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Contents

● Latest highlights in CP violation
● Latest highlights in rare decays & lepton universality tests
● Future prospects

● Most results from LHCb, but notable measurements also 
from BaBar, Belle, ATLAS & CMS

 
● Not enough time to cover the wealth of exciting recent 

results, including ...
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Pentaquarks
LHCb-PAPER-2019-014
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The LHCb detector

The LHCb Detector
JINST 3 (2008) S08005

Precision primary and secondary 
vertex measurements

Excellent K/π separation 
capability

● In high energy collisions, bb pairs produced 
predominantly in forward or backward directions

● LHCb designed as a forward spectrometer

VELO silicon strips
RICH PMTs
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LHC integrated luminosity

LHCb ATLAS (similar for CMS)

Unprecedented samples of charm and beauty
Dependence of production rate on √s means (for LHCb) 
2015+16 ≈ 2 x Run 1 (2011+12); 2017+18 ≈ 2 x 2011–16

Most results today on Run 1 + 2015+16 – still much more to exploit
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CP violation
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β from penguin-free transitions

● Standard method using B0→J/ψKS reaching precision 
where penguin effects may be a concern

● Analysis of B0→Dh0, with D→KSπ+π– provides penguin-free 
alternative, and cos(2β) in addition to sin(2β)

PRL 121 (2018) 261801, 
PR D98 (2018) 112012

Joint analysis of BaBar & Belle data
Sample of 1.24B BB pairs
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γ from B→DK, with D→K
S
π+π–

JHEP 08 (2018) 176 

B+ B–

● Model-independent GGSZ method
● Data from 2015-16
● Uses hadronic D decay parameters 

(c
i
,s

i
) from CLEO-c
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γ from B→DK (and others)
JHEP 08 (2018) 176 

HFLAV world average: γ = (71.1 +4.6
−5.3

)°
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φ
s
 from B

s
0→J/ψφ (ATLAS)

ATLAS-CONF-2019-009
● Data from 2015-17
● Signal yield ~ 450k
● New Insertable B Layer 

(IBL) detector improves 
σ

t
: 100→70 fs

● Tagging power ~ 1.6%
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φ
s
 from B

s
0→J/ψφ (LHCb)

LHCb-PAPER-2019-013

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

t
 ~ 45 fs

● Tagging power ~ 4.7%

in preparation
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φ
s
 combination

ATLAS-CONF-2019-009,
LHCb-PAPER-2019-013,
LHCb-PAPER-2019-003

Also new LHCb results using B
s
0→J/ψπ+π–

HFLAV world average: φ
s
 = –0.054 ± 0.020 rad
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Charm mixing with D→K
S
π+π–

LHCb-PAPER-2019-001
● New “bin-flip” method

● Inspired by model-independent 
GGSZ method to measure γ

● Similar to D→Kπ WS/RS analysis
● Data from 2011-12

PR D99 (2019) 012007
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Charm mixing with D→K
S
π+π–

LHCb-PAPER-2019-001
● New “bin-flip” method

● Inspired by model-independent 
GGSZ method to measure γ

● PR D99 (2019) 012007
● Data from 2011-12

World average now excludes x=0 at 3σ
(i.e. non-zero mass difference between physical neutral charm eigenstates)

and hence significantly improves constraints on CP violation in charm mixing
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Observation of CP violation in 
charm decays

LHCb-PAPER-2019-006
● ΔA

CP
 method: A

CP
(D0→K+K–) – A

CP
(D0→π+π–) 

● minimises systematic uncertainties due to production or detection asymmetries
● Data from 2015-18, combined with previous Run 1 results

● tags from both D*+→D0π+ and B → D0μ–X decays
● full LHCb data sample!
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Observation of CP violation in 
charm decays

LHCb-PAPER-2019-006

Results with Run 2 data:
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Observation of CP violation in 
charm decays

LHCb-PAPER-2019-006

Combined with Run 1 results: 5.3σ

Adapted from 
PL B767 (2017) 177 

HFLAV
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Rare decays & lepton 
universality tests
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Status of b→sl+l– processes
pre-Moriond 2019

● Several “tensions” with the Standard Model
● Branching fractions of exclusive b→sμ+μ–  decays
● Angular analysis of B0→K*0μ+μ– 
● Lepton universality tests: R

K(*)

● No single measurement above 5σ significance
● Consistent picture of deviations in model-

independent global fits 
● Keen interest in updates

● Especially for the theoretically clean R
K(*)

 observables 

Plots from
arXiv:1704.05435
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B
s
→μ+μ– (LHCb)

First 5σ observation by a single experiment

PRL 118 (2017) 191801

Data sample includes 1.4 fb–1 collected in Run 2 

Improving on the CMS+LHCb Run 1 combination of
Nature 522 (2015) 68

7.8σ

1.6σ
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B
s
→μ+μ– (ATLAS)

arXiv:1812.03017

4.6σ
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Photon polarisation in Λ
b
→Λγ decays

LHCb-PAPER-2019-010

● Can exploit baryon spin to determine 
photon polarisation

● Very challenging decay topology for LHCb
● Dedicated trigger since 2016

● Measure branching fraction relative to 
B0→K*0γ

5.6σ

● Photon polarisation measurement will be 
possible with larger samples
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Photon polarisation in B
s
0→φγ decays

LHCb-PAPER-2019-015

sensitive to photon polarisation
probes CP violation in decay

(expected to be zero)can be measured 
with untagged decays

Also recent results from Belle on B0→K
S

0ηγ [PR D97 (2018) 092003]

preliminary

in preparation
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Lepton universality
R

K
 ≡ B(B→Kμμ)/B(B→Kee)

Deficit of B → Kμ+μ– compared to expectation
also seen in Kμ+μ–/Ke+e– ratio (R

K
)

Only 2.6σ from SM but suggestive

R
K
(1 < q2 < 6 GeV2) = 0.745 +0.090

−0.074
 ± 0.036

Example mass fit for Ke+e– 
Note huge tail due to energy loss

PRL 113 (2014) 151601
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Update of R
K
 (LHCb)

LHCb-PAPER-2019-009

● Add 2015+16 data
● Improved reconstruction and selection
● Better understanding of electron efficiency

● Exploit double ratio method – extremely robust

● Validate with studies of r
J/ψ

 and R
K

ψ(2S) 
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2.5σ

● New Run 1 sample consistent with old result
● Run 1 & 2 consistent at <2σ
● Trigger subsamples all consistent
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R
K*

 ≡ B(B→K*μμ)/B(B→K*ee)
JHEP 08 (2017) 055 BELLE-CONF-1901

New results from Belle
● Results in 3 q2 bins
● Both B0 and B+ decays

K*ee

K*μμ
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R
K*

 ≡ B(B→K*μμ)/B(B→K*ee)
JHEP 08 (2017) 055 BELLE-CONF-1901
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R(D(*)) world average pre-Moriond 2019
R(D(*)) ≡ B(B→D(*)τν)/B(B→D(*)lν); l=e,μ 

Careful averaging needed to account for 
statistical and systematic correlations

Tension with SM at 3.8σ

R(D*) = 0.306 ± 0.013 ± 0.007
R(D) = 0.407 ± 0.039 ± 0.024
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New Belle results on R(D(*)) with 
semileptonic tag

● Semileptonic tag exploiting full event information
● statistically independent from previous analysis based on hadronic tags

● Determine yields from 2D fit to extra calorimeter energy & BDT classifier 

Belle
Moriond preliminary
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New Belle results on R(D(*)) with 
semileptonic tag Belle

Moriond preliminary
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Future prospects
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First BB event seen in Belle II detector
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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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LHCb detector upgrade

+ novel trigger and offline data management strategies

LHCb-TDR-{13,14,15,16}
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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 to control pile-up

● 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

● Many exciting new results in flavour physics
– Improved φs determinations

– New method to probe charm mixing and CP violation
– First observation of CP violation in charm decays

– New tests of lepton universality
– … and many more! (Apologies for omissions.)

● Excellent prospects for progress
– Most LHC Run 2 data still to be analysed

– Belle II starting to take data

– LHCb upgrade around the corner

– … and Upgrade II to exploit fully HL-LHC potential
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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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