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What is CP?
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CP violation

• Weak interaction does not respect CP

• Effect was first seen in kaons in 1964

Why was the discovery a big deal ? 

•  Discovery demonstrated a difference in the transition probabilities 
of strange and anti-strange states quarks during kaon oscillations!

•  This was the first example of CP violation: one of the Sakharov 
conditions for Baryogenesis in the early Universe !

!
•  Kaons still very important in flavour physics, but now the focus is 

squarely on b- and c- hadrons!
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K0 K̄0K̄0 K0

• CP violation is one of the Sakharov conditions for early

universe Baryogenesis - they ensure matter was left over to

make stuff with!
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Does CP violation fit into the Standard Model?

• CKM matrix

• Connects u- and d- type quarks via the weak force

• 3× 3 matrix with four parameters - one complex phase

CP violation in SM
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Violation of combined Charge and Parity symmetry
Discovered in the weak interaction in 1964
accommodated in CKM mechanism ∆ small
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Q
ca
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db ¥
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1 ≠ ⁄2/2 ⁄ A⁄3(fl ≠ i÷)
≠⁄ 1 ≠ ⁄2/2 A⁄2

A⁄3(1 ≠ fl ≠ i÷) ≠A⁄2 1

R
db

only source of CPV in SM

Does it fit into the Standard Model ? 

•  It certainly does – by the CKM matrix!

•  Described by four parameters, one of which is imaginary !

•  The imaginary parameter gives CP violation !

•  Must go to 5th power in λ to get a complex contribution to Vts 
– important later on!
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Three types of CP violation

• Mixing

P(B0 → B̄0) 6= P(B̄0 → B0)

• Decay

P(B → f) 6= P(B̄ → f̄)

• Interference

P(B0 → B̄0 → f) 6= P(B̄0 → B0 → f̄)
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Neutral B meson mixing

• Box diagram enables B0
(s) ↔ B̄0

(s) oscillation

• If u, c, t had the same masses, this wouldn’t happen!

B0
(s) mixing 

•  Neutral B’s oscillate !

•  Mass eigenstates 
not the same as 
flavour eigenstates !
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Probes for new physics in B0
s mixing
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•  Mass difference !
▫  Dictates the oscillation rate !

•  Decay width difference !
▫  Small, in contrast to kaon system  ! ��s = �L � �H

• Mass and flavour eigenstates not the same:

|B0
H〉 = p|B0〉 − q|B̄0〉 |B0

L〉 = p|B0〉+ q|B̄0〉
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Neutral B meson mixing

B0
(s) mixing 

•  Neutral B’s oscillate !

•  Mass eigenstates 
not the same as 
flavour eigenstates !
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•  Mass difference !
▫  Dictates the oscillation rate !

•  Decay width difference !
▫  Small, in contrast to kaon system  ! ��s = �L � �H

• Can describe mixing with the 2× 2 effective Hamiltonian

Hij = Mij − iΓij/2

• Solving the Schrödinger equation, we get:

• ∆m = mH −mL oscillation frequency

• ∆Γ = ΓH − ΓL small lifetime difference

• φmix = −arg(M12/Γ12) CP -violating phase
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∆m - the oscillation frequency [arXiv:1304.4741]

• To look for CP violation in mixing, need to know ∆m

• B0 oscillations are fast! 2 million times a second

• And B0
s are 35 times faster...

• LHCb has excellent time resolution: 14% of B0
s period

Measuring Δms with Bs ! Ds π 
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•  Worlds best measurement of Bs oscillation period, Δms !

•  Needs excellent time resolution and flavour tagging !

!
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Figure 2: Decay time distribution for the sum of the five decay modes for candidates tagged as

mixed (di↵erent flavour at decay and production; red, continuous line) or unmixed (same flavour

at decay and production; blue, dotted line). The data and the fit projections are plotted in a

signal window around the reconstructed B0
s mass of 5.32 – 5.55 GeV/c2.

The information provided by the opposite-side and same-side taggers for the signal is
combined to a single tagging decision q and a single mistag probability !(⌘OST, ⌘SST) using
their respective calibration parameters p0OST/SST

and p1OST/SST
. The individual background

components show di↵erent tagging characteristics for candidates tagged by the OST or
SST. The b hadron backgrounds show the same opposite-side tagging behaviour (q and
!) as the signal, while the combinatorial background shows random tagging behaviour.
For same-side tagged events, we assume random tagging behaviour for all background
components. We introduce tagging asymmetry parameters to allow for di↵erent numbers
of candidates being tagged as mixed or unmixed, and other parameters to describe the
tagging e�ciencies for these backgrounds. As expected, the fitted values of these asymmetry
parameters are consistent with zero within uncertainties.

All tagging parameters, as well as the value for �ms, are constrained to be the same
for the five decay modes. The result is �ms = 17.768 ± 0.023 ps�1 (statistical uncertainty
only). The likelihood profile was examined and found to have a Gaussian shape up to
nine standard deviations. The decay time distributions for candidates tagged as mixed
or unmixed are shown in Fig. 2, together with the decay time projections of the PDF
distributions resulting from the fit.
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New J. Phys. 15 (2013) 053021!

�ms = 17.768 ± 0.023(stat.) ± 0.006(syst.) ps�1
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CP violation in neutral B mesons

• CP violation governed by λf = q
p
Ā(B̄0→f)
A(B0→f)

• Shows up in a time-varying CP asymmetry, containing three

terms related to λf

aCP (t) =
Γ(B̄0

(s) → f)− Γ(B0
(s) → f)

Γ(B̄0
(s) → f) + Γ(B0

(s) → f)

=
−Cf cos (∆mt) + Sf sin (∆mt)

cosh (∆Γt/2) +A∆Γ sinh (∆Γt/2)
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What do Cf , Sf and A∆Γ tell us?

• Decay

Cf =
1−|λf |2
1+|λf |2

• Interference

Sf =
2Imλf

1+|λf |2

• Admixture of BL and BH decaying to final state

A∆Γ =
2Reλf

1+|λf |2

• Lifetime difference negligible for B0 (∆Γ = 0), so no A∆Γ
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B0 → J/ψKs

• f is a CP eigenstate

• Only one decay diagram, so expect Cf = 0

• Mixing and decay diagrams interfere (Vtd = Aλ3(1− ρ− iη))
•  Decays of                        and !
•  Interference between mixing and decay  (                                  ) !
!
!
!
!
!

•  Large CP violation observed by B factories in B0 ! J/ψ Ks!
      !
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Figure 4: B0 ! J/ Ks without mixing.
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s ! J/ � without mixing.

2

The B factories, B0 ! J/ψ Ks and sin2β  

21 

B0
(s) ! fCP B0

(s) ! B̄0
(s) ! fCP
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TABLE II: Number of events Ntag in the signal region af-
ter tagging and vertexing requirements, signal purity P , and
results of fitting for CP asymmetries in the BCP sample and
in various subsamples, as well as in the Bflav and charged B
control samples. Errors are statistical only.

Sample Ntag P (%) sin2β
J/ψK0

S ,ψ(2S)K0
S,χc1K

0
S ,ηcK

0
S 1506 94 0.76 ± 0.07

J/ψK0
L (ηf = +1) 988 55 0.72 ± 0.16

J/ψK∗0(K∗0 → K0
Sπ

0) 147 81 0.22 ± 0.52
Full CP sample 2641 78 0.74 ± 0.07

J/ψK0
S , ψ(2S)K0

S , χc1K
0
S , ηcK

0
S only (ηf = −1)

J/ψK0
S (K0

S → π+π−) 974 97 0.82 ± 0.08
J/ψK0

S (K0
S → π0π0) 170 89 0.39 ± 0.24

ψ(2S)K0
S (K0

S → π+π−) 150 97 0.69 ± 0.24
χc1K

0
S 80 95 1.01 ± 0.40

ηcK
0
S 132 73 0.59 ± 0.32

Lepton category 220 98 0.79 ± 0.11
Kaon I category 400 93 0.78 ± 0.12
Kaon II category 444 93 0.73 ± 0.17
Inclusive category 442 92 0.45 ± 0.28

B0 tags 740 94 0.76 ± 0.10
B0 tags 766 93 0.75 ± 0.10

Bflav sample 25375 85 0.02 ± 0.02
B+ sample 22160 89 0.02 ± 0.02

B0 mesons. The observed amplitudes for the CP asym-
metry in the BCP sample and for flavor oscillation in the
Bflav sample are reduced by the same factor 1 − 2w due
to flavor mistags. Events are assigned signal and back-
ground probabilities based on the mES (all modes ex-
cept J/ψK∗0 and J/ψK0

L
) or ∆E (J/ψK0

L
) distributions.

The ∆t distributions for the signal are convolved with
a common resolution function, modeled by the sum of
three Gaussians [6]. Backgrounds are incorporated with
an empirical description of their ∆t spectrum, contain-
ing prompt and non-prompt components convolved with
a resolution function [6] distinct from that of the signal.

There are 34 free parameters in the fit: sin2β (1),
the average mistag fractions w and the differences ∆w
between B0 and B0 mistag fractions for each tagging
category (8), parameters for the signal ∆t resolution
(8), and parameters for background time dependence
(6), ∆t resolution (3), and mistag fractions (8). We fix
τB0 = 1.542 ps and ∆md = 0.489 ps−1 [11]. The de-
termination of the mistag fractions and ∆t resolution
function parameters for the signal is dominated by the
high-statistics Bflav sample. The measured mistag frac-
tions are listed in Table I. Background parameters are
determined from events with mES < 5.27 GeV/c2 (except
J/ψK0

L and J/ψK∗0). The largest correlation between
sin2β and any linear combination of the other free pa-
rameters is 0.13. We observe a bias of 0.014 ± 0.005 in
the fitted value of sin2β in simulated events. Part of this
bias (0.004) is due to a correlation between the mistag
fractions and the ∆t resolution not explicitly incorpo-

rated in the fit. Therefore we subtract 0.014 from the
fitted value of sin2β in data and include 0.010 in the
systematic error.

The fit to the BCP and Bflav samples yields

sin2β = 0.741 ± 0.067 (stat) ± 0.034 (syst).

Figure 2 shows the ∆t distributions and asymmetries in
yields between B0 tags and B0 tags for the ηf = −1 and
ηf = +1 samples as a function of ∆t, overlaid with the
projection of the likelihood fit result.
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FIG. 2: a) Number of ηf = −1 candidates (J/ψK0
S ,

ψ(2S)K0
S , χc1K

0
S , and ηcK

0
S) in the signal region with a B0

tag NB0 and with a B0 tag NB0 , and b) the raw asymme-
try (NB0 − NB0)/(NB0 + NB0) as functions of ∆t. The solid

(dashed) curves represent the fit projection in ∆t for B0 (B0)
tags. The shaded regions represent the background contribu-
tions. Figures c) and d) contain the corresponding informa-
tion for the ηf = +1 mode J/ψK0

L.

The dominant sources of systematic error are the un-
certainties in the level, composition, and CP asymme-
try of the background in the selected CP events (0.023),
the assumed parameterization of the ∆t resolution func-
tion (0.017), due in part to residual uncertainties in the
internal alignment of the vertex detector, and possible
differences between the Bflav and BCP mistag fractions
(0.012). The total systematic error is 0.034. Most sys-
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S ,

ψ(2S)K0
S , χc1K

0
S , and ηcK

0
S) in the signal region with a B0

tag NB0 and with a B0 tag NB0 , and b) the raw asymme-
try (NB0 − NB0)/(NB0 + NB0) as functions of ∆t. The solid

(dashed) curves represent the fit projection in ∆t for B0 (B0)
tags. The shaded regions represent the background contribu-
tions. Figures c) and d) contain the corresponding informa-
tion for the ηf = +1 mode J/ψK0

L.

The dominant sources of systematic error are the un-
certainties in the level, composition, and CP asymme-
try of the background in the selected CP events (0.023),
the assumed parameterization of the ∆t resolution func-
tion (0.017), due in part to residual uncertainties in the
internal alignment of the vertex detector, and possible
differences between the Bflav and BCP mistag fractions
(0.012). The total systematic error is 0.034. Most sys-

in j!j becomes the largest contribution to the systematic
error.

Several checks on the measurement are performed.
Table VI lists the results obtained by applying the same
analysis to various subsamples. All values are statistically
consistent with each other. Figure 8 shows the raw asym-
metries and the fit results for !cc"K0

S (top) and J= K0
L

(bottom). A fit to the non-CP eigenstate modes B0 !

D#$ ‘% " and J= K#0!K% #$ ", where no asymmetry is
expected, yields ‘‘sin2$1’’& 0:012 ' 0:013!stat".

V. SUMMARY

Using 152 ( 106 BB pairs collected at the !!4S" reso-
nance with the Belle detector at the KEKB asymmetric-
energy e% e$ collider, we have measured the CP-violation
parameters sin2$1 and j!j, B meson lifetimes and their
ratio, and the mixing parameter "md . These are basic
parameters of the standard model. The results are summa-
rized as follows:

sin2$1 & 0:728 ' 0:056!stat" ' 0:023!syst";
j!j & 1:007 ' 0:041!stat" ' 0:033!syst";
%B0 & )1:534 ' 0:008!stat" ' 0:010!syst"* ps;
%B% & )1:635 ' 0:011!stat" ' 0:011!syst"* ps;

%B% =%B0 & 1:066 ' 0:008!stat" ' 0:008!syst";
"md & )0:511 ' 0:005!stat" ' 0:006!syst"* ps$ 1:

All results are significant improvements in precision
from the previous measurements, and are in agreement
with the standard model expectations. The significance of
the observed deviation from unity in the lifetime ratio
exceeds 5 standard deviations for the first time by a single
measurement.
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TABLE VI. Numbers of candidate events, Nev, and values of
sin2$1, j!j for various subsamples (statistical errors only).

Sample Nev sin2$1 j!j
J= K0

S!#% #$ " 1997 0:67 ' 0:08 0:98 ' 0:06
J= K0

S!#0#0" 288 0:72 ' 0:20 1:18 ' 0:27
 !2S"K0

S 308 0:89 ' 0:20 0:94 ' 0:14
&c1K0

S 101 1:54 ' 0:49 0:76 ' 0:22
'cK0

S 217 1:32 ' 0:28 1:10 ' 0:30

All with (f & $ 1 2911 0:73 ' 0:06 0:99 ' 0:05

J= K0
L 2332 0:77 ' 0:13 1:04 ' 0:08

J= K#0!K0
S#

0" 174 0:10 ' 0:45 1:11 ' 0:33

ftag & B0 (q& % 1) 2717 0:72 ' 0:09 0:89 ' 0:09
ftag & B0 (q& $ 1) 2700 0:74 ' 0:08 1:17 ' 0:11

0< r + 0:5 2985 0:95 ' 0:26 1:18 ' 0:22
0:5< r + 0:75 1224 0:68 ' 0:11 1:11 ' 0:09
0:75< r + 1 1208 0:73 ' 0:07 0:95 ' 0:05

Data set I (78 fb $ 1) 3013 0:72 ' 0:07 0:95 ' 0:05
Data set II (62 fb $ 1) 2404 0:74 ' 0:09 1:09 ' 0:07

All 5417 0:728 ' 0:056 1:007 ' 0:041

-0.5

0

0.5
(cc)KS(ξf=−1)

-0.5

0

0.5

-8 -6 -4 -2 0 2 4 6 8

J/ψKL(ξf=+1)

∆t(ps)

R
aw

 A
sy

m
m

et
ry
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of the global unbinned maximum-likelihood fit.
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in j!j becomes the largest contribution to the systematic
error.

Several checks on the measurement are performed.
Table VI lists the results obtained by applying the same
analysis to various subsamples. All values are statistically
consistent with each other. Figure 8 shows the raw asym-
metries and the fit results for !cc"K0

S (top) and J= K0
L

(bottom). A fit to the non-CP eigenstate modes B0 !

D#$ ‘% " and J= K#0!K% #$ ", where no asymmetry is
expected, yields ‘‘sin2$1’’& 0:012 ' 0:013!stat".

V. SUMMARY

Using 152 ( 106 BB pairs collected at the !!4S" reso-
nance with the Belle detector at the KEKB asymmetric-
energy e% e$ collider, we have measured the CP-violation
parameters sin2$1 and j!j, B meson lifetimes and their
ratio, and the mixing parameter "md . These are basic
parameters of the standard model. The results are summa-
rized as follows:

sin2$1 & 0:728 ' 0:056!stat" ' 0:023!syst";
j!j & 1:007 ' 0:041!stat" ' 0:033!syst";
%B0 & )1:534 ' 0:008!stat" ' 0:010!syst"* ps;
%B% & )1:635 ' 0:011!stat" ' 0:011!syst"* ps;

%B% =%B0 & 1:066 ' 0:008!stat" ' 0:008!syst";
"md & )0:511 ' 0:005!stat" ' 0:006!syst"* ps$ 1:

All results are significant improvements in precision
from the previous measurements, and are in agreement
with the standard model expectations. The significance of
the observed deviation from unity in the lifetime ratio
exceeds 5 standard deviations for the first time by a single
measurement.
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TABLE VI. Numbers of candidate events, Nev, and values of
sin2$1, j!j for various subsamples (statistical errors only).
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Vtd = A�3(1 � ⇢� i⌘)

sin2β : amplitude of the oscillation, multiplied by tagging dilution !
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Figure 4: B0 ! J/ Ks without mixing.
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ū, c̄, t̄

d

s̄

c

c̄

W+

Vcb

Vcs

B̄0

J/ 

Ks

Figure 5: B0 ! J/ Ks with mixing.
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Mixing & decay (left), decay (right)
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B0 → J/ψKs [arXiv:1709.03944]

• Amplitude measures amount of CP violation (sin 2β), diluted

by flavour-tagging
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Figure 3: Signal yield asymmetries (NB0 � NB0)/(NB0 + NB0) versus the decay time for
(left) B0! J/ K0

S and (right) B0!  (2S)K0
S decays. The symbol NB0 (NB0) is the number of

decays with a B0 (B0) flavour tag. The solid curves are the projections of the PDF with the
combined flavour tagging decision.
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Figure 4: Two-dimensional likelihood scans for the combination of the (left) B0! J/ K0
S modes

and (right) all B0 ! [cc]K0
S modes. The confidence level for the inner (outer) contour is 39%

(87%).

modes, i.e. B0! J/ K0
S , where the J/ is either reconstructed from two muons or two

electrons, and B0!  (2S)K0
S , the CP -violation observables are determined to be

C(B0 ! [cc]K0
S ) = �0.017 ± 0.029 ,

S(B0 ! [cc]K0
S ) = 0.760 ± 0.034 ,

with a correlation coe�cient of 0.42. These results are consistent with indirect mea-
surements by the CKMfitter group [9] and the UTfit collaboration [10]. Furthermore,
they improve the precision of sin 2� at LHCb by 20 %, and are expected to improve the
precision of the world average.

9

• Cf consistent with zero (no CP violation in decay), visible
asymmetry is mixing-induced CP violation

Cf = −0.014± 0.030

Sf = 0.75± 0.04
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Squeezing the Standard Model - B0
s → J/ψφ

• No large CP violation in SM

• Measure φs = φmix − 2φdec = −arg(λ)
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Figure 7: B0
s ! J/ � with mixing.
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3

All about ϕs at LHCb  :  Bs ! J/ψ ϕ  
•  Want to study the same phenomenon with Bs ! J/ψ ϕ!

•  Don’t expect large CPV compared to B0 decay  (                     )!

•  Relative phase between mixing and decay : !

•  Bs mixing gives NP sensitivity :   !

22 

�s = �mix � 2�dec

�s = �SM
s + ��s

�SM
s = �0.036 ± 0.002radPR D84 (2011) 033005!

Vts = �A�2
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Figure 10: Penguin diagram of B0
s ! J/ � decays.

3• NP sensitivity: φs = φSMs + ∆φs

• φSMs = −0.0376± 0.0008 rad [arXiv:1501.05013]

• φs = −0.030± 0.033 rad [arXiv:1612.07233]
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B0
s → (K+π−)(K−π+) [arXiv:1712.08683]

• Dominant penguin in SM

• Highly sensitive to loop-level New Physics amplitudes

• Measure φdd̄s and |λ|

• Angular amplitude analysis separates different polarisation

amplitudes e.g. K∗0K∗0

• φdd̄s and |λ| common to all polarisations
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3 fb−1 results [arXiv:1712.08683]

• Time-dependent angular amplitude fit
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(bottom right) the decay-time. The solid gray line represents the total fit model along with the
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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]
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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
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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
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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]
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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

φdd̄s = −0.10± 0.13± 0.14 rad, |λ| = 1.035± 0.034± 0.089

• Consistent with SM prediction [Phys. Rev. D 88, 016007] and

B0
s → φφ [LHCb-CONF-2018-001] 15



B0
(s) → h+h− - CP violation in mixing and decay

• Neutral B meson decays to charmless final states

• CKM-suppressed tree and penguin interfere - expect CP

violation in decay

• Two classes of decay:
• B0 → π+π−, B0

s → K+K− - time-dependent asymmetry

• B0 → K+π−, B0
s → K−π+ - time-integrated asymmetry

16



B0 → π+π− and B0
s → K+K− [arXiv:1805.06759]

• Time-dependent asymmetry

aCP (t) =
−CCP cos (∆mt) + SCP sin (∆mt)

cosh (∆Γt/2) +A∆Γ sinh (∆Γt/2)

• ∆Γd = 0, so just have the top part for B0
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result of the simultaneous fit is overlaid. The individual components are also shown.
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Measurement strategy [Phys. Rev. D98 (2018) 032004]

• Simultaneous fit to all modes: m(h+h�), decay time,

per-event decay time uncertainty and tagging parameter ⌘

• Measure asymmetries, correcting for B production and

detection

Analysis of B0
q � h+h� (3 fb�1) Phys. Rev. D 98 (2018) 032004

Analysis strategy:

Simultaneous fit to three samples:

K�K+(for B0
s � K�K+), �+��(for B0 � �+��) and K±��(for B0 � K+��, B0

s � K��+)
Fitting m(h+h�), decay time, per event decay time uncertainty, and tagging
parameter (�) distributions of all three samples

Including flavour specific decays:

On the fly calibration of many of the
tagging parameters

Determination of time integrated CP
asymmetries

Disentangling of B production asymmetries
and direct CP asymmetries

Time dependent CP violation @ LHCb 10/16
18
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B0 → K+π− and B0
s → K−π+

[arXiv:1805.06759]

• B0 → K+π− and B0
s → K−π+ are flavour-specific

• Measure time-integrated asymmetries

ACP =
|Āf̄ |2 − |Af |2
|Āf̄ |2 + |Af |2
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Figure 4: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSc for candidates in the K±⇡⌥ sample.
The result of the simultaneous fit is overlaid. The individual components are also shown.
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Measurement strategy [Phys. Rev. D98 (2018) 032004]

• Simultaneous fit to all modes: m(h+h�), decay time,

per-event decay time uncertainty and tagging parameter ⌘

• Measure asymmetries, correcting for B production and

detection

Analysis of B0
q � h+h� (3 fb�1) Phys. Rev. D 98 (2018) 032004

Analysis strategy:

Simultaneous fit to three samples:

K�K+(for B0
s � K�K+), �+��(for B0 � �+��) and K±��(for B0 � K+��, B0

s � K��+)
Fitting m(h+h�), decay time, per event decay time uncertainty, and tagging
parameter (�) distributions of all three samples

Including flavour specific decays:

On the fly calibration of many of the
tagging parameters

Determination of time integrated CP
asymmetries

Disentangling of B production asymmetries
and direct CP asymmetries

Time dependent CP violation @ LHCb 10/16
18
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Measurement strategy [arXiv:1805.06759]

• Simultaneous fit to all modes: m(h+h−), decay time,

per-event decay time uncertainty and tagging parameters η

• Fit measures asymmetries directly

Analysis of B0
q ! h+h- (3 fb-1) Phys. Rev. D 98 (2018) 032004

Analysis strategy:

Simultaneous fit to three samples:

K-K+(for B0
s ! K-K+), ⇡+⇡-(for B0 ! ⇡+⇡-) and K±⇡⌥(for B0 ! K+⇡-, B0

s ! K-⇡+)
Fitting m(h+h-), decay time, per event decay time uncertainty, and tagging
parameter (⌘) distributions of all three samples

Including flavour specific decays:

On the fly calibration of many of the
tagging parameters

Determination of time integrated CP
asymmetries

Disentangling of B production asymmetries
and direct CP asymmetries

Time dependent CP violation @ LHCb 10/16
19



3 fb−1 results [arXiv:1805.06759]

• Clear time-dependence in B0 → π+π− and B0
s → K+K−

• 4σ significance for TD CP violation in the B0
s system

Analysis of B0
q ! h+h- (3 fb-1) Phys. Rev. D 98 (2018) 032004

Nice visualization of the results: Projections of the time dependent asymmetry

ACP (t) =
�B 0

q!f (t) - �B0
q !f (t)

�B 0
q!f (t) + �B0

q !f (t)
=

-Cf cos(�mqt) + Sf sin(�mqt)

cosh(
��q
2 t) + A��

f sinh(
��q
2 t)

C⇡+⇡- =-0.34 ± 0.06 ± 0.01

S⇡+⇡- =-0.63 ± 0.05 ± 0.01

CK+K- = 0.20 ± 0.06 ± 0.02

SK+K- = 0.18 ± 0.06 ± 0.02

A��
K+K- =-0.79 ± 0.07 ± 0.10

AB0!K+⇡-

CP =-0.084 ± 0.004 ± 0.003

AB0
s !K-⇡+

CP = 0.213 ± 0.015 ± 0.007
4� significance for TD CPV in B0

s system!
Time dependent CP violation @ LHCb 11/16

Cπ+π− = −0.34± 0.06± 0.01

Sπ+π− = −0.63± 0.05± 0.01

CK+K− = +0.20± 0.06± 0.02

SK+K− = +0.18± 0.06± 0.02

A∆Γ
K+K− = −0.79± 0.07± 0.10

AK
+π−

CP = −0.084± 0.004± 0.003

AK
−π+

CP = +0.213± 0.015± 0.007
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Measuring the fundamental CKM angles

• CP violation in SM embodied by Unitarity Triangle

• Total CP violation ∝ Area

• B0
(s) decays constrain β and the hypotenuse

• But they involve loop-level diagrams, and so could contain

New Physics
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What about γ?

γ = arg
[
−VudV

∗
ub

VcdV ∗
cb

]

�

↵

�

����
V ⇤

ubVud

V ⇤
cbVcd

����

����
V ⇤

tbVtd

V ⇤
cbVcd

����

0 1 ⇢̄

⌘̄

• No top quark in the definition of γ

• Can measure pure SM γ with tree level decays

• Look for direct CP violation by comparing Vub and Vcb
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Measuring γ with B− → DK− decays

• D = D0 or D̄0 decaying to the same final state

• There are two competing diagrams
• One suppressed by a factor rB

• B± diagrams have a relative phase θ = δB±γ

γ at LHCb with B± à DK± decays
• Central LHCb physics objective  :   degree level precision in γ
• Appears as weak phase between  b à u  and  b à c  transitions

• Measure γ at tree level with                         decays  (                       )
• Interference between                  and                   gives γ sensitivity
• Charged B decay – only direct CP violation possible

14

B± ! DK± D = D0, D̄0

D0 ! X D̄0 ! X

1.6 Extracting the Angle γ from B± → D0K± 15
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ū

s

c̄

uVub ∼ e−iγ
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Figure 1.3: Feynman diagrams of the decays (a) B− → D0K− and (b) B− → D̄0K−.
There is a relative phase, δB − γ, and magnitude ratio, rB, between the corresponding
amplitudes. Diagram (a) is referred to as colour favoured whilst diagram (b) is referred
to as colour suppressed.

where AD and ĀD represent the amplitudes for the D0 and D̄0 decays, respectively. Due

to the colour suppression within the B− → D̄0K− and B+ → D0K− decays, rB is small.

The current world average from published measurements is rB = 0.103+0.017
−0.023 [C+05].

Consequently, the interference effects tend to be small. The value of the strong phase

difference is δB = (135 ± 26)◦ [A+08b]. A variety of strategies exist which exploit

the B → DK interference mechanism to extract γ. These strategies can be grouped

according to the choice of final state, fD. Before discussing the methods relevant to

this thesis, a description of the origin of strong phases is given.

1.6.1 Origin of CP Invariant Phases

CP invariant or ‘strong’ phases are integral to the B → DK formalism. Their origin

lies in the processes referred to as final state-interactions (FSI). These processes allow

various final states of the weak decay to scatter elastically or inelastically via non-weak

interactions. For a channel i → f , the total amplitude includes contributions from pro-

cesses i → f ′ → f , where the decay i → f ′ is weak, and the state f ′ subsequently

scatters into f via the strong (or electromagnetic) interaction. So, while a possible

CP-violating phase is associated with the weak decay i → f ′, the CP-invariant phase

arises in the f ′ → f scattering and is dominated by the strong interaction.

The sub-processes B → DK and D → fD are examples of the channel i → f

discussed above. Consequently, both sub-processes have associated strong phases that

we label as δB and δD, respectively. A special case worth mentioning is the decay to a

CP-eigenstate, such as D → K+K−. From the CP convention used to define Eq. (1.5),

it is trival to conclude that the associated CP invariant phase for CP-even(CP-odd)

final states is zero(π).
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amplitudes. Diagram (a) is referred to as colour favoured whilst diagram (b) is referred
to as colour suppressed.

where AD and ĀD represent the amplitudes for the D0 and D̄0 decays, respectively. Due

to the colour suppression within the B− → D̄0K− and B+ → D0K− decays, rB is small.

The current world average from published measurements is rB = 0.103+0.017
−0.023 [C+05].

Consequently, the interference effects tend to be small. The value of the strong phase

difference is δB = (135 ± 26)◦ [A+08b]. A variety of strategies exist which exploit

the B → DK interference mechanism to extract γ. These strategies can be grouped

according to the choice of final state, fD. Before discussing the methods relevant to

this thesis, a description of the origin of strong phases is given.

1.6.1 Origin of CP Invariant Phases

CP invariant or ‘strong’ phases are integral to the B → DK formalism. Their origin

lies in the processes referred to as final state-interactions (FSI). These processes allow

various final states of the weak decay to scatter elastically or inelastically via non-weak

interactions. For a channel i → f , the total amplitude includes contributions from pro-

cesses i → f ′ → f , where the decay i → f ′ is weak, and the state f ′ subsequently

scatters into f via the strong (or electromagnetic) interaction. So, while a possible

CP-violating phase is associated with the weak decay i → f ′, the CP-invariant phase

arises in the f ′ → f scattering and is dominated by the strong interaction.

The sub-processes B → DK and D → fD are examples of the channel i → f

discussed above. Consequently, both sub-processes have associated strong phases that

we label as δB and δD, respectively. A special case worth mentioning is the decay to a

CP-eigenstate, such as D → K+K−. From the CP convention used to define Eq. (1.5),

it is trival to conclude that the associated CP invariant phase for CP-even(CP-odd)

final states is zero(π).

B�

K�

D̄0

Favoured  b à c Suppressed  b à u

rB =
|A(SUP )|
|A(FAV )|

�B = �SUP � �FAV

Vub

Vcb

A ⇠ 1 A ⇠ rBei✓
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D → Ksh
+h−: one of many D final states

• Measuring B± → DK± rates across several different D

modes places strong constraints on γ

• Different rB and δB values, but γ is shared

• D → Ksh
+h− particularly powerful
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[arXiv:1806.01202]
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B± → DK± with D → Ksπ
+π− [arXiv:1806.01202]

• B+ → DK+ and B− → DK− yields measured in Dalitz bins

• D decay hadronic parameters vary across bins - control using

CLEO-c input [PRD 82:112006]
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Binned B± yields combine to

form x± and y± observables:

x± = rB cos (δB±γ)

y± = rB sin (δB±γ)
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2 fb−1 results (2015-2016 data) [arXiv:1806.01202]

• Angle between blobs gives you γ

• Uncertainties have halved compared to Run 1 only result

0.1 0.1
x±

0.1

0.1

y
±

γ γ

LHCb
B−

B+

Run 1 + 2 (5 fb−1) results
combined:

γ = (80+10
−9 )◦

rB = 0.080+0.011
−0.011

δB = (110+10
−10)◦
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Can γ hint at New Physics? [HFLAV Moriond 2018]

• SM γ from tree-level B± → DK±

• LHCb dominates the world-average [LHCb-CONF-2018-002]

• Can infer γ from knowledge of β e.t.c from loop-level B0
(s)

• Loop decays are NP sensitive - could cause a shift in γ

compared to SM...
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95.5%
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Moriond 2018

γtrees = (73.5+4.2
−5.1)

◦

γloops = (65.3+1.0
−3.4)

◦
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γ inferred from loops
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SM γ from trees
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LHCb Upgrade I target precision
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Let’s not forget charm!

• CP violation requires interference

• Mixing: very small D0 mixing amplitude (x & y < 1%)

• Decay: tree-level D decays have same CKM elements
• Only suppressed c→ d will interfere with c→ u loops

• aCP predicted to be O(10−3) in SM [PLB 774 (2017)]
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D → K+K−π+π− amplitude analysis [arXiv:1811.08304]

• Rich resonant structure in D0 → K+K−π+π−

• Strong phase varies across phase space: may enhance CP

violation sensitivity in some regions

• Amplitude fit to 5D phase space, fully allowing for CP

violation

]2c) [MeV/−π+π−K+K(m
1820 1840 1860 1880 1900 1920

 )
 

2 c
C

an
di

da
te

s 
/ (

 1
 M

eV
/

0

2000

4000

6000

8000

10000

12000

14000

16000 data

total fit

signal model

background model

signal region

sidebands

Pu
ll

-3
 0
 3

LHCb

33



3 fb−1 results [arXiv:1811.08304]

• Allow for asymmetries in amplitude coefficients, and

differences in phase

• All consistent with zero within 1− 15% uncertainty
• no evidence of large CP violation
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D0 decay width differences [arXiv:1810.06874]

• Mixing: |D1,2〉 = p|D0〉 ± q|D̄0〉

• Without CP violation (p = q), mass eigenstate width

difference is

y = (Γ1−Γ2)
2Γ

• Because of mixing, the width to CP -even decays

(K+K−, π+π−) can differ from the average Γ

yCP = ΓCP+

Γ − 1
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3 fb−1 results [arXiv:1810.06874]

• Without any CP violation, yCP ≡ y
• p 6= q can move yCP away from well-known y value

• Measure yCP from width ratios Γ(D0→h+h−)
Γ(D0→K−π+)
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consistent, and yCP combination

agrees with world average y:

yCP = (0.57± 0.13± 0.10)%

y = (0.62± 0.07)% [HFLAV]
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Summary

• LHCb continues to operate at the CP violation frontier

• World-best results across beauty and charm, both

time-dependent and time-integrated

• Expect reduction in φs, γ, yCP uncertainties as Run 1 + 2

measurements continue to appear

• Stay tuned for more results soon, and keep an eye on our

Upgrade plans (Olaf’s talk this afternoon)
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