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I. Three ways of CPV

II. Selected CPV results from LHCb:

▸ 𝒔𝒊𝒏𝟐𝜷 in 𝑩𝟎 → Τ𝑱 𝝍 𝑲𝑺
𝟎

▸ CPV in decays (direct) via 𝑩 → 𝒉𝒉, 𝒉𝒉𝒉

▸ CKM 𝜸 angle with 𝑩 → 𝑫𝑲

▸ search for CPV in charm

III. Prospects for measurements in Run II

IV. Summary
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See also other talks @ this conference:

• Past present and future of the LHCb detector

• LHCb measurements at 13 TeV

• Highlights of LHCb measurement in rare decays 
with Run1 data

• Determination of CP-violating phase 𝜙𝑆 in 𝐵𝑆
0 →

Τ𝐽 𝜓 𝜙 decay



CP Violation in SM  
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 Within the framework of the Standard Model CP Violation effects 
arise from  the CKM matrix parameters.  

 The predicted CP asymmetry in the SM is not sufficient to explain the 
baryon dominance in the Universe.

 New Physics CPV effects would be  warmly  welcomed.
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mass 
eigenstates

weak
eigenstates

 Four free parameters to (over-)constrain

 So let’s measure (very precisely) CPV in the SM 
and try to see if any differerences emerge.



The unitary triangle
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 We assume the CKM matrix is unitary.

 The unitary condition can be represented in a complex 
plane as  unitary triangles.

 Among them there is one of a special meaning: 

 Experimentally the observation of CPV effects involve 
measuring  the sides and angles of the UT

𝑽𝒖𝒅𝑽𝒖𝒃
∗ + 𝑽𝒄𝒅𝑽𝒄𝒃

∗ + 𝑽𝒕𝒅𝑽𝒕𝒃
∗ = 𝟎

𝑏 → 𝑢 transitions 
𝑽𝒖𝒃 𝒆

−𝒊𝜸
𝐵0 mixing
𝑽𝒕𝒅 𝒆

−𝒊𝜷



Three types of CP Violation
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Where do we hope to find CP Violation effects?  

@

two amplitudes 
with  different 
phases interfere

𝒇𝑩𝟎 𝑩𝟎

𝑃 𝐵0 → ത𝐵0

≠ 𝑃 ത𝐵0 → 𝐵0

𝑩𝟎 𝑩𝟎

𝑩𝟎

𝑩𝟎

𝒇

Whenever a quark’s flavour change occurs! 

Excellent  performance:

3 fb-1 accumulated in RUN I
Excellent Decay time resolution ~50𝑓𝑠
Precise tracking: δp/p~0.4 − 0.6%
Particle identification 2 − 100 𝐺𝑒𝑉/𝑐

Let’s see how
it’s going… 



sin 2β measurement strategy

08.01.2016    XXII Epiphany Conference A.Obłąkowska-Mucha (AGH UST Kraków)  6

𝑩𝟎 → Τ𝑱 𝝍 𝑲𝑺
𝟎

𝛽 = arg −
𝑉𝑡𝑑𝑉𝑡𝑏

∗

𝑉𝑢𝑑𝑉𝑢𝑏
∗

 The first observation made by BaBar and Belle in 2001.

𝒇𝑩𝟎

𝑩𝟎

mixing

 The sensitivity to angle 𝛽 comes from the 𝑩𝟎 ↔ ഥ𝑩0 mixing:

 CPV in interference between direct decays 𝑩𝟎 → 𝒇 and decays after mixing, 𝑩𝟎 → ഥ𝑩0 → 𝒇

 The decay width are sensitive to 𝜙 = 𝜙𝑀 − 2𝜙𝐷𝑒𝑐

Γ 𝐵 → Τ𝐽 𝜓 𝐾𝑆 = 𝐴𝑒−𝑖𝑚𝑡−Γ𝑡 cos
Δ𝑚𝑡

2
+ 𝑒−𝑖𝜙 sin

Δ𝑚𝑡

2

2

𝜙 = 2𝛽

𝑑

ത𝑏
𝑩𝟎

ҧ𝑑

𝑏

ഥ𝑩0
ҧ𝑐

𝑠

ҧ𝑑

𝑐
Τ𝑱 𝝍

𝑲𝑺
𝟎

𝑡 𝑡

𝑒−𝑖𝜙

𝜙𝐷𝑒𝑐

−𝜙𝐷𝑒𝑐
𝜙𝑀

𝟐𝜷



sin 2β - the results
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𝑺 = 𝟎. 𝟕𝟑𝟏 ± 𝟎. 𝟎𝟑𝟓 𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟐𝟎 𝒔𝒚𝒔𝒕

𝑨𝑪𝑷 𝒕 = 𝑺 𝒔𝒊𝒏 𝜟𝒎𝒕

𝐴𝐶𝑃 𝑡 =
𝛤 𝐵 → Τ𝐽 𝜓 𝐾𝑆 − 𝛤 ത𝐵 → Τ𝐽 𝜓 𝐾𝑆

𝛤 𝐵 → Τ𝐽 𝜓 𝐾𝑆 + 𝛤 ത𝐵 → Τ𝐽 𝜓 𝐾𝑆
=

−sin 2𝜷 sin 𝛥𝑚𝑡

𝑺 = 𝒔𝒊𝒏 𝟐𝜷

 Time dependent assymmetry (relies strongly on flavour tagging)

 114 000 signal candidates (41 000 tagged)

 need a handle on penguin pollution 𝑠𝑖𝑛 2𝛽 → 𝑠𝑖𝑛(2𝛽 + 𝜙𝑁𝑃)

Phys.Rev.Lett. 115 (2015) 031601 

new result from ℒ = 3𝑓𝑏−1

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601


sin 2β summary of the results
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The values are consistent with the current world 
averages and with the Standard Model expectations.

The most precise time-dependent CP violation 
measurement at hadron colliders.

The precision is competitive with B-factories

𝑩𝟎 → Τ𝑱 𝝍 𝑲𝑺
𝟎 is a „golden mode” for CP violation in 𝑩𝟎 meson system.

The world average is:

The SM expectation:

𝐬𝐢𝐧 𝟐𝜷 = 𝟎. 𝟔𝟖𝟐 ± 𝟎. 𝟎𝟏𝟗

𝐬𝐢𝐧𝟐𝜷 𝑺𝑴 = 𝟎. 𝟕𝟕𝟏 −𝟎.𝟎𝟒𝟏
+𝟎.𝟎𝟏𝟕

Phys.Rev.Lett. 115 (2015) 031601 

𝑺 = 𝟎. 𝟕𝟑𝟏 ± 𝟎. 𝟎𝟑𝟓 𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟐𝟎 𝒔𝒚𝒔𝒕

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601


Direct CPV in 𝐵𝑆 → 𝐾𝜋
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 Direct CPV requires the existence of (at least two) amplitudes 
with different both weak and strong phases.

 Large asymmetries are expected in the interferences between 
trees and  penguin diagrams.

 First direct CPV in beauty sector: 

2004 𝐵0 → 𝐾+𝜋− Belle & BaBar

2013 𝐵𝑆
0 → 𝐾−𝜋+ LHCb

PRL 110 (2013) 221601

ത𝑏

𝑑, 𝑠
𝐵𝑑,𝑠
0

𝑊+

ത𝑢

𝑑, 𝑠

𝑢
ҧ𝑑

ത𝑏

𝑑, 𝑠
𝐵𝑑,𝑠
0

𝑊+

ത𝑢
𝑑, 𝑠

ҧ𝑑
𝑢

𝜋+

𝜋−, 𝐾−

𝜋−, 𝐾−

𝜋+Direct (time integrated) CP asymmetry:

 available with flavour tagging – opposide side, same-side pion (new),
 with the determination of production and detection asymmetry

𝐴𝐶𝑃 =
𝛤 ത𝐵 → 𝐾+𝜋− − 𝛤 𝐵 → 𝐾−𝜋+

𝛤 ത𝐵 → 𝐾+𝜋− + 𝛤 𝐵 → 𝐾−𝜋+

Phys.Rev.Lett. 87 (2001) 0091801

Phys.Rev.Lett. 87 (2001) 0091802

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.22160


Direct CPV in 𝐵𝑆 → 𝐾𝜋 – the results
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PRL 110 (2013) 221601

𝑨(𝑩𝟎 → 𝑲+𝝅−) = −𝟖. 𝟎 ± 𝟎. 𝟕 ± 𝟎. 𝟑 %

Consistent with  SM

𝑩𝟎 ഥ𝑩𝟎

𝑩𝑺
𝟎ഥ𝑩𝑺

𝟎

• This is the most precise measurement to date:

significance 10.5 𝜎.

 First observation of direct CPV in 𝑩𝑺
𝟎 meson:

with significance 6.5 𝜎

𝑨(𝑩𝑺
𝟎 → 𝑲−𝝅+) = 𝟐𝟕 ± 𝟒 ± 𝟏%

𝑩𝑺
𝟎 → 𝑲−𝝅+

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.221601


Direct CP violation in  𝐵± → ℎ±ℎ+ℎ−
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Phys.Rev.D90(2014)112004

𝑩+ → 𝒉−𝒉+𝒉+𝑩− → 𝒉−𝒉+𝒉− CP

 Inclusive charge asymmetries and CP asymm. in the regions of 
phase space

 Rich resonance structure, variety of strong phases,

 CP asymmetries ∝ weak and strong phase differences (Dalitz
plots)

 Large asymmetries in low mass  𝐾𝐾 and 𝜋𝜋 region (final 
state rescattering?) , the CP asymmetries are positive for pions, 
negative for kaons

𝐴𝐶𝑃 𝐵± → 𝐾±𝐾+𝐾− = −0.036 ± 0.004 ± 0.002 ± 0.007 4.3 𝜎

𝐴𝐶𝑃 𝐵± → 𝜋±𝐾+𝐾− = −0.123 ± 0.017 ± 0.012 ± 0.007 5.6 𝜎

𝐴𝐶𝑃 𝐵± → 𝐾±𝜋+𝜋− = +0.025 ± 0.004 ± 0.004 ± 0.007 2.8 𝜎

𝐴𝐶𝑃 𝐵± → 𝜋±𝜋+𝜋− = +0.058 ± 0.008 ± 0.009 ± 0.007 4.2 𝜎

http://inspirehep.net/record/1311994?ln=pl
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CKM 𝛾 angle

1. The  𝜸 angle is the only one that can be determined from tree only 
processes, no loop diagrams, no  New Physics

2. The weak phase 𝜸 can be measured in the interference of 𝑏 → 𝑐 and 𝑏 → 𝑢
decays.  

3. Theoretically clean: 𝛿𝛾/𝛾 ≤ 𝒪 10−7

𝜸 ≡ 𝐚𝐫𝐠 −
𝑽𝒖𝒅𝑽𝒖𝒃

∗

𝑽𝒄𝒅𝑽𝒄𝒃
∗

trees - direct

4. So far has the worst precision:

a) direct measurements: 

• BaBar: 𝛾 = 69 ± 17 °, 

• Belle: 𝛾 = 68 ± 15 °

b) indirect measurements (dominated by loops): 
66.9−3.7

+1.0 °

5. CKM fitter 2015: 𝛾 = 73.2−7.0
+6.3 °



𝛾 combination in LHCb 
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mixture of ℒ = 3𝑓𝑏−1 and ℒ = 1𝑓𝑏−1 measurements

LHCb-CONF-2014-004

6. Direct, time integrated measurements: 𝑩±𝟎 → 𝑫𝟎𝑲±∗𝟎

7. Mixing induced, time dependent analysis: 𝑩𝑺
𝟎 → 𝑫𝑺

∓𝑲±

𝜸 = 𝟕𝟐. 𝟗−𝟗.𝟗
+𝟗.𝟐 °

𝒇𝑩𝟎

𝑩𝟎

The 2014 combination for 𝛾 measurement (LHCb-CONF-2014-004)

https://cds.cern.ch/record/1755256


CKM 𝛾 angle from 𝐵± → 𝐷𝐾±
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𝑩±𝟎 → 𝑫𝟎𝑲±∗𝟎

3. Hadronic unknows: 𝒓𝑩 and 𝜹𝑩

4. Different experimental techniques (GLW, ADS, GGSZ).

5. Plenty (>16) of final states :

 𝐷 → 𝐶𝑃 eigenstates: 𝐾+𝐾−, 𝜋+𝜋−, 𝐾+𝐾−𝜋0, 𝜋+𝜋−𝜋0

 𝐷 → 𝐶𝑃 flavour specific: 𝐾+𝜋−, 𝐾+𝜋−𝜋+𝜋−, 𝐾𝑆𝐾
+𝜋−

 𝐷 →3 body self-conjugated: 𝐾𝑆𝜋
+𝜋−, 𝐾𝑆𝐾

+𝐾−

𝑏

ത𝑢𝑩−

𝑠
ത𝑢 𝑲−

𝑐
ത𝑢 𝑫𝟎

𝑏
ത𝑢𝑩−

𝑠
ത𝑢 𝑲−

𝑢
ҧ𝑐 ഥ𝑫𝟎𝑉𝑢𝑏𝑒

−𝑖𝛾

𝒇

𝑨 𝑩− → 𝑲− 𝒇 ~𝑨 𝑫 → 𝒇 + 𝒓𝑩𝒆
𝒊(𝜹𝑩−𝜸)𝑨 ഥ𝑫 → 𝒇

𝒓𝑩𝒆
𝒊𝜹𝑩 =

𝑨 𝑩− → ഥ𝑫𝑲−

𝑨 𝑩− → 𝑫𝑲−

1. Sensitive to the 𝜸 when 𝐷0 and 𝐷0 decay to the same final 
state.

2. The interference of these two amplitudes depends on their
relative magnitudes - one of them is usually suppressed.

𝑨𝑪𝑷 =
𝜞 𝑩− → 𝑫𝟎𝑲− − 𝜞 𝑩+ → 𝑫𝟎𝑲+

𝜞 𝑩− → 𝑫𝟎𝑲− + 𝜞 𝑩+ → 𝑫𝟎𝑲+ ∝ 𝐬𝐢𝐧𝜸

new!
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CKM 𝛾 angle from multibody final states Phys.Rev. D91 (2015) 112014

ADS-like

𝑫𝟎 → 𝝅+𝝅−𝝅𝟎

𝑫𝟎 → 𝑲+𝑲−𝝅𝟎

GLW-like

𝑩 → 𝑫𝑲

𝑩 → 𝑫𝝅

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.112014


08.01.2016    XXII Epiphany Conference A.Obłąkowska-Mucha (AGH UST Kraków)  16

CKM 𝛾 angle from 𝐵± → 𝐷𝐾±
Phys.Rev. D91 (2015) 112014

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.112014
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CKM 𝛾 angle from 𝐵± → 𝐷ℎ±𝜋𝜋 Phys. Rev. D 92, 112005 (2015)

𝑩− → 𝑫𝑲−𝝅+𝝅− 𝑩− → 𝑫𝝅−𝝅+𝝅−

suppressed favoured

𝐷 → 𝐾+𝐾−, 𝜋+𝜋−, 𝐾±𝜋∓

𝐷 → 𝐾+𝜋− is doubly suppressed

𝜸 = 𝟕𝟒−𝟏𝟗
+𝟐𝟎 °

 Inclusive analysis of the process: 𝑩± → 𝑫𝑿𝑺
− , where 𝑋𝑆

− = 𝐾−𝜋+𝜋− and 

𝜸 is mainly constrained by the 
suppressed modes

first measurement with these modes

http://arxiv.org/abs/1505.07044
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III CKM 𝛾 angle from 𝐵𝑆
0 → 𝐷𝑆

∓𝐾±

Time dependent𝑩𝑺
𝟎 → 𝑫𝑺

∓𝑲±

1. The interference between mixing and direct decay, large effect because 
decays are not colour suppressed,

2. Sensitive to 𝜸 + 𝝓𝒔 , strong phase 𝜹,

3. Need to measure 4 time dependent decay rates

𝑩𝑺
𝟎

𝑩𝑺
𝟎

−𝟐𝜷𝑺
𝜸

𝑫𝑺
∓𝑲±

JHEP 11 (2014) 060

Γ𝐵𝑠0→𝑓 𝑡

= 𝐴𝑓
2
1 + 𝜆𝑓

2 𝑒−Γ𝑠𝑡

2
∙ cosh

∆Γ𝑠𝑡

2
+ 𝑫𝒇 sinh

∆Γ𝑠𝑡

2
+ 𝐶𝑓 cos∆𝑚𝑠𝑡 − 𝑺𝒇 sin ∆𝑚𝑠𝑡

𝑫𝒇 ∝ 𝒄𝒐𝒔 𝜹 − 𝜸 − 𝟐𝜷𝑺 𝑺𝒇 ∝ 𝒔𝒊𝒏 𝜹 − 𝜸 − 𝟐𝜷𝑺

𝜸 = 𝟏𝟏𝟓−𝟒𝟑
+𝟐𝟖 °First measurement with this 

technique, 1fb-1

ҧ𝑠

𝑏
ത𝐵𝑠
0

𝑊−

𝑢

𝑠

ҧ𝑐

ҧ𝑠

𝐷𝑠
−

𝐾+

http://arxiv.org/abs/1407.6127


Search for CPV in charm
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In the Standard Model:

 expected CPV in charm sector is small ≤ 𝟏𝟎−𝟑

 New Physics contributions enhance CPV up to 𝟏𝟎−𝟐

LHCb measurement of  the 𝑨𝜞 asymmetry from 𝑫𝟎 → 𝑲+𝑲−, 𝑫𝟎 → 𝝅+𝝅−:

in the mixing         in the decay amplitudes

The asymmetry of the decay frequencies of 𝑫𝟎 and ഥ𝑫𝟎 to CP- eigenstates 𝑫𝟎 → 𝑲+𝑲−, 𝑫𝟎 → 𝝅+𝝅−
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𝑨𝜞 is a measure of indirect CPV, since the contribution from direct CPV is considered as very small.

JHEP 04 (2015) 043, 3 fb-1

𝑩𝟎 → 𝑫𝟎𝝁−𝑿 and 𝑩𝟎 → ഥ𝑫𝟎𝝁−𝑿

𝑨𝜞 𝝅+𝝅− = −𝟎. 𝟎𝟗𝟐 ± 𝟎. 𝟏𝟒𝟓−𝟎.𝟎𝟑𝟑
+𝟎.𝟎𝟐𝟓 %

𝑨𝜞 𝑲+𝑲− = −𝟎. 𝟏𝟑𝟒 ± 𝟎. 𝟎𝟕𝟕−𝟎.𝟎𝟑𝟒
+𝟎.𝟎𝟐𝟔 %

No evidence for indirect CPV in charm within 1 per mil.

2.3 M events of 𝑲+𝑲−

𝐴Γ asymmetry



Prospects for 𝛾 in Run II
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1. What are the requirements for better precision for the 𝜸
angle?

the theoretical predictions are of order of 10-7 (no 
penguins), so the only quest is to obtain:
 more data,
 more signal events to perform time dependent analysis 

of more challenging channels as 𝑩𝑺
𝟎 → 𝑫𝑺

∓∗𝑲±∗

 more signal in suppressed modes,
 less background,
 no loss in tracking performance & vertex resolution.

We expect close to 10 fb-1 of data  Run II 
(2016-18)
The precision for 𝜸 of the order of 𝜎(𝜸)~4°

2. The higher energy @ Run II means 2x higher bb cross-
section

3. During Run II LHCb detector will benefit from novel 
approach to trigger performance.

4. The trigger is optimized to reconstruct charm events with 
greater efficiency .

10 fb-1

50 fb-1



The TURBO stream power
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Plots obtained directly after the HLT

This idea is quite amazing!

1. Let’s save only the trigger level objects that caused it to „fire”
 Tracks and vertices
 No raw data is stored for the TURBO

Background almost non existent

The number of events much higher
that in RUN I

2. Huge gain
 The event size is much smaller
 No reprocessing
 Analysis much faster

Used for high yield exclusive modes (charm)



Summary
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1. LHCb is the experiment to study CP Violation.

2. After three years of data taking in data with B decays:

a) weak phases:

𝐬𝐢𝐧 𝟐𝜷 = 𝟎. 𝟕𝟑𝟏 ± 𝟎. 𝟎𝟑𝟓 𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟐𝟎 𝒔𝒚𝒔𝒕

𝜸 obtained with variety of methods in 𝑩 → 𝑫𝑲 decays, 

b) Direct CP Violation observed in 𝐵 → ℎ+ℎ−(ℎ−) -

3. LHCb managed to achieve  precision comparable with or better than
B factories in 𝜷 and made a great progress in the 𝜸 angle 
measurement


