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CP violation in decay
● Condition for CPV in decay: |A/A|≠1
● Need A and A to consist of (at least) two parts

– with different weak (φ) and strong (δ) phases
● Often realised by “tree” and “penguin” diagrams 

Example: B→Kππ
(weak phase difference is γ))

A = |T|ei ( δT−ϕ T )+|P|e i (δ P−ϕP ) A = |T|ei ( δT+ϕT )+|P|ei ( δP+ϕP )
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The famous penguin story
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The famous penguin story
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Direct CP violation in B→Kππ

Belle Nature 452 (2008) 332

Direct CP violation in B→Kππ sensitive to γ)
too many hadronic parameters  need theory input⇒ need theory input

NB. interesting deviation from naïve expectation

“Kππ puzzle”

Could be a sign of new physics …
… first need to rule out possibility of 

larger than expected QCD corrections

A
CP

(Kπ–π+) = –0.087 ± 0.008 

A
CP

(Kπ–π0) = +0.037 ± 0.021 



7

Importance of γ) from B→DKπ
● γ) plays a unique role in flavour physics

the only CP violating parameter that can be measured through tree 
decays (*)

(*) more-or-less
● A benchmark Standard Model reference point

● doubly important after New Physics is observed

∝V cbV us
∗

∝V ubV cs
∗

Variants use different B or D decays
require a final state common to both D0 and D0 
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Why is B→DKπ so nice?
● For theorists:

– theoretically clean: no penguins; factorisation works

– all parameters can be determined from data

● For experimentalists:
– many different observables (different final states)

– all parameters can be determined from data

– γ) & δB (weak & strong phase differences), rB (ratio of amplitudes)

γ)
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Latest results on B→DKπ : GLW
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)

PLB 777 (2018) 16 
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World average for γ)

γ) = (71.1 +4.6
−5.3

)°
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CP violation in mixing
● Equivalent of ε

Kπ
 from kaon system

● Measured using decays to flavour-
specific final states, without CPV in 
decay
● mainly semileptonic decays, 

hence A
SL

 notation: 

A
SL

 ≈ 4 Re(ε
B
)/(1+|ε

B
|2)

● Tiny in the SM, hence good null test
● Challenging to measure to ‰ 

precision
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φ
s
 = –2β

s
 (B

s
→J/ψφ)

● Equivalent of B0→J/ψKπS

– CP violation in mixing/decay interference
● VV final state

– three helicity amplitudes 

→ mixture of CP-even and CP-odd

– disentangled using angular & time-dependent distributions

→ additional sensitivity

– many correlated variables

→ complicated analysis 

● LHCb also uses Bs→J/ψf0 (f0→π+π–)
– CP eigenstate; simpler analysis
– fewer events; requires input from J/ψφ analysis (Γs, ΔΓs)
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φ
s
 from B

s
0→J/ψφ (ATLAS)

● Data from 2015-17
● Signal yield ~ 450k
● New Insertable B Layer (IBL) 

detector improves σ
t
: 100→70 fs

● Tagging power ~ 1.6%

ATLAS-CONF-2019-009



  15

φ
s
 from B

s
0→J/ψφ (LHCb)

arXiv:1906.08356

● Data from 2015-16
● Signal yield ~ 120k
● Time resolution σ

t
 ~ 45 fs

● Tagging power ~ 4.7%
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φ
s
 combination

HFLAV world average: φ
s
 = –0.054 ± 0.020 rad
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Rare Decays
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B
(s)

0→μ+μ–

Kπiller app. for new physics discovery
● Very small in the SM

– no tree-level FCNC

– CKπM suppression

– helicity suppression

● Huge NP enhancement possible (tan β = ratio of Higgs vevs)

● Clean experimental signature

BR(B s→μ
+
μ

−
)
SM

= (3.3±0.3)×10−9 BR(B s→μ
+
μ

−
)
MSSM

∝ tan6
β/M A0

4
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B
(s)

0→μ+μ–

Searches over 30 years
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B
(s)

0→μ+μ– – analysis ingredients 
● Produce a very large sample of B mesons
● Trigger efficiently on dimuon signatures
● Reject background

– excellent vertex resolution (identify displaced vertex)
– excellent mass resolution (identify B peak & resolve B0 from Bs

0 decays)
– powerful muon identification (reject misidentified pion background)
– typical to combine discriminating variables into a multivariate classifier
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B
(s)

0→μ+μ– latest results

LHCb PRL 118 (2017) 191801 ATLAS JHEP 04 (2019) 098 CMS-PAS-BPH-16-004
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B
(s)

0→μ+μ– latest results

LHCb PRL 118 (2017) 191801 ATLAS JHEP 04 (2019) 098 CMS-PAS-BPH-16-004

LHC average coming soon …
All experiments yet to analyse full Run 2 data samples
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B→Kπ*μ+μ–

● b→sl+l– processes also governed by FCNCs
– rates and asymmetries of many exclusive processes sensitive to NP

● Queen among them is Bd→Kπ*0μ+μ–

– superb laboratory for NP tests
– experimentally clean signature
– many kinematic variables … 
– … with clean(ish) theoretical predictions
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Angular analysis of B→Kπ*μ+μ–

● Differential decay distribution

S
i
 terms related to Wilson coefficients and form factors



  25

Full angular analysis of B0→Kπ*0μ+μ– 
● Example of fits, in 1.1 < q2 < 6.0 GeV2 bin

JHEP 02 (2016) 104 

Angle and m(Kππ) 
projections in ± 50 MeV 

around B peak
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Full angular analysis of B0→Kπ*0μ+μ– 
JHEP 02 (2016) 104 
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Full angular analysis of B0→Kπ*0μ+μ– 
JHEP 02 (2016) 104 
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B0→Kπ*0μ+μ– “Optimised Observables”
JHEP 02 (2016) 104 
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The P
5
′ anomaly
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Future prospects
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Belle2 physics
Physics programme includes a broad 
range of CP violation measurements 
and rare decay studies

Both competition and complementarity 
with LHCb

Examples of unique potential:
● B → lν
● B → Kπ(*)νν
● Inclusive B→X

s
γ), X

s
l+l– 

Also much non-B physics
● including charm & tau

arXiv:1808.10567
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The LHCb Upgrade
● Beyond LHC Run II, the data-doubling time for LHCb becomes too long

– Due to 1 MHz readout limitation and associated hardware (L0) trigger

● However, there is an excellent physics case to push for improved precision and 
an ever-broader range of observables

● Upgrade the LHCb detector during LHC LS2 (2019-20)
– Change subdetector electronics to 40 MHz readout
– Make all trigger decisions in software
– Restart data taking in 2021 at instantaneous luminosity increasing up to 2 x 

1033/cm2/s, and with improved efficiency
– Upgrade detector qualified to accumulate 50/fb 
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Already running here

higher luminosity 
→ need to cut harder at L0 to keep rate at 1 MHz 

→ lower efficiency

● readout detector at 40 MHz
● trigger fully in software → efficiency gains
● run at L

inst
 up to 2 1033/cm2/s

Li
m

ita
tio

n 
is

 
he

re
LHC upgrade and the all important trigger
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Real-time
analysis
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Real-time analysis
● Hadron collider experiments need triggers

– Not enough storage to record all events

● Typically record entire event
– Can reconstruct data and perform analysis offline

● Computing resources increasing (relatively) scarce
– Perform offline quality calibration & alignment online

● No need to re-reconstruct, no need to record raw data
● No need to record entire event (PV tracks, effects of pile-up)

● A new paradigm for HEP data processing
– Partially validated in Run II (similar concepts also exploited by ATLAS & CMS)
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LHCb detector upgrade

Almost an 
entirely new

detector

Deinstallation complete

On track 
for commissioning 

In 2021 (LHC Run 3)
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LHCb upgrade sensitivities

Will not reach limiting theory uncertainty!
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2013/14 2019/20 2024-26 2030/31

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5

Energy upgrade Luminosity upgrade

Detector 
completion

Consolidation Major upgrades
to handle high lumi

Consolidation

Consolidation 40 MHz upgrade Consolidation Major upgrade
to handle high lumi

LHC long term future
Bearing in mind that “Europe’s top priority should be the exploitation of the full potential 

of the LHC” it seems natural to aim for a further major LHCb upgrade during LS4

LHC machine  

ATLAS & CMS

LHCb              

Personal view – not an official schedule!

Upgrade during LS4 will allow to increase data sample
50/fb → ≥ 300/fb
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“Phase II” upgrade

● Increase total integrated luminosity 50/fb → ≥  300/fb
● Improve detector capabilities 

(options currently under discussion)
– improve EM calorimetry
– increase tracking acceptance
– reduce material
– add timing information to control pile-up
– new low-momentum particle ID capability

● Enhance HL-LHC discovery potential!

CERN-LHCC-2017-003,
CERN-LHCC-2018-027
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LHCb upgrade II sensitivities
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Summary
● In the 40+ years since the b quark discovery, data samples have 

increased (on average) by an order of magnitude every ~5 years
● Improvements in accelerator and detector technologies have led to 

remarkable discoveries
– Both e+e– & hadron collider experiments important
– Good overall consistency with the SM, but ...
– … exciting anomalies in the current data (not for the first time, however)

● Can expect dramatic further progress in coming years
– Start of the Belle2 & LHCb upgrade era 
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The need for more precision
● “Imagine if Fitch and Cronin had stopped at the 1% level, how 

much physics would have been missed”

 – A.Soni
● “A special search at Dubna was carried out by Okonov and his 

group. They did not find a single KπL
0→π+π–  event among 600 

decays into charged particles (Anikira et al., JETP 1962). At that 
stage the search was terminated by the administration of the lab. 
The group was unlucky.”

– L.Okun
(remember: B(KπL

0→π+π–) ~ 2 10–3)
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“Do not look sad. We shall meet soon again." 

― C.S. Lewis, The Voyage of the Dawn Treader

When are the updates coming?
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