ( 3

10⇡, 4
10⇡), corresponding to the phase space

region with largest deviation of asymmetries from zero. The normalised residuals (pulls) of the
di↵erence between the fit results and the data points, divided by their uncertainties, are shown
on top of each distribution.

134

Measurements in 12 di↵erent regions of ⇤0
b ! p⇡�⇡+⇡� phase space are performed135

using an alternative binning scheme with potential di↵erent sensitivity to manifestations136

of CPV . The phase space divisions, based mostly on invariant mass regions dominated137

5

Observables construction

Triple products in the Λb rest frame:

CT̂ = ~pp · (~ph− × ~ph+ ) ∝ sin Φ

C T̂ = ~pp · (~ph+ × ~ph− ) ∝ sin Φ

T̂-odd asymmetries:

AT̂ =
N

Λ0
b

(C
T̂
>0)−N

Λ0
b

(C
T̂
<0)

N
Λ0

b
(C

T̂
>0)+N

Λ0
b

(C
T̂
<0)

AT̂ =
N

Λ0
b

(−C
T̂
>0)−N

Λ0
b

(−C
T̂
<0)

N
Λ0

b
(−C

T̂
>0)+N

Λ0
b

(−C
T̂
<0)

Φ

0

p

π-
fast

π-
slow

π+

CP-violating observable:

aT̂−odd
CP = 1

2
(AT̂ − AT̂)

P-violating observable:

aT̂−odd
P = 1

2
(AT̂ + AT̂)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.116007
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Summary and conclusions

→ Results found so far are compatible with SM expectations but CPV knowledge remains
having several grey areas

→ Many of them are within the LHCb physics-case!

→ With the statistics achieved by LHCb during the Run I & II, many new analyses have

become feasible and high precision measurements are being performed. Some

expectations on the precisions to achieve by the end of Run II would be:

� 4◦ for γ
� ∼ 0.8◦ in β
� < 20 mrad for φs

→ Stay tuned for many interesting new results!

M. Vieites D́ıaz (USC) DPF 2017 16
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Thank you for your
attention!

...questions
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Backup slides
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Systematics in the TD CPV analysis of B0
(s) → h+h−

M. Vieites D́ıaz (USC) DPF 2017 19

LHCb-CONF-2016-018



Introduction LHCb β(s) γ Baryons Summary

Results from B± → D∗0(→ D0π0 or D0γ)K± D0 → KK

M. Vieites D́ıaz (USC) DPF 2017 20

LHCb-PAPER-2017-021
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Results from B± → D∗0(→ D0π0 or D0γ)K± D0 → ππ

M. Vieites D́ıaz (USC) DPF 2017 21

LHCb-PAPER-2017-021
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Binning schemes for the Λ0
b → pπππ measurements

Supplementary material for LHCb-PAPER-20XX-178

YYY179

A Measurement of asymmetries in phase space re-180

gions181

In Table 2 are defined the phase space regions of Scheme A and Scheme B used for182

measurements of AbT , AbT , and a
bT -odd
CP asymmetries. Results of asymmetry measurements in

Table 2: For ⇤0
b ! p⇡�⇡+⇡� decay mode, definition of regions of phase space in scheme A and

scheme B, used for the measurement of the asymmetries. Mass is in GeV/c2 unit.

Scheme A mp⇡+ mp⇡�
slow

m⇡+⇡�
slow

, m⇡+⇡�
fast

�

Region ( GeV/c2) ( GeV/c2) ( GeV/c2, GeV/c2)
1 (1.00, 1.23) (0, ⇡

2
)

2 (1.00, 1.23) (⇡
2
, ⇡)

3 (1.23, 1.35) (0, ⇡
2
)

4 (1.23, 1.35) (⇡
2
, ⇡)

5 (1.35, 5.40) (0.90, 2.00) (m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (0, ⇡
2
)

6 (1.35, 5.40) (0.90, 2.00) (m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (⇡
2
, ⇡)

7 (1.35, 5.40) (0.90, 2.00) !(m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (0, ⇡
2
)

8 (1.35, 5.40) (0.90, 2.00) !(m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (⇡
2
, ⇡)

9 (1.35, 5.40) (2.00, 4.00) (m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (0, ⇡
2
)

10 (1.35, 5.40) (2.00, 4.00) (m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (⇡
2
, ⇡)

11 (1.35, 5.40) (2.00, 4.00) !(m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (0, ⇡
2
)

12 (1.35, 5.40) (2.00, 4.00) !(m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (⇡
2
, ⇡)

Scheme B
Region

i (i = 1, 2, ..., 10) ( i�1
10

⇡, i
10
⇡)

183

phase space regions of ⇤0
b ! p⇡�⇡+⇡� decays are reported in Table 3 for binning scheme184

A and scheme B. The measured asymmetries for ⇤0
b ! p⇡�⇡+⇡� decays in phase space185

regions defined in scheme B are shown in Fig. 2. The resulting a
bT -odd
CP asymmetries are186

compatible with the CP conservation hypothesis with a p-value of 4.9% (2.0�) according187

to the �2 test. Measurements of a
bT -odd
P asymmetries present a p-value of 4.3 ⇥ 10�3 with188

respect to P symmetry (2.9�). In Table 4 are reported the results of the measurements of189

AbT , AbT , and a
bT -odd
CP asymmetries in two regions of phase space of ⇤0

b ! p⇡�K+K� decays.190

The distribution of the measured asymmetries is shown in Fig. 5 and are found to be191

compatible with the P and CP conservation hypotheses.192
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