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CP violation
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 Standard Model (SM) works beautifully up to few hundred GeV, must be an 
effective theory valid up to some scale

 Sources of CP violation: 
• Beyond the standard model (BSM) are needed to explain the large 

matter/antimatter asymmetry observed in the universe 

Most BSM physics models predict additional heavy particles:
• Enter in internal loops (Box and Penguin diagrams)

• Lead to sizeable modification of observables such as CP violating phases 

 Precise measurements of CP observables, compared with SM can probe the 
presence of BSM physics



Paths to new Physics at LHC
Direct search 

The “relativistic” way

Indirect search (Flavour physics)

The “quantum” way
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Masses and production cross section 
limited by collision energy

Sensitive to much higher mass scales O(10 - 100TeV)
CP violation measurements!



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

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

Why B decays?
• Measurements overconstrain the SM picture of CPV

• Larger angles, similar size sides 𝑽𝒖𝒅𝑽𝒖𝒅
∗ + 𝑽𝒄𝒅𝑽𝒄𝒅

∗ + 𝑽𝒕𝒅𝑽𝒕𝒅
∗ = 𝟎



CP violation phenomenology
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 CPV in decays:
• Need CP invariant (strong) phase 𝜹 and CPV (weak) phase 𝝓

• Example: 𝑩± → 𝑱/𝝍𝑲±

 CPV in mixing:
• Mass eigenstates vs flavour eigenstates:

• Example: lepton charge asym in 𝑩𝒔
𝟎 → 𝑫𝒔

∓𝝁±𝝂𝝁𝑿 decays

 CPV in interference between mixing and decay: 
• Neutral meson decaying

• 𝑺𝒇: interference between mixing and decay

• 𝑪𝒇: direct CPV

• Example: 𝝓𝒔



LHCb detector
LHCb is a forward spectrometer 
initially designed for 𝒃 , 𝒄 physics

Unique acceptance: 𝟐 < 𝜼 < 𝟓

Momentum resolution: 
0.4% at 5 GeV, 0.6% at 100 GeV

Excellent track and vertex 
reconstruction 

Good PID separation 

Flexible trigger
trigger low momentum objects
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Measuring B meson
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Typical requirements:

 Excellent decay time resolution (~ 45 fs @LHCb)
 Modelling decay time efficiency 
 Production and detection asymmetry
 Tagging of meson flavour@ production

Tagging power:

 ~ 4% LHCb (𝑱/𝝍 modes)
 ~ 8% LHCb (open charm modes)



 𝜸 = −𝐚𝐫𝐠(𝑽𝒖𝒅𝑽𝒖𝒃
∗ /𝑽𝒄𝒅𝑽𝒄𝒃

∗ )
 𝜸 is still the least known angle of the Unitarity Triangle 

 Only CP-violating parameter that can be measured from tree-level decays

 Theoretically clean: |𝜹𝜸 ≤ 𝑶(𝟏𝟎−𝟕)|

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 ≈ 𝟏𝟎−𝟕),
interference between favoured and 
suppressed decays is small



Experimental challenge: 𝝅𝟎, 𝜸
reconstruction at LHCb these 
particles are ignored in the analysis

Uses 5 fb-1 (Run 1 + Run 2) 

For the first time, part-reco approach 
used.

CP observables in 𝑩± → 𝑫(∗)𝑲± and 𝑩± → 𝑫(∗)𝝅±
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Partially reconstructed 
𝑫∗𝟎 → 𝑫𝟎𝝅𝟎, 𝑫𝟎𝜸

PLB 777 (2018) 16-30

4.3 𝝈

2.4 𝝈

https://arxiv.org/abs/1708.06370


Uses 2- and 4-body 𝑫𝟎 decay modes 
(+Run2 data)

Constraint 𝒓𝑩, 𝜹𝑩 and 𝜸 from the 
measurement of ratio of rates and CP 
asymmetries 

Results in 2-body modes consistent 
and more precise than Babar

CP observables in 𝑩± → 𝑫𝑲∗±
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LHCb-PAPER-2017-030
Submitted to JHEP

4.3σ evidence of suppressed ADS mode

https://arxiv.org/abs/1709.05855


 Use several 𝑩 → 𝑫𝑲 measurements (85 observables, 37 parameters)

𝜸 LHCb combination
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CKM indirect constraint: (𝟔𝟓. 𝟑−𝟐.𝟓
+𝟏.𝟎)𝒐

LHCb combination: (𝟕𝟔. 𝟖−𝟓.𝟕
+𝟓.𝟏)𝒐 LHCb can reach 𝟒𝒐 end of Run II and better than 𝟎. 𝟒𝒐

precision with phase-2 upgrade. CERN-LHCC-2017-003 (2017)

LHCb-CONF-2017-004

Followed the same strategy as previous LHCb
combination: JHEP 12 (2016) 087

https://cds.cern.ch/record/2244311
https://cds.cern.ch/record/2275866


 𝜷 = −𝒂𝒓𝒈(𝑽𝒄𝒅𝑽𝒄𝒃
∗ /𝑽𝒕𝒅𝑽𝒕𝒃

∗ ) : ~𝟐𝟐𝒐 (indirect determination in SM)

• Interference between mixing and decay in 𝑩𝟎 → (𝒄 𝒄)𝑲𝒔 is sensitive to 𝜷

 The B-factories still dominate the world average
• 𝜷 = (𝟐𝟏. 𝟗 ± 𝟎. 𝟕)𝒐 [HFLAV]

• LHCb Run 1 results close to it

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

Determination of 𝜷
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http://www.slac.stanford.edu/xorg/hflav/triangle/summer2017/index.shtml#sin2b


 Additional channels from Run 1 data

𝐬𝐢𝐧(𝟐𝜷) from 𝑩𝟎 → (𝒄 𝒄)𝑲𝒔
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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)

https://arxiv.org/abs/1709.03944
https://arxiv.org/abs/1503.07089


 𝜷𝑺 = −𝐚𝐫𝐠(𝑽𝒄𝒔𝑽𝒄𝒃
∗ /𝑽𝒕𝒔𝑽𝒕𝒃

∗ ) : SM prediction 𝝓𝒔 = −𝟐𝜷𝒔 = −𝟑𝟔. 𝟓−𝟏.𝟐
+𝟏.𝟑 mrad

• 𝑩𝑺 → 𝑱/𝝍𝝓 is  a golden channel for measure 𝜷𝑺

• Additional sensitivity comes from other 𝒃 → 𝒄 𝒄𝒔 transitions 

• Tevatron results have been improved by > 10 by LHC

 LHCb: 
• 𝐽/𝜓𝜙 :    PRL 114, 041801 (2015)

• 𝐽/𝜓𝐾𝐾:  JHEP 08 (2017) 037

• 𝐽/𝜓𝜋𝜋:   PLB 736 (2014) 186

• 𝜓(2𝑆)𝜙: PLB 762 (2016) 253-262

• 𝐷𝑆
+𝐷𝑆

−:    PRL 113, 211801 (2014)

 CMS:     𝐽/𝜓𝜙 PLB 757 (2016) 97

 ATLAS: 𝐽/𝜓𝜙 : JHEP 08 (2016) 147

CP violation in the 𝑩𝒔 system
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𝝓𝒔 measurements from LHC
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𝝓𝒔 = −𝟎. 𝟎𝟗𝟎 ± 𝟎. 𝟎𝟕𝟖 ± 𝟎. 𝟎𝟒𝟏

ATLAS JHEP 1608 (2016) 147 CMS PLB 757 (2016) 97

𝝓𝒔 = −𝟎. 𝟎𝟕𝟓 ± 𝟎. 𝟎𝟗𝟕 ± 𝟎. 𝟎𝟑𝟏 𝝓𝒔 = −𝟎. 𝟎𝟓𝟖 ± 𝟎. 𝟎𝟒𝟗 ± 𝟎. 𝟎𝟎𝟔

LHCb PRL 114, 041801 (2015)

https://link.springer.com/content/pdf/10.1007/JHEP08(2016)147.pdf
http://linkinghub.elsevier.com/retrieve/pii/S037026931630017X
http://dx.doi.org/10.1103/PhysRevLett.114.041801


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

Measurement of 𝝓𝒔
𝒄 𝒄𝒔 in 𝑩𝒔

𝟎 → 𝑱/𝝍𝑲+𝑲− above 𝝓(𝟏𝟎𝟐𝟎)
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JHEP 08 (2017) 037

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

Efficiencies and decay time control channel: 𝑩𝟎 → 𝑱/𝝍𝑲∗𝟎(→ 𝑲+𝝅−)

Dominant systematic uncertainty: resonance modelling and background subtraction

First time that 𝝓𝒔 is measured in the 
final states dominated by a tensor

New LHCb average (including 𝑱/𝝍𝝓 and 𝑱/𝝍𝝅𝝅):  

https://arxiv.org/abs/1704.08217


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

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

 Important to control size of the penguin 
diagram contribution

https://cds.cern.ch/record/2244311


First measurement of 𝝓𝒔 using
𝑩𝒔 → (𝑲+𝝅−) (𝑲−𝝅+) decays
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 Gluonic penguin decay: new physics could enter both mixing and decay

 Very complicated time-dependent angular analysis: many resonants (750-1600 MeV) 

LHCb-PAPER-2017-048

𝒃 → 𝒅 𝒅𝒔

𝝓𝒔
𝒅 𝒅 = −𝟎. 𝟏𝟎 ± 𝟎. 𝟏𝟑 ± 𝟎. 𝟏𝟒 rad



CP violation in B mixing
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 D0 reported an anomalous like-sign dimuon asymmetry with ~3 𝝈 from 
SM [Phys. Rev. D 89, 012002 (2014)]

 Consider a flavour-specific final state 𝒇:

 LHCb measured results are consistent with SM prediction [Phys. Rev. 
Lett. 117, 061803 (2016), Phys. Rev. Lett. 114, 041601 (2015)]

 ATLAS measured same- and opposite-sign charge asymmetries based 
on the 𝝁 charge from a top and the charge of the soft 𝝁 from b-hadron in 
𝒕  𝒕 events [JHEP 02 (2017) 071]
• Four CP asymmetries (one mixing and three direct) consistent with SM 

CPV in mixing is very small in the SM

https://arxiv.org/abs/1310.0447


Summary
 Results found so far are compatible with SM prediction
• New Precision measurements in b mesons

Many of them are within the physics program of LHCb and its upgrade, ATLAS 
and CMS also start to contribute to these physics

With the statistics achieved by LHC during the Run-1 and Run-2, more results 
are coming
• Stay tuned for many interesting new results!
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Backup
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𝝓𝒔 combination (2017 summer)
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Observation of the 𝑩𝒔
𝟎 → 𝜼𝒄𝝓
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JHEP 07 (2017) 021

 𝜼𝒄𝝓 final state is CP-even: no need angular analysis

 Using Run-I data, which is not enough to perform 𝝓𝒔 measurement

 Branching ratio measurement is presented 

 𝜼𝒄 → 𝒑 𝒑,𝑲+𝑲−𝝅+𝝅−, 𝝅+𝝅−𝝅+𝝅−, 𝑲+𝑲−𝑲+𝑲−

𝝓 → 𝑲+𝑲−

In the future with significant improvement of the hadronic trigger 
efficiencies, could become of interest to add sensitivity to 𝝓𝒔

4.6σ

https://arxiv.org/abs/1702.08048


Baryon-number violation 
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Phys. Rev. Lett. 119, 181807 (2017)

 BNV never been seen experimentally  strong constraints from photon lifetime

 BSM models with flavour-diagonal six fermion vertices allow BNV without violating 
constraints [PRD 85, 036005 (2012), PLB 721 82 (2013)]

Unambiguous experimental evidence:
• baryon-antibaryon oscillations of hadrons that contain quarks of all three generations (usb)

No evidence of BNV oscillations

https://arxiv.org/abs/1708.05808


CP violation in 𝚲𝒃 → 𝒑𝝅−𝝅+𝝅− decays
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Nature Physics 13, 391–396 (2017)

 Direct CPV had never been observed in baryon decays

 Large CPV effects are expected in charmless 𝜦𝒃 decays (𝑨𝑪𝑷~𝟐𝟎%)
• Y.K. Hsiao and C.Q. Geng [PRD 91, 116007 (2015)]

 Both tree and penguin diagrams contribute with similar amplitudes

 𝒂𝑪𝑷 ≠ 𝟎 at 3.3𝝈 was seen

https://arxiv.org/abs/1609.05216
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.116007

