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CP violation and the CKM matrix

The CP problem

The huge matter/anti-matter asymmetry in the Universe is inconsistent with the
small CP in the Standard Model (SM). → Search for new sources.

Loop-dominated decays can have significant contributions from new heavy
particles that enter in the loops. → Detection via precision measurements.

CP violation in the SM

The only source of CP violation in the SM comes
from the CKM matrix, governing the quark mixing.

Unitarity matrix. → Unitarity triangles.

CP violation in the Standard Model 
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¾ CKM matrix: unitary, 3*3 matrix describing charged-current weak interactions (3 angles, one 
phase).

¾ CKM phase: 
• The only source of CPV in the SM quark sector

¾Why B decays?
• Measurements overconstrain the SM picture of CPV
• Larger angles, similar size sides 𝑽𝒖𝒅𝑽𝒖𝒅∗ + 𝑽𝒄𝒅𝑽𝒄𝒅∗ + 𝑽𝒕𝒅𝑽𝒕𝒅∗ = 𝟎
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How does CP-violation manifest itself?
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Types of CP violation

The decays of beauty hadrons (mesons or baryons) provide excellent scenarios
to measure the CKM parameters and look for new sources of CP violation.
Types of CP violation

|P1i = p |P0i+q |P0i
|P2i = p |P0i�q |P0i

Af = hf | H |Pi
Af = hf | H |Pi

CP violation in the decay (A)

|Af /Af | 6= 1

CP violation in mixing (B)

Occurs in neutral mesons
|q/p| 6= 1

CP violation in the interference between
mixing and decay (C)

Neutral meson decaying into a non-flavour
specific state

Im
⇣

q
p

Af

Af

⌘
6= 1

Measure CP violating parameters

Af �Af

Af +Af
= Cf cos(�mt)�Sf sin(�mt)

cosh(��t
2 )+Df sinh(��t

2 )
Sf , Df : CPV in the interference
Cf : CPV in decay

Alison Tully (University of Cambridge) CPV in b and c at LHCb Lake Louise 23/2/18 4 / 16
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The LHCb experiment

This talk summarises the state-of-the-art measurements of CP violation
performed at the LHC, mostly focusing on the LHCb experiment.

the LHCb detector

y	

BEAM	1	 BEAM	2	

z	

muon	system	
µ/h	separa1on	

trigger	

calorimeter	
h/e/γ separa1on	

trigger	
tracking	system	

vertex	
locator	

RICH	detector	
p/K/π	PID	

conductor													warm,	Al	
integrated	field			4Tm	(10	m)	
peak	field														1.1	T	

mul7-stage	trigger first	hardware, subsequent	two levels	are soNware
Vertexing	proper	1me	resolu1on	30-50	fs	
Tracking	 Δp/p	=	0.35 -	0.55 %	 σ(mass)	=	10 -	25 MeV/c2

RICH			KaonID	ε(K→K) ≈	95%	 misID	rate	(π→K)	≈	5%
ECAL	 σ(E)/E	=	10%/√E						1.	%			HCAL σ(E)/E	=	69%/√E	 9%
MuonID		ε(μ→μ) ≈	97%	 misID	rate (π→μ) =	1-3	%	

single-arm	forward	spectrometer	
pseudorapidity	range	"		2	<	η	<	5	

2010-11			1.1	fb-1				at		7	TeV					
2012									2.1	(-1				at			8	TeV	
2015-17			3.6	(-1				at	13	TeV	

data	samples	

3
25/01/18


LHCb	[Int.	J.	Mod.	Phys.	A30,	(2015)1530022]	

⊕ ⊕

Excellent track and vertex reconstruction, good PID separation, flexible trigger.

Decay-time resolution: ∼ 45 fs.

Flavour tagging power: 4− 8%.
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Measurement of the CKM angle γ

The CKM angle γ

The angle γ = arg(−VudV
∗
ub/VcdV

∗
cb)γ = arg(−VudV

∗
ub/VcdV

∗
cb)γ = arg(−VudV

∗
ub/VcdV

∗
cb) is the least known in the Unitarity Triangle.

It can be measured from tree-dominated decays.

→ Very small theoretical uncertainty, |δγ | . O(10−7) [JHEP 1401 (2014) 051].

¾ 𝜸 = −𝐚𝐫𝐠(𝑽𝒖𝒅𝑽𝒖𝒃∗ /𝑽𝒄𝒅𝑽𝒄𝒃∗ )
¾ 𝜸 is still the least known angle of the Unitarity Triangle 
¾ Only CP-violating parameter that can be measured from tree-level decays
¾ Theoretically clean: |𝜹𝜸 ≤ 𝑶(𝟏𝟎ି𝟕)|

CKM angle 𝜸
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Two main routes: 
Time-independent measurements: e.g. 𝑩 → 𝑫𝑲
Time-dependent analyses with 𝑩𝒔 decays: 𝑩𝒔 → 𝑫𝒔𝑲

Signal yields are small (BR ≈ 𝟏𝟎ି𝟕),
interference between favoured and 
suppressed decays is small

The suppression of these kind of decays motivates the combination of many measurements.

Two different strategies:

Time-integrated measurements: e.g. B → D(∗)K (∗)B → D(∗)K (∗)B → D(∗)K (∗)

Time-dependent measurements: Bs → DsKBs → DsKBs → DsK

Julián Garćıa Pardiñas (UZH) CPV in beauty at LHC 11 March 2018 4
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Measurement of the CKM angle γ

New LHCb combination, following the strategy of the previous LHCb combination

[JHEP 12 (2016) 087] but with new analyses and updated measurements.Table 1: List of the LHCb measurements used in the combination, where TD is time-dependent
and the method acronyms refer to the authors of Refs. [6–15].

B decay D decay Method Ref. Status since last
combination [1]

B+ ! DK+ D ! h+h� GLW [16] Updated to Run 1 +
2 fb�1 Run 2

B+ ! DK+ D ! h+h� ADS [17] As before

B+ ! DK+ D ! h+⇡�⇡+⇡� GLW/ADS [17] As before

B+ ! DK+ D ! h+h�⇡0 GLW/ADS [18] As before

B+ ! DK+ D ! K0
Sh

+h� GGSZ [19] As before

B+ ! DK+ D ! K0
SK

+⇡� GLS [20] As before

B+ ! D⇤K+ D ! h+h� GLW [16] New

B+ ! DK⇤+ D ! h+h� GLW/ADS [21] New

B+ ! DK+⇡+⇡� D ! h+h� GLW/ADS [22] As before

B0 ! DK⇤0 D ! K+⇡� ADS [23] As before

B0! DK+⇡� D ! h+h� GLW-Dalitz [24] As before

B0 ! DK⇤0 D ! K0
S⇡

+⇡� GGSZ [25] As before

B0
s ! D⌥

s K± D+
s ! h+h�⇡+ TD [26] Updated to 3 fb�1

Run 1

3 Auxiliary inputs

All auxiliary inputs are identical to those used in Ref. [1] with the addition of a constraint
on the coherence factor for B+ ! DK⇤+ decays, DK⇤+

B . The value used is taken from
Ref. [21] as DK⇤+

B = 0.95 ± 0.06.

4 Results

The combination consists of 85 observables and 37 free parameters. The goodness of fit
computed from the �2 value at the best fit point given the number of degrees of freedom
is p = 84.8%. The equivalent value calculated from the fraction of pseudoexperiments,
which are generated from the best fit point, and have a �2 larger than that found in the
data, is p = (86.8 ± 0.2)%.

The main results of the combination are �, the ratio of magnitudes of suppressed
(b ! u) and favoured (b ! c) amplitudes, denoted rB, and the strong phase di↵erence, �B,
between the two amplitudes. The rate equations from which the observables are extracted
are invariant under the simultaneous transformation � ! � + 180�, � ! � + 180�, where �
represents the strong phases �DK

B , �D⇤K+

B , �DK⇤+
B , �DK⇤0

B , �DK⇡⇡
B or �DsK

B . Therefore results
for all angles are expressed modulo 180�, and only the solution most consistent with

2

4.1 Interpretation

The result for � in Table 2 show a larger central value and smaller uncertainties compared
to the results in Ref. [1]. The increase in the central value is driven by the updated inputs
from the B+ ! DK+ GLW analysis (⇠ 4�) and B0

s ! D⌥
s K± decays (⇠ 2�). Most of

the increase in the precision of � comes from the new B+ ! DK+ GLW inputs. The
inclusion of the partially reconstructed B+ ! D⇤K+ and B+ ! DK⇤+ observables has
relatively little impact. The new measurement of � is statistically compatible with the
previous value.

Using the simple profile likelihood method some further interpretation of the results
is presented in this section. Performing the combination with statistical uncertainties
only suggests that the systematic contribution to the uncertainty on � is approximately
3�. Performing the combination without use of the external constraints (described in
Sec. 3) roughly doubles the uncertainty on �, demonstrating the value of including this
information.

The origin of the sensitivity to � of the various decay modes and analysis methods in
the combination is shown in Fig. 4 by performing profile likelihood scans using subsets of
the input observables. It can be seen that B+ ! DK+ decays o↵er the best sensitivity
(see Fig. 4 left) and that the GLW/ADS methods o↵er multiple narrow solutions compared
to the single broader solution of the GGSZ method (see Fig. 4 right). Figures 5 and 6
further demonstrate the complementarity of the input methods in the (� vs. �X

B ) and
(� vs. rX

B ) planes, for the B+ and B0 systems respectively. Equivalent plots are not made
for the B+ ! DK⇤+ and B+ ! D⇤K+ systems as these each contain only a single input.
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Figure 4: 1�CL plots, using the profile likelihood method, for combinations split by the initial B
meson flavour (left) and split by analysis method (right). Left: (orange) B0

s initial state, (yellow)
B0 initial states, (blue) B+ initial states and (green) the full combination. Right: (yellow) GGSZ
methods, (orange) GLW/ADS methods, (blue) other methods and (green) the full combination.
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LHCb combination result: γ = (76.8+5.1
−5.7)◦γ = (76.8+5.1
−5.7)◦γ = (76.8+5.1
−5.7)◦

This is the most precise determination of γ from a single experiment to date.

Compatible with the indirect determination: γ = (65.3+1.0
−2.5)◦γ = (65.3+1.0
−2.5)◦γ = (65.3+1.0
−2.5)◦ [CKMfitter].
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https://link.springer.com/article/10.1007%2FJHEP12%282016%29087
http://ckmfitter.in2p3.fr/www/results/plots_ichep16/num/ckmEval_results_ichep16.pdf
https://cds.cern.ch/record/2275866


Measurement of the CKM angle β¾ 𝜷 = −𝒂𝒓𝒈(𝑽𝒄𝒅𝑽𝒄𝒃∗ /𝑽𝒕𝒅𝑽𝒕𝒃∗ ) : ~𝟐𝟐𝒐 (indirect determination in SM)
• Interference between mixing and decay in 𝑩𝟎 → (𝒄ത𝒄)𝑲𝒔 is sensitive to 𝜷

¾ The B-factories still dominate the world average
• 𝜷 = (𝟐𝟏. 𝟗 ± 𝟎. 𝟕)𝒐 [HFLAV]
• LHCb Run 1 results close to it

¾LHCb is expected to reach 𝟎. 𝟔𝒐 (𝟎. 𝟐𝒐) 
precision with Run 2 (phase-1 upgrade)

Determination of 𝜷
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The CKM angle β

The angle β = arg(−VcdV
∗
cb/VtdV

∗
tb)β = arg(−VcdV

∗
cb/VtdV

∗
tb)β = arg(−VcdV

∗
cb/VtdV

∗
tb) can

be determined from the interference
between mixing and decay in
B0 → (cc)KsB0 → (cc)KsB0 → (cc)Ks .

The B-factories still dominate the world
average, but LHCb Run 1 is getting close.

New Run 1 LHCb analysis of B0 → J/ψ(ee)KsB0 → J/ψ(ee)KsB0 → J/ψ(ee)Ks

and B0 → ψ(2S)(µµ)KsB0 → ψ(2S)(µµ)KsB0 → ψ(2S)(µµ)Ks [JHEP 11 (2017) 170].

LHCb combination:

C = −0.017± 0.029, S = 0.760± 0.034

Complementary measurement from ATLAS : most
precise single determination of the B0B0B0 mixing
width [JHEP 1606 (2016) 081].

∆Γd/Γd = (−0.1± 1.1(stat.)± 0.9(syst.))× 10−2

¾ Additional channels from Run 1 data

𝐬𝐢𝐧(𝟐𝜷) from 𝑩𝟎 → (𝒄ത𝒄)𝑲𝒔

12/23/2017 CPV IN B DECAYS, HANG YIN 14

JHEP 11 (2017) 170

𝑩𝟎 → 𝑱/𝝍(𝒆𝒆)𝑲𝒔 𝑩𝟎 → 𝝍(𝟐𝐒)(𝝁𝝁)𝑲𝒔

About 20% improvement in precision wrt 
previous result [PRL 115 (2015) 031601]

𝑺 = 𝐬𝐢𝐧(𝟐𝜷)

Julián Garćıa Pardiñas (UZH) CPV in beauty at LHC 11 March 2018 6

https://link.springer.com/article/10.1007%2FJHEP11%282017%29170
https://link.springer.com/article/10.1007%2FJHEP06%282016%29081


Measurement of the CKM angle βs

The CKM angle βs

The angle βs = arg(−VcsV ∗cb/VtsV ∗tb)βs = arg(−VcsV ∗cb/VtsV ∗tb)βs = arg(−VcsV ∗cb/VtsV ∗tb) is determined from the phase φccssφ
ccs
sφ
ccs
s

associated to the interference between mixing and decay in b → ccsb → ccsb → ccs.

B0
s → J/ψφB0
s → J/ψφB0
s → J/ψφ is the golden channel. → Angular analysis needed to separate

different CP eigenstates.

The LHC combined effort dominates the global picture.

ATLAS: [JHEP 1608 (2016) 147] CMS: [PLB 757 (2016) 970]
LHCb: [PRL 114, 041801

(2015)]
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Figure 7. (Left) Mass fit projection for the B0
s → J/ψφ sample. The red line shows the total

fit, the dashed purple line shows the signal component, the long-dashed dark blue line shows the
B0

d → J/ψK0∗ component, while the solid light blue line shows the contribution from Λb → J/ψpK−

events. (Right) Proper decay time fit projection for the B0
s → J/ψφ sample. The red line shows

the total fit while the purple dashed line shows the total signal. The total background is shown as
a blue dashed line with a long-dashed grey line showing the prompt J/ψ background. Below each
figure is a ratio plot that shows the difference between each data point and the total fit line divided
by the statistical uncertainty (σ) of that point.

• Inner detector alignment: residual misalignments of the ID affect the impact

parameter, d0, distribution with respect to the primary vertex. The effect of a radial

expansion on the measured d0 is determined from data collected at 8 TeV, with a

trigger requirement of at least one muon with a transverse momentum greater than

or equal to 4 GeV. The radial expansion uncertainties determined in this way are

0.14% for |η| < 1.5 and 0.55% for 1.5 < |η| < 2.5. These values are used to estimate

the effect on the fitted B0
s parameter values. Small deviations are seen in some

parameters, and these are included as systematic uncertainties.

• Trigger efficiency: to correct for the trigger lifetime bias the events are re-weighted

according to equation (5.5). The uncertainty of the parameters p0, p1, p2 and p3 are

used to estimate the systematic uncertainty due to the time efficiency correction.

These uncertainties originate from the following sources: the limited size of the MC

simulated dataset, the choice of bin-size for the proper decay time distributions and

variations between different triggers. The systematic effects are found to be negligible.

• Background angles model, choice of pT bins: the shape of the background

angular distribution, Pb(θT ,ϕT ,ψT ), is described by the Legendre polynomial func-

tions given in equation (5.4). The shapes arise primarily from detector and kinematic

acceptance effects and are sensitive to the pT of the B0
s meson candidate. For this

reason, the parameterization using the Legendre polynomial functions is performed

in four pT intervals: 0–13 GeV, 13–18 GeV, 18–25 GeV and >25 GeV. The system-
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greater than 6.9 GeV. The J/ψ candidates are reconstructed from 
the muon pairs selected by the trigger in the invariant mass win-
dow 2.9–3.3 GeV. The three-dimensional (3D) distance of closest 
approach of the two muons to each other is required to be smaller 
than 0.5 cm. The two muon trajectories are fitted to a common 
decay vertex. The transverse decay length significance Lxy/σLxy is 
required to be greater than 3, where Lxy is the distance between 
the centre of the luminous region and the secondary vertex in the 
transverse plane, and σLxy is the Lxy uncertainty. The secondary-
vertex fit probability, calculated using the χ2 and the number of 
degrees of freedom of the vertex fit, must be greater than 10%. 
The angle ρ between the dimuon transverse momentum and the 
Lxy direction is required to satisfy cosρ > 0.9.

Offline selection criteria are applied to the sample. The indi-
vidual muon candidates are required to lie within a kinematic 
acceptance region of pT > 4 GeV and |η| < 2.1. Two oppositely 
charged muon candidates are paired and required to originate from 
a common vertex. Dimuon candidates with invariant mass within 
150 MeV of the world-average J/ψ mass [21] are selected. Can-
didate φ(1020) mesons are reconstructed from pairs of oppositely 
charged tracks with pT > 0.7 GeV, after removing the muon can-
didate tracks forming the J/ψ . Each selected track is assumed to 
be a kaon, and the invariant mass of a track pair is required to be 
within 10 MeV of the world-average φ(1020) mass [21].

The B0
s candidates are formed by combining J/ψ and φ(1020)

candidates. A kinematic fit of the two muon and two kaon can-
didates is performed, with a common vertex, and the dimuon in-
variant mass is constrained to the nominal J/ψ mass [21]. A B0

s
candidate is retained if the J/ψ φ(1020) pair has an invariant mass 
between 5.20 and 5.65 GeV and the χ2 vertex fit probability is 
greater than 2%.

Multiple pp collisions can occur in the same beam crossing 
(pileup). The average number of primary vertices in an event is ap-
proximately 16, and each selected event is required to have at least 
one reconstructed primary vertex. If there are multiple vertices, 
the one that minimises the angle between the flight direction and 
the momentum of the B0

s is selected. The selected primary vertex 
is used to measure ct . The quantity ct is calculated from the trans-

verse decay length vector of the B0
s , L⃗

B0
s

xy , as ct = m
B0

s
PDG L⃗

B0
s

xy · p⃗T/p2
T, 

where m
B0

s
PDG is the world-average B0

s mass [21] and p⃗T is the B0
s

transverse momentum vector. The decay length is calculated in the 
transverse plane to minimise effects due to pileup.

Simulated events are produced using the pythia v6.424 Monte 
Carlo event generator [22]. The B hadron decays are modelled with 
the evtgen simulation package [23]. For the B0

s signal generation, 
the evtpvvcplh module is used, which simulates the double vector 
decay taking into account neutral meson mixing and CP-violating 
time-dependent asymmetries. Final-state radiation is included in
evtgen through the photos package [24,25]. The events are then 
passed through a detailed Geant4-based simulation [26] of the 
CMS detector. The predicted distributions from simulation of many 
kinematic and geometric variables are compared to those from 
data and found to be in agreement. The simulated samples are 
used to determine the signal reconstruction efficiencies, and to 
study the background components in the B0

s signal mass window.
The main background for the B0

s → J/ψ φ(1020) decays origi-
nates from nonprompt J/ψ mesons from the decay of B hadrons, 
such as B0, B± , 'b, and Bc. Since the Bc cross section is small [21]
compared to that of the B0

s [21], the Bc decays can be neglected. 
The contribution of the 'b → J/ψX channels to the selected events 
is also found to be small, and its mass distribution in the selected 
mass range is observed to be flat. The effect of background with a 
similar signal signature on the physics observables is studied using 
simulated events, and found to be negligible. The mass distribu-

Fig. 2. The J/ψK+K− invariant mass distribution of the B0
s candidates. The solid line 

is a fit to the data (solid markers), the dashed line is the signal component and the 
dot-dashed line is the background component.

tion in the signal region is shown in Fig. 2, and the distribution of 
ct and its uncertainty σct in Fig. 3.

Efficiency corrections owing to the detector acceptance, trigger 
selection, and selection criteria applied in the data analysis are 
taken into account in the modelling of the angular observables. 
The angular efficiency ϵ()) is calculated using a fully simulated 
sample of B0

s → J/ψ φ(1020) → µ+µ−K+K− decays. In this sam-
ple, the *+s parameter is set to zero to avoid correlations between 
the decay time and the angular variables. The ϵ()) is fitted to a 
3D function of ) to properly account for the correlation among 
the angular observables.

The trigger includes a decay length significance requirement for 
the J/ψ candidates. Accordingly, the value of ct is required to be 
greater than 200 µm in order to avoid a lifetime bias coming from 
the turn-on curve of the trigger efficiency. The efficiency histogram 
of ct is then fitted with a straight line plus a sigmoid function.

4. Flavour tagging

The flavour of each B0
s candidate at production time is deter-

mined with an opposite-side (OS) flavour tagging algorithm. Since 
b quarks are produced as bb̄ pairs, the flavour of the signal B0

s
meson at production time can be inferred from the flavour of the 
other B hadron in the event. The tagging algorithm used in this 
analysis requires an additional muon or electron in the events con-
taining a reconstructed B0

s → J/ψ φ(1020) decay. The additional 
lepton is assumed to originate from a semileptonic decay of the 
OS B hadron, b → ℓνX decay, with ℓ = e, µ. For all the events in 
which an OS tag lepton is found the algorithm provides a tag de-
cision ξ based on the charge of the lepton: ξ = +1 for signal B0

s , 
and ξ = −1 for signal B0

s .
The tag decision is affected by processes that reverse the 

charge-flavour correlation, such as cascade decays b → c → ℓ, or 
semileptonic decays of neutral OS B mesons that have oscillated to 
their antiparticles before decaying. Leptons produced from flavour-
uncorrelated sources, such as semileptonic decays of promptly pro-
duced charmed hadrons, pion and kaon decays, J/ψ decays, and 
Dalitz decays of neutral pions further contribute to diluting the 
tag information. The probability of assigning a wrong flavour to 
the signal B0

s is described by the mistag probability ω, defined as 
the ratio of the number of wrongly tagged events divided by the 
total number of tagged events, which is directly related to the di-

which gives a better description of the tails compared to the
sum of two Gaussian distributions used in Ref. [6].
The fitted signal yield is 95 690! 350. In addition to
the combinatorial background, studies of the data in side-
bands of the mðJ=ψKþK−Þ spectrum show contributions
from approximately 1700 B0 → J=ψKþπ− (4800 Λ0

b →
J=ψpK−) decays where the pion (proton) is misidentified
as a kaon. These background events have complicated
correlations between the angular variables and
mðJ=ψKþK−Þ. In order to avoid the need to describe
explicitly such correlations in the analysis, the contributions
from these backgrounds are statistically subtracted by
adding to the data simulated events of these decays with
negative weight. Prior to injection, the simulated events
are weighted such that the distributions of the relevant
variables used in the fit, and their correlations, match those
of data.
The principal physics parameters of interest are Γs, ΔΓs,

ϕs, jλj, the B0
s mass difference, Δms, and the polarization

amplitudes Ak ¼ jAkje−iδk , where the indices k ∈
f0; ∥;⊥; Sg refer to the different polarization states of
the KþK− system. The sum jA∥j2 þ jA0j2 þ jA⊥j2 equals
unity and by convention δ0 is zero. The parameter λ
describes CP violation in the interference between mixing
and decay and is defined by ηkðq=pÞðĀk=AkÞ, where it is
assumed to be the same for all polarization states. The
complex parameters p ¼ hB0

s jBLi and q ¼ hB̄0
s jBLi

describe the relation between mass and flavor eigenstates
and ηk is the CP eigenvalue of the polarization state k. The
CP-violating phase is defined by ϕs ≡ − arg λ. In the
absence of CP violation in decay, jλj ¼ 1. CP violation
in B0

s-meson mixing is negligible, following measurements
in Ref. [18]. Measurements of the above parameters are
obtained from a weighted maximum likelihood fit [19] to
the decay-time and angle distributions of the 7 and 8 TeV
data, as described in Ref. [6].

The B0
s decay-time distribution is distorted by the trigger

selection requirements and by the track reconstruction
algorithms. Corrections for both 7 and 8 TeV samples
are determined from data using the methods described in
Ref. [20] and are incorporated in the maximum likelihood
fit by a parameterized function, in the case of the trigger,
and by per-candidate weights, in the case of the track
reconstruction. Both corrections are validated using a
sample of 106 simulated B0

s → J=ψϕ events.
To account for the experimental decay-time resolution,

the signal probability density function (PDF) is defined per
candidate and is convolved with the sum of two Gaussian
functions with a common mean, μ, and independent widths.
The widths are given by the per candidate decay-time
uncertainty, estimated by the kinematic fit used to calculate
the decay time, multiplied by separate scale factors. The
scale factors are determined from the decay-time distribu-
tion of a control sample of prompt J=ψKþK− candidates
that are selected as for signal except for decay-time
requirements. The average value of the σ distribution in
the sample of prompt candidates is approximately 35 fs and
the effective average resolution is 46 fs.
The flavor of the B0

s candidate at production is inferred
using two independent classes of flavor tagging algorithms,
the opposite-side (OS) tagger and the same-side kaon (SSK)
tagger, which exploit specific features of the production of
bb̄ quark pairs in pp collisions. The OS tagger algorithm
is described in Ref. [6] but is recalibrated using data sets of
flavor-specific decays, yielding a tagging power of
ð2.55! 0.14Þ%. The SSK algorithm deduces the signal
production flavor by exploiting charge-flavor correlations
of the kaons produced during the hadronization process of
the b̄quark forming the signalB0

s meson.The taggingkaon is
identified using a selection based on a neural network that
gives an effective tagging power of ð1.26! 0.17Þ%, corre-
sponding approximately to a 40% improvement in tagging
power with respect to that in Refs. [6]. The SSK algorithm is
calibrated using a sample of B0

s → D−
s πþ decays [21]. For

events that have both OS and SSK tagging decisions,
corresponding to 26% of the tagged sample, the effective
tagging power is ð1.70! 0.08Þ%. The combined tagging
power of the three overlapping tagging categories defined
above is ð3.73! 0.15Þ%.
Due to different mðKþK−Þ line shapes of the S- and

P-wave contributions, their interferences are suppressed by
an effective coupling factor after integrating over a finite
mðKþK−Þ region. The fit is carried out in six bins of
mðKþK−Þ, as shown in Fig. 1(a), to allow measurement of
the small S-wave amplitude in each bin and to minimize
correction factors in the interference terms of the PDF.
The results of the fit are consistent with the measure-

ments reported in Ref. [6] and are reported in Table I where
the first uncertainty is statistical and the second, systematic.
The correlation matrix is given in Ref. [22]. In contrast to
Ref. [6], the value of Δms is unconstrained in this fit,
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FIG. 1 (color online). (a) Background-subtracted invariant mass
distributions of the KþK− system in the selected B0

s →
J=ψKþK− candidates (black points). The vertical red lines
denote the boundaries of the six bins used in the maximum
likelihood fit. (b) Distribution of mðJ=ψKþK−Þ for the data
sample (black points) and projection of the maximum likelihood
fit (blue line). The B0

s signal component is shown by the red
dashed line and the combinatorial background by the green long-
dashed line. Background from misidentified B0 and Λ0

b decays is
subtracted, as described in the text.
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Measurement of the CKM angle βs

Precision improved by > 10 since Tevatron
results

New Physics is not large, the uncertainty needs 
to be further reduced 

HFLAV:𝝓𝒔 = −𝟐𝟏 ± 𝟑𝟏 mrad (preliminary)

State of art of 𝝓𝒔

12/23/2017 CPV IN B DECAYS, HANG YIN 18

9 Atlas expects a significant increase in sensitivity 
with a new innermost pixel detector

9 LHCb sensitivity with phase-2 upgrade expected 
to be < 3 mrad [CERN-LHCC-2017-0023 (2017)] 

9 Important to control size of the penguin 
diagram contribution

Global fit: φccss = −21± 31 mrad [HFLAV],
dominated by the LHCb measurement
[PRL 114, 041801 (2015)].

Focus on analysing more more data and
studying the penguin pollution [JHEP 1503

(2015) 145].

Stay tuned for the LHCb analysis of Run 2!

LHCb measurement of φccss in
B0
s → J/ψK+K− above the φ(1020) region

[JHEP 08 (2017) 037].

First time φccss is measured in final states
dominated by a tensor.

New LHCb average (including J/ψφ and
J/ψππ): φccss = 1± 37 mrad
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Figure 7: Fit projection of mKK . The points represent the data; the resonances �(1020),
f 0
2(1525), �(1680) are shown by magenta, brown, and cyan long-dashed curves, respectively; the

S-wave component is depicted by green long-dashed curves; the other f2 resonances are described
by black solid curves; and the total fit by a blue solid curve. At the bottom the di↵erences
between the data and the fit divided by the uncertainty in the data are shown.

As a check a fit is performed allowing independent sets of CP -violating parameters
(|�i|, �i

s): three sets for the three corresponding �(1020) transversity states, one for the
K+K� S-wave, one common to all three transversity states of the f2(1270), one for the
f 0

2(1525), one for the �(1680), and one for the combination of the two high-mass f2(1750)
and f2(1950) resonances. In total, eight sets of CP -violating parameters are used instead
of two sets in the nominal fit. The �2 ln L value is improved by 16 units with 12 additional
parameters compared to the nominal fit, corresponding to the fact that all states have
consistent CP violation within 1.3�. All values of |�| are consistent with unity and �s

di↵erences of the longitudinal �(1020) component are consistent with zero, showing no
dependence of CP violation for the di↵erent states.

9 Systematic uncertainties

The systematic uncertainties are summarized for the physics parameters in Table 5 and
for the fit fractions in Table 6. They are small compared to the statistical ones for the
CP -violating parameters. Generally, the largest contribution results from the resonance
fit model. The fit model uncertainties are determined by doubling the number of S-wave
knots in the high mKK region, allowing the centrifugal barrier factors, of nominal value
1.5 GeV�1 for K+K� resonances and 5.0 GeV�1 for the B0

s meson [31], to vary within
0.5–2 times of these values [41]. Additional systematic uncertainties are evaluated by
increasing the orbital angular momentum between the J/ and the K+K� system from
the lowest allowed one, which is taken as the nominal value, and varying the masses and
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CP violation in B0
(s) → hh′

Indirect determination of CKM phases

The study of time-dependent CP violation in B0
(s)
→ hh′B0

(s)
→ hh′B0

(s)
→ hh′ allows the determination

of γγγ and −2βs−2βs−2βs (also ααα, when extra input is added) using loop-mediated decays.

Presence of loop-diagrams =⇒ sensitivity to New Physics.

Motivation
• Measurement	of	TD	CPV	in	

Bàhh decays	is	important	as	
it	allows	the	determination	of	
CKM	phases	γ and	-2βs using	loop	
mediated	decays
– on	the	one	hand:	presence	of	loop	

diagrams	introduce	hadronicuncertainties	
as	additional	strong	parameters	in	the	amplitudes

– on	the	other	hand:	presence	of	loop	diagrams	makes	the	CPV	
observables	sensitive	to	New	Physics	contribution

– opportunity	to	compare	results	with	the	CKM	phases	determined	from	
decays	dominated	by	tree-level	topologies

NP?

3

New LHCb measurement using Run 1 data:

Measure time-dependent asymmetries in B0 → π+π−B0 → π+π−B0 → π+π− and B0
s → K+K−B0
s → K+K−B0
s → K+K−.

Measure time-integrated asymmetries in B0 → K+π−B0 → K+π−B0 → K+π− and B0
s → π+K−B0
s → π+K−B0
s → π+K−.

Updating previous LHCb measurements: [JHEP 10 (2013) 183,Phys. Rev. Lett. 110

(2013) 221601].
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[[[
New result!
Preliminary!
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CP violation in B0
(s) → hh′

Analysis strategy

Loose pre-selection + PID requirements (creating exclusive ππ, KK and Kπ
categories) + BDT against combinatorial background.

Flavour-tagged, decay-time- and hh′-mass-dependent fit to data, simultaneously
on the ππ, KK and Kπ categories and including signal and background species.

Production and reconstruction asymmetries (from control samples) and time
acceptance and resolution (per event) are included.

Tagging power of ∼ 4% for the ππ and ∼ 3.7% for the KK .
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Figure 6: Invariant-mass distributions for candidates in the (top left) K±π∓, (top right) π+π−

and (bottom) K+K− final states. The result of the simultaneous fit is overlaid. The various
components are also shown.

The results for the various CP -violating quantities are462

Cπ+π− = −0.34 ± 0.06,

Sπ+π− = −0.63 ± 0.05,

CK+K− = 0.20 ± 0.06,

SK+K− = 0.18 ± 0.06,

A∆Γ
K+K− = −0.79 ± 0.07,

ACP

(
B0 → K+π−)

= −0.084 ± 0.004,

ACP

(
B0

s → π+K−)
= 0.213 ± 0.015,

where the uncertainties are statistical only and the central values of ACP (B0 → K+π−) and463

ACP (B0
s → π+K−) are already corrected for the K+π− detection asymmetry.464

18

Preliminary
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components are also shown.

The results for the various CP -violating quantities are462

Cπ+π− = −0.34 ± 0.06,

Sπ+π− = −0.63 ± 0.05,

CK+K− = 0.20 ± 0.06,

SK+K− = 0.18 ± 0.06,

A∆Γ
K+K− = −0.79 ± 0.07,

ACP

(
B0 → K+π−)

= −0.084 ± 0.004,

ACP

(
B0

s → π+K−)
= 0.213 ± 0.015,

where the uncertainties are statistical only and the central values of ACP (B0 → K+π−) and463

ACP (B0
s → π+K−) are already corrected for the K+π− detection asymmetry.464
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Most precise measurements
from a single experiment.

(CK+K− , SK+K− ,A
∆Γ
K+K− )

deviates 4.0 σσσ from (0, 0,−1)

=⇒ Strongest evidence for
time-dependent CP violation
in the B0

s sector!
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Preliminary!
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Phase φsdd
s in B0

s → (K+π−)(K−π+)

φsqqs phases

The b → sqqb → sqqb → sqq transitions occur at loop-level in the SM. =⇒ Potential New
Physics entering the decay.

The phase b → sssb → sssb → sss was measured by LHCb using B0
s → φφ decays [Phys. Rev. D

90, 052011 (2014)]. → Compatible with the SM expectation.

First LHCb Run 1 measurement of φsddsφ
sdd
sφ
sdd
s

The B0
s → K∗0(K+π−)K

∗0
(K−π+)

decay proceeds via a gluonic penguin
diagram in the SM.

B0
s

b̄

s

s̄

d

d̄

s

K∗0

K̄∗0

ū, c̄, t̄

It is sensible to the phase φsdds , expected to
be ∼ 0 in the SM [JHEP 1503 (2015) 145].

To increase the statistics: study
B0
s → (K+π−)(K−π+) decays with

M(K±π∓) ∈ [750, 1600] MeV/c2.
Dominant Kπ structures:

Scalar (j = 0): K∗0 (800)0,
K∗0 (1400)0, non-resonant

Vector (j = 1): K∗(892)0

Tensor (j = 2): K∗2 (1400)0

This leads to 3× 3 = 9 channels and
19 polarisation amplitudes in total.

→ Same phase φsdds used for all the
amplitudes.
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Phase φsdd
s in B0

s → (K+π−)(K−π+)

Table 2: Yields of the signal decay and the various background components considered in the
four-body invariant mass fit. The uncertainties are statistical only. The signal region is defined
as ±60 MeV/c2 from the known B0

s meson mass [15].

Channel Yield Yield in Signal Region
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s ! (K+⇡�)(K�K+) 8 ± 3 4

B0 ! (K+⇡�)(⇡�⇡+) 57 ± 13 33

⇤0
b ! (p⇡�)(K�⇡+) 44 ± 10 13

Partially reconstructed 2580 ± 151 0

Combinatorial 2810 ± 214 372
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Figure 3: Four-body invariant mass distribution on a (left) linear and (right) logarithmic scale
superimposed with the mass fit model.
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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
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Flavour-tagged, time-dependent, angular and Kπ invariant mass analysis.

Model with 19 polarisation amplitudes.

Fit to background-subtracted data performed using GPUs.

Results

CP-violating parameters: φsdds = −0.10± 0.13± 0.14 rad,
|λ| = 1.035± 0.034± 0.089. → Compatible with the SM expectations.

Dominant source of systematic uncertainties: size of the simulated samples used
to describe the acceptance. → Improvable in the future.
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CPV in B+ → D+
(s)D

0

Goals

Measure the direct CP asymmetries in B+ → D+
(s)

D
0

B+ → D+
(s)

D
0

B+ → D+
(s)

D
0

decays, where D0 → K−π+

or D0 → K−π+π−π+, D+ → K−π+π+ and D+
s → K+K−π+, using Run 1 data.

Interference between Cabbibo-suppressed tree diagrams with loop diagrams
predicts CP asymmetries of O(10−2).

Strategy

Very efficient selection that employs topological and kinematic variables, meson
decay times and invariant masses. Divided in pre-selection + BDT.

Determine raw asymmetries from fits to M(D+
(s)

D
0
) (very clean distributions) and

correct them for production and detection asymmetries (from control samples).

D0! K�⇡+ decays have been used to determine the transverse-momentum-dependent180

trigger e�ciencies and corresponding charge asymmetries for both pions and kaons. After181

folding these e�ciencies with the simulated pT spectra and averaging by data-taking182

year and magnet polarity, and multiplying by the fraction of TOS events, the resulting183

asymmetry is below 0.05%, and is considered to be negligible.184

In the event selection, particle identification criteria are used that rely on information185

from the RICH detectors. Possible charge asymmetries in the e�ciencies of these selections186

are studied with samples of D0! K�⇡+ that were selected without PID requirements.187

Depending on assumptions on the correlation between the PID and other variables in188

the multivariate selection, asymmetries between 0.0 and 0.1% are found. Therefore, no189

correction is applied, and a 0.1% uncertainty is applied.190

The uncertainties of the contributions to the production and detection asymmetry191

are considered to be uncorrelated and result in a value of AP + AD of (�1.4 ± 0.5)% for192

B+! D+
s D0 and (�0.3 ± 0.4)% for B+! D+D0 decays.193

6 Results and conclusions194

The measured raw asymmetries are corrected for the production and detection asymmetries195

according to Eq. 3. The obtained results are196

ACP (B+! D+
s D0) = (�0.4 ± 0.5 ± 0.5)%,

197

ACP (B+! D+D0) = ( 2.3 ± 2.7 ± 0.4)%,

where the first uncertainty is statistical and the second systematic. In the di↵erence198

between the CP asymmetries between the two decay modes the systematic uncertainty of199

the production asymmetry cancels. The other systematic uncertainties are conservatively200

considered uncorrelated, resulting in the measurement201

ACP (B+! D+
s D0) � ACP (B+! D+D0) = (�2.7 ± 2.8 ± 0.2)%.

In conclusion, no evidence for CP violation in B+! D+
(s)D

0 decays has been found,202

but the CP asymmetry in B+ ! D+
s D0 has been measured for the first time and the203

uncertainty on the CP asymmetry in B+ ! D+D0 has been reduced by more than a204

factor two with respect to previous measurements.205

7
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7

No evidence of CP violation is found.

First measurement in B+ → D+
s D

0
B+ → D+

s D
0

B+ → D+
s D

0
and most precise one in B+ → D+D

0
B+ → D+D

0
B+ → D+D

0
.
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CPV in baryon decays

Goals

Previously, first evidence of CPV in a beauty baryon decay, Λ0
b → pπ−π+π−

[Nature Physics 13, 391-396 (2017)].

Now, measure CP- and P-violating asymmetries using triple products in
Λ0
b → pK+π−π−Λ0
b → pK+π−π−Λ0
b → pK+π−π−, Λ0

b → pK−K+K−Λ0
b → pK−K+K−Λ0
b → pK−K+K− and Ξ0

b → pK−K−π+Ξ0
b → pK−K−π+Ξ0
b → pK−K−π+, with Run 1 data.

1 Introduction1

The experimental study of matter-antimatter asymmetries in B-meson decays contributed2

to the establishment of the validity of the Cabibbo-Kobayashi-Maskawa (CKM) mechanism3

for CP violation in the Standard Model (SM). By contrast, no CP violation has been4

observed in the baryon sector to date. However, sizeable CP -violating asymmetries are5

predicted in b-baryon decays. Up to 20% asymmetries are predicted in certain three-body6

final states [1], and a systematic study would confirm the CKM mechanism or would bring7

new insights into new sources of CP violation. Recently, first evidence for CP violation8

in ⇤0
b ! p⇡�⇡+⇡� decays, with a statistical significance corresponding to 3.3 standard9

deviations, has been reported [2].10

In this article, searches for CP violation based on triple-product asymmetries in11

⇤0
b ! pK�⇡+⇡�, ⇤0

b ! pK�K+K� and ⌅0
b ! pK�K�⇡+ decays are presented.1 In all of12

these decays, the transitions are mainly mediated by b ! usu tree and b ! suu penguin13

diagrams, with a relative weak phase, arg (VubV
⇤
us/VtbV

⇤
ts), that is dominated by the CKM14

angle � [3]. In such decays, CP violation could arise from the interference of tree and15

penguin amplitudes and the sensitivity to CP violation could be enhanced due to the rich16

resonant structures in ⇤0
b (⌅0

b ) four-body decays. The triple products of final state particle17

momenta in the ⇤0
b (⌅0

b ) centre-of-mass frame are defined as C bT = ~pp · (~ph�
1
⇥ ~ph+

2
) for ⇤0

b18

(⌅0
b ) and C bT = ~pp · (~ph+

1
⇥~ph�

2
) for ⇤0

b (⌅0
b), where h1 = K, h2 = ⇡ for the ⇤0

b ! pK�⇡+⇡�
19

decay, h1 = Kfast, h2 = K for the ⇤0
b ! pK�K+K� decay and h1 = Kfast, h2 = ⇡ for20

the ⌅0
b ! pK�K�⇡+ decay, and Kfast denotes the K with the highest momentum among21

those kaons that have the same charge.22

Two bT -odd asymmetries are defined based on the operator bT that reverses the spin23

and the momentum of the particles [4–6]24

AbT =
N(C bT > 0) � N(C bT < 0)

N(C bT > 0) + N(C bT < 0)
, (1)

AbT =
N(�C bT > 0) � N(�C bT < 0)

N(�C bT > 0) + N(�C bT < 0)
, (2)

where N andN are the numbers of ⇤0
b (⌅0

b ) and ⇤0
b (⌅0

b) decays. The P - and CP -violating25

observables are defined as:26

a
bT -odd
P =

1

2

�
AbT + AbT

�
, a

bT -odd
CP =

1

2

�
AbT � AbT

�
, (3)

and a significant deviation from zero would indicate P violation and CP violation, respec-27

tively. In contrast to the asymmetry between the phase-space integrated rates, a
bT -odd
CP is28

sensitive to the interference of bT -even and bT -odd amplitudes, having di↵erent sensitiv-29

ity to combinations of strong phases [7, 8]. The observables, AbT , AbT , a
bT -odd
P and a

bT -odd
CP30

are, by construction, largely insensitive to ⇤0
b/⇤

0
b (⌅0

b /⌅0
b) production asymmetries and31

detector-induced charge asymmetries of the final state particles [9]. These quantities are32

measured integrated in phase space and in di↵erent regions of phase space for the above33

decay modes.34

1Unless stated otherwise, charge conjugated modes are implicitly included throughout this article.
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tively. In contrast to the asymmetry between the phase-space integrated rates, a
bT -odd
CP is28

sensitive to the interference of bT -even and bT -odd amplitudes, having di↵erent sensitiv-29

ity to combinations of strong phases [7, 8]. The observables, AbT , AbT , a
bT -odd
P and a

bT -odd
CP30

are, by construction, largely insensitive to ⇤0
b/⇤

0
b (⌅0

b /⌅0
b) production asymmetries and31

detector-induced charge asymmetries of the final state particles [9]. These quantities are32

measured integrated in phase space and in di↵erent regions of phase space for the above33

decay modes.34

1Unless stated otherwise, charge conjugated modes are implicitly included throughout this article.

1

Decays mediated by b → usu tree + b → suu penguin transitions. → Interference
could lead to CP violation in the decay.

Strategy

Pre-selection + vetoes against charm resonances + vetoes against mis-ID
backgrounds + BDT against combinatorial background + PID requirements.

Strategy: split each sample according to baryon flavour and sign of CT̂ (C T̂ ).
Simultaneous fit to M(pKhh′) in the four categories to measure the asymmetries.

Complementary, the asymmetries are computed in different bins of the
phase-space (two-body-masses and angle |Φ|).
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CPV in baryon decays
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Figure 1: Distributions of the pK�⇡+⇡� invariant mass in the four samples defined by ⇤0
b (⇤0

b)
flavour and the sign of C bT (C bT ). The results of the fit are overlaid as described in the legend.
The contribution of the cross-feeds to the fit results is only just visible but non-negligible.

space can enhance the sensitivity to CP violation. The binning schemes were chosen165

before examining the data to avoid introducing a bias. Two binning schemes are used for166

the ⇤0
b ! pK�⇡+⇡� (⇤0

b ! pK�K+K�) decay. Scheme A and B (C and D) are designed167

to isolate regions of phase space according to the dominant resonant contributions and to168

exploit the interference of contributions that could be visible as a function of the angle169

between the decay planes formed by the pK� (pK�
fast) and the ⇡+⇡� (K+K�

slow) systems,170

respectively. Scheme A (C) is defined in Table 3 (5) in Appendix B, while scheme B (D)171

has twelve (ten) non-overlapping bins of width ⇡/12 (⇡/10) in | |. The same simultaneous172

fit model used for the integrated measurement is separately fitted to data in each phase173

space region. The distribution of asymmetries for the ⇤0
b ! pK�⇡+⇡� (⇤0

b ! pK�K+K�)174

decay is shown in figure 4 (5), and the results are reported in Table 4 (6) in Appendix B.175

The compatibility with the CP -symmetry (P -symmetry) hypothesis is tested for each176

scheme individually by means of a �2 test, where the �2 is defined as RT V 1R, with R the177

array of a
bT -odd
CP (a

bT -odd
P ) measurements and V the inverse of the covariance matrix, which178
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Figure 2: Distributions of the pK�K+K� invariant mass in the four samples defined by ⇤0
b (⇤0

b)
flavour and the sign of C bT (C bT ). The results of the fit are overlaid as described in the legend.
The contribution of the cross-feeds to the fit results is only just visible but non-negligible.

is the sum of the statistical and systematic covariance matrices. An average systematic179

uncertainty, the evaluation of which is discussed in section 5, is assumed for all bins. The180

statistical uncertainties are considered uncorrelated among the bins, while systematic181

uncertainties are assumed to be fully correlated. The results are consistent with the182

CP -symmetry hypothesis with a p-value of 0.93 (0.55), based on 2/ndf= 7.2/14 (10.8/12)183

for scheme A (B) and a p-value of 0.95 (0.99), based on 2/ndf= 2.1/7 (2.2/10) for scheme184

C (D). A similar �2 test is performed on a
bT -odd
P measurements. The results are consistent185

with the P -symmetry hypothesis with a p-value of 0.53 (0.80), based on 2/ndf= 13.0/14186

(7.8/12) for scheme A (B) and a p-value of 0.18 (0.73), based on 2/ndf= 10.1/7 (6.9/10)187

for scheme C (D).188
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Figure 3: Distributions of the pK�K�⇡+ invariant mass in the four samples defined by ⌅0
b (⌅0

b)
flavour and the sign of C bT (C bT ). The results of the fit are overlaid as described in the legend.
The contribution of the B0! K�K+K+⇡� cross-feed to the fit results is only just visible but
non-negligible.

Table 1: Measurements of the CP - and P -violating observables a
bT -odd
CP and a

bT -odd
P are shown

with their statistical and systematic uncertainties.

⇤0
b ! pK�⇡+⇡� ⇤0

b ! pK�K+K� ⌅0
b ! pK�K�⇡+

a
bT -odd
P (%) �0.60 ± 0.84 ± 0.31 �1.56 ± 1.51 ± 0.32 �3.04 ± 5.19 ± 0.36

a
bT -odd
CP (%) �0.81 ± 0.84 ± 0.31 1.12 ± 1.51 ± 0.32 �3.58 ± 5.19 ± 0.36
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Table 1: Measurements of the CP - and P -violating observables a
bT -odd
CP and a

bT -odd
P are shown

with their statistical and systematic uncertainties.

⇤0
b ! pK�⇡+⇡� ⇤0

b ! pK�K+K� ⌅0
b ! pK�K�⇡+

a
bT -odd
P (%) �0.60 ± 0.84 ± 0.31 �1.56 ± 1.51 ± 0.32 �3.04 ± 5.19 ± 0.36

a
bT -odd
CP (%) �0.81 ± 0.84 ± 0.31 1.12 ± 1.51 ± 0.32 �3.58 ± 5.19 ± 0.36
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Results compatible with neither CP nor P asymmetry.

Same conclusion is reached when looking at per-bin asymmetries.
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Summary and prospects

Several new measurements of CP violation in beauty decays and more to come in
the near future.

→ So far, results are compatible with the SM.

The role of the LHC experiments is crucial, in particular the one of LHCb, leading
the World sensitivity in several of these measurements.

Precision will improve in the next years, with more data and upgraded detectors.

Some specific prospects

Measurement of γ in LHCb: precision of 4◦ by the end of Run 2 and better than
0.4◦ with phase-2 upgrade.

Measurement of β in LHCb: precision of 0.6◦(0.2◦) with Run 2 (phase-1 upgrade).

Measurement of φccss :

ATLAS: increase in sensitivity with a new innermost pixel detector.
LHCb: sensitivity with phase-2 upgrade expected to be ≤ 3 mrad.

LHCb phase-2 upgrade: [CERN-LHCC-2017-003 (2017)]

Julián Garćıa Pardiñas (UZH) CPV in beauty at LHC 11 March 2018 16
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Julián Garćıa Pardiñas (UZH) CPV in beauty at LHC 11 March 2018 18

[[[
New result!
Preliminary!

]]]
LHCb-PAPER-2018-007

(in preparation)



CPV in baryon decays

1 Introduction1

The experimental study of matter-antimatter asymmetries in B-meson decays contributed2

to the establishment of the validity of the Cabibbo-Kobayashi-Maskawa (CKM) mechanism3

for CP violation in the Standard Model (SM). By contrast, no CP violation has been4

observed in the baryon sector to date. However, sizeable CP -violating asymmetries are5

predicted in b-baryon decays. Up to 20% asymmetries are predicted in certain three-body6

final states [1], and a systematic study would confirm the CKM mechanism or would bring7

new insights into new sources of CP violation. Recently, first evidence for CP violation8

in ⇤0
b ! p⇡�⇡+⇡� decays, with a statistical significance corresponding to 3.3 standard9

deviations, has been reported [2].10

In this article, searches for CP violation based on triple-product asymmetries in11

⇤0
b ! pK�⇡+⇡�, ⇤0

b ! pK�K+K� and ⌅0
b ! pK�K�⇡+ decays are presented.1 In all of12

these decays, the transitions are mainly mediated by b ! usu tree and b ! suu penguin13

diagrams, with a relative weak phase, arg (VubV
⇤
us/VtbV

⇤
ts), that is dominated by the CKM14

angle � [3]. In such decays, CP violation could arise from the interference of tree and15

16 penguin amplitudes and th sensitivity to CP violation could be enhanced due to the rich

0 b

resonant structures in ⇤ (⌅b
0

The triple products of final state particle

7

momenta in the ⇤0
b (⌅0

b ) centre-of-mass frame are defined as C bT = ~pp · (~ph�
1
⇥ ~ph+

2
) for ⇤0

b

18

(⌅0
b ) and C bT = ~pp · (~ph+

1
⇥~ph�

2
) for ⇤0

b (⌅0
b), where h1 = K, h2 = ⇡ for the ⇤0

b ! pK�⇡+⇡�

19

decay, h1 = Kfast, h2 = K for the ⇤0
b ! pK�K+K� decay and h1 = Kfast, h2 = ⇡ for

20

the ⌅0
b ! pK�K�⇡+ decay, and Kfast denotes the K with the highest momentum among

21

those kaons that have the same charge.

Two bT -odd asymmetries are defined based on the operator bT that reverses the spin

23and the momentum of the particles [4–6]24

AbT =
N(CbT > 0) � N(CbT < 0)

N(CbT > 0) + N(C bT < 0)
, (1)

AbT =
N(�C bT > 0) � N(�C bT < 0)

N(�C bT > 0) + N(�C bT < 0)
, (2)

where N andN are the numbers of ⇤0
b (⌅0

b ) and ⇤0
b (⌅0

b) decays. The P - and CP -violating25

observables are defined as:26

a
bT -odd
P =

1

2

�
A bT + AbT

�
, a

bT -odd
CP =

1

2

�
A bT � AbT

�
, (3)

and a significant deviation from zero would indicate P violation and CP violation, respec-27

tively. In contrast to the asymmetry between the phase-space integrated rates, a
bT -odd
CP is28

sensitive to the interference of bT -even and bT -odd amplitudes, having di↵erent sensitiv-29

ity to combinations of strong phases [7, 8]. The observables, AbT , AbT , a
bT -odd
P and a

bT -odd
CP30

are, by construction, largely insensitive to ⇤0
b/⇤

0
b (⌅0

b /⌅0
b) production asymmetries and31

detector-induced charge asymmetries of the final state particles [9]. These quantities are32

measured integrated in phase space and in di↵erent regions of phase space for the above33

decay modes.34

1Unless stated otherwise, charge conjugated modes are implicitly included throughout this article.

1
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CPV in baryon decays
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Table 3: Definition of the 14 regions that form scheme A for the ⇤0
b ! pK�⇡+⇡� decay. Bins

1� 4 focus on the region dominated by the �(1232)++ ! p⇡+ resonance. The other 10 bins are
defined to study regions where pK� resonances are present on either side of the f0(980) ! ⇡+⇡�

or K⇤(892)0 ! K�⇡+ resonances. Further splitting depending on |�| is performed to reduce
potential dilution of asymmetries, as suggested in Ref. [8]. Masses are in units of GeV/c2.

Region m(p⇡+) m(pK�) m(⇡+⇡�) m(K�⇡+) |�|
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) (1.00, 2.00) (0.27, 0.99) (0, ⇡2 )
6 (1.35, 5.40) (1.00, 2.00) (0.27, 0.99) (⇡2 , ⇡)
7 (1.35, 5.40) (1.00, 2.00) (0.99, 4.50) (0, ⇡2 )
8 (1.35, 5.40) (1.00, 2.00) (0.99, 4.50) (⇡2 , ⇡)
9 (1.35, 5.40) (2.00, 5.00) (0.27, 0.99) (0.63, 0.89) (0, ⇡2 )
10 (1.35, 5.40) (2.00, 5.00) (0.27, 0.99) (0.89, 4.50) (0, ⇡2 )
11 (1.35, 5.40) (2.00, 5.00) (0.27, 0.99) (⇡2 , ⇡)
12 (1.35, 5.40) (2.00, 5.00) (0.99, 4.50) (0.63, 0.89) (0, ⇡2 )
13 (1.35, 5.40) (2.00, 5.00) (0.99, 4.50) (0.89, 4.50) (0, ⇡2 )
14 (1.35, 5.40) (2.00, 5.00) (0.99, 4.50) (⇡2 , ⇡)

C Background-subtracted distributions in phase261

space262

The background-subtracted distributions for ⇤0
b (⇤0

b) with C bT > 0 and C bT < 0 ( �C bT > 0263

and �C bT < 0 ) in di↵erent regions of phase space of the ⇤0
b ! pK�⇡+⇡� (⇤0

b !264

pK�K+K�) decay are shown in figures 7 8 (9 10). The distributions are made using the265

sP lot technique [19].266
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P2IO and OCEVU, and Région Auvergne-Rhône-Alpes (France), RFBR, RSF and Yandex282

12
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Table 5: Definition of the seven regions that form scheme C for the ⇤0
b ! pK�K+K� decay.

The scheme C, is defined to study regions where pK�
slow resonances are present (1 � 3) on either

side of the � ! K+K� resonances. Masses are in units of GeV/c2.

Region m(pK�
slow) m(K+K�

slow), m(K+K�
fast) |�|

1 (0.9, 2.0) m(K+K�
slow) < 1.02 or m(K+K�

fast) < 1.02
2 (0.9, 2.0) m(K+K�

slow) > 1.02 and m(K+K�
fast) > 1.02 (0, ⇡2 )

3 (0.9, 2.0) m(K+K�
slow) > 1.02 and m(K+K�

fast) > 1.02 (⇡2 , ⇡)
4 (2.0, 4.0) m(K+K�

slow) < 1.02 or m(K+K�
fast) < 1.02 (0, ⇡2 )

5 (2.0, 4.0) m(K+K�
slow) < 1.02 or m(K+K�

fast) < 1.02 (⇡2 , ⇡)
6 (2.0, 4.0) m(K+K�

slow) > 1.02 and m(K+K�
fast) > 1.02 (0, ⇡2 )

7 (2.0, 4.0) m(K+K�
slow) > 1.02 and m(K+K�

fast) > 1.02 (⇡2 , ⇡)

Table 6: Measurements of a
bT -odd
P and a

bT -odd
CP in each region of phase space for the ⇤0

b !
pK�K+K� decay. Each value is obtained through an independent fit to the candidates in
the corresponding region of the phase space. Scheme C is defined in Table 5 and divides the
phase space according to dominant resonant contributions, while scheme D consists of ten
non-overlapping bins of width ⇡/10 in |�|.

Scheme C a
bT -odd
P (%) a

bT -odd
CP (%)

1 4.8 ± 5.2 ± 0.6 6.0 ± 5.2 ± 0.61
2 �2.8 ± 2.5 ± 0.6 1.7 ± 2.5 ± 0.61
3 0.2 ± 4.9 ± 0.6 0.2 ± 4.9 ± 0.61
4 �15.8 ± 6.3 ± 0.6 0.4 ± 6.3 ± 0.61
5 4.6 ± 5.9 ± 0.6 �2.5 ± 5.9 ± 0.61
6 2.8 ± 3.7 ± 0.6 0.9 ± 3.7 ± 0.61
7 �2.7 ± 3.4 ± 0.6 1.5 ± 3.4 ± 0.61

Scheme D a
bT -odd
P (%) a

bT -odd
CP (%)

1 �0.1 ± 3.0 ± 0.6 �0.1 ± 3.0 ± 0.6
2 �3.2 ± 4.2 ± 0.6 2.3 ± 4.2 ± 0.6
3 �5.5 ± 4.4 ± 0.6 1.7 ± 4.4 ± 0.6
4 �2.0 ± 5.1 ± 0.6 4.3 ± 5.1 ± 0.6
5 �2.0 ± 5.8 ± 0.6 1.5 ± 5.8 ± 0.6
6 3.1 ± 5.5 ± 0.6 �0.9 ± 5.5 ± 0.6
7 3.6 ± 5.8 ± 0.6 2.5 ± 5.8 ± 0.6
8 �6.6 ± 5.9 ± 0.6 �0.5 ± 5.9 ± 0.6
9 �6.6 ± 5.6 ± 0.6 �2.8 ± 5.6 ± 0.6
10 6.2 ± 5.7 ± 0.6 4.3 ± 5.7 ± 0.6
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