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Overall consistency with the SM
http://ckmfitter.in2p3.fr

see also http://www.utfit.org
http://project-gfitter.web.cern.ch/
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Latest(*) UT angles

β = (22.2 ± 0.7)°
α = (84.9 +5.1

−4.5
)°

γ = (73.5 +4.2
−5.1

)°(*) not including some very 
recent new LHCb results on γ

γ no longer least well 
measured of the angles

https://hflav.web.cern.ch/
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Importance of γ from B→DK
● γ plays a unique role in flavour physics

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

(*) i.e. without uncertainty due to short distance loops

● 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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γ from B+→DK+, D→KK,ππ, Kπ 
PL B777 (2018) 16

D→ππ (“GLW” CP+ state) D→KK (“GLW” CP+ state)

CP violating asymmetries clearly visible
Results also for partially reconstructed B→D*K decays

A
CP

(B→DK) = +0.124 ± 0.012 (stat) ± 0.002 (syst)

A
CP

(B→D*K; D*→Dπ0) = –0.151 ± 0.033 (stat) ± 0.011 (syst)

A
CP

(B→D*K; D*→Dγ) = +0.276 ± 0.094 (stat) ± 0.047 (syst)
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γ from B+→DK+, D→K
S
ππ, K

S
KK

LHCb-PAPER-2018-017

B+ B–

3900 signal decays selected from Run 2 data



  9

LHCb γ combination
JHEP 12 (2016) 087 & 
LHCb-CONF-2018-002

Many observables with sensitivity to γ – combine them!

 γ = (74.0+5.0

−5.8
)∘
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No CP violation in charm, yet
D → Kπ; PR D97 (2018) 031101 D → KK, ππ; PRL 118 (2017) 261803
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DTDCPV in charmless hadronic B decays

φ
s
dds(B

s
0 → (K+π–)(K–π+)); JHEP 03 (2018) 140 

K*0K*0 only 7% of (K+π–)(K–π+)

penguin only – no tree contribution

φ
s
dds = −0.10 ± 0.13 (stat) ± 0.14 (syst) rad

consistent with SM expectation of ~0
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CP violation in B0

(s)
 mixing 

● Evidence of non-SM CP violation 
in inclusive dimuon asymmetry 
from the D0 collaboration
● PRD 89 (2014) 012002

● Semileptonic asymmetries a
sl
(B0) 

and a
sl
(B

s

0) however consistent 

with SM ~ (0,0)
● a

sl
(B0) by BaBar, Belle, LHCb, D0 

● a
sl
(B

s

0) by LHCb, D0

● Possibility of additional 
contributions to inclusive dimuon 
asymmetry under investigation
● PR D87 (2013) 074020 

PRL 117 (2016) 061803

a
sl
(B

s

0) = (0.39±0.26±0.20)%
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Re(ε’/ε)
NA48 PL B544 (2002) 97 KTeV PR D83 (2011) 092001

R = 1 – 6 Re(ε’/ε)

Great recent progress in theory
Currently no plans for new experiments

PDG Re(ε’/ε) = (1.66 ± 0.23) x 10–3
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Rare decays
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B
s
→μ+μ– Nature 522 (2015) 68

Combination of CMS 
and LHCb data results 
in first observation of 

B
s
→μ+μ– and first 

evidence for B0→μ+μ– 

Results consistent with 
SM at 2σ level

Recent results 
from ATLAS (not 
included here) 
have almost 

similar sensitivity
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LHCb including Run 2 data

First 5σ observation by a single experiment

PRL 118 (2017) 191801

Data sample includes 1.4 fb–1 collected in Run 2 

 also best limits on B
(s)

0→τ+τ– (PRL 118 (2017) 251802)
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LHCb including Run 2 data

First 5σ observation by a single experiment

PRL 118 (2017) 191801

Data sample includes 1.4 fb–1 collected in Run 2 

 also best limits on B
(s)

0→τ+τ– (PRL 118 (2017) 251802)

B
(s)

0→μμ well consistent with SM
 (as is b → sγ)

… but still space for BSM contributions in C
9,10
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Branching fractions of b→sμμ

All measured relative to J/ψ control mode – low systematic uncertainties
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Full angular analysis of B0→K*0μ+μ– 

● B0→K*0μ+μ– provides superb laboratory to search for new 
physics in b→sl+l– FCNC processes
– rates, angular distributions and asymmetries sensitive to NP

– experimentally clean signature

– many kinematic variables … with clean(?) theoretical predictions

● Full set of observables measured – only a subset shown

JHEP 02 (2016) 104
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Tension with SM in the P
5
' observable

● Dimuon pair is predominantly spin-1
– either vector (V) or axial-vector (A)

● There are 6 non-negligible amplitudes
– 3 for VV and 3 for VA (K*0μ+μ–)

– expressed as AL,R
0,┴,║ (transversity basis)

● P5' related to difference between relative phase of longitudinal 
(0) and perpendicularly (┴) polarised amplitudes for VV and VA
– constructed so as to minimise form-factor uncertainties

Sensitive to NP in V or A couplings (Wilson coefficients C
9

(') & C
10

('))

JHEP 02 (2016) 104
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JHEP 02 (2016) 104

Can non-perturbative QCD effects can affect the SM prediction?
Recent theoretical progress to address this in a data-driven way

(e.g.  arXiv:1707.07305, arXiv:1709.03921)

Indications that uncertainty is not significantly underestimated 
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Towards full amplitude analysis of B → K(*)l+l–
EPJ C77 (2017) 161 

● Fit to Kμμ mass distribution
● muon decay angle can be included in future (muon polarisation cannot)

● Working to do similar for K*0μμ
● need to handle background contributions from exotic hadrons 
● e.g. Z(4430)–K+ → ψ(2S)π–K+ → μμπ–K+

non-negligible 
hadronic 

contributions 
at low q2
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Fighting charm loop uncertainties:
l+l– → νν

within a factor of ~2 … very exciting for Belle II
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–10 

–10 

Much more data 
on the way
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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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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

>500 citations
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R
K*

 ≡ B(B→K*μμ)/B(B→K*ee)

Clearly below the threshold for mass hysteria
But consistent picture with other b→sl+l– anomalies

Can be explored model-independently (up to SM 
uncertainties) using operator product expansion

JHEP 08 (2017) 055

2 – 2.5σ
per bin
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b→sl+l– global fits
Many interpretations appeared on hep-ph
Plots and table shown here from arXiv:1704.05435
See also, e.g., 

● arXiv:1704.05340 (more “optimistic”)
● arXiv:1704.05447 (more “conservative”)
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b→sl+l– global fits
Many interpretations appeared on hep-ph
Plots and table shown here from arXiv:1704.05435
See also, e.g., 

● arXiv:1704.05340 (more “optimistic”)
● arXiv:1704.05447 (more “conservative”)

Favoured models to explain some or all anomalies include
new vector mediators (Z’) or leptoquarks

(e.g. JHEP 17 (2017) 040,  arXiv:1706.02696, arXiv:1708.08450, arXiv:1709.00692, …)
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B→D(*)τν world average

Careful averaging needed to account for 
statistical and systematic correlations

Tension with SM at 4.1σ

R(D*) = 0.304 ± 0.013 ± 0.007 
R(D) = 0.407 ± 0.039 ± 0.024
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5σ
5σ
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When are the updates coming?

Extremely optim
istic, IM

O
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Weather forecast

Extremely optim
istic, IM

O
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When are the updates coming?

Soon!
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When are the updates coming?
“Do not look sad. We shall meet soon again." 

― C.S. Lewis, The Voyage of the Dawn Treader
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(g-2)
μ
 at FNAL
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(g-2)
μ
 at FNAL
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First signals appear in Belle II
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Excellent LHC data taking
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Beyond Run II – 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

● Will upgrade the LHCb detector in the LHC LS2 (2018-20)

– Upgrade subdetector electronics to 40 MHz readout

– Make all trigger decisions in software

– Operation at much higher luminosity with improved efficiency
● order of magnitude improvement in precision (compared to today)

● Upgrade will be performed during LSII (now expected to be 2019-20)

– Restart data taking in 2021 at instantaneous luminosity up to 2 1033/cm2/s

– 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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Expression of interest for “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!
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Summary

5σ
5σ
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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

Tim Gershon
Highlights and prospects
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The LHCb Run 1 trigger

Challenge is 
● to efficiently select most 

interesting events
● while maintaining 

manageable data rates

Main backgrounds
● “minimum bias” inelastic 

pp scattering
● other charm and beauty 

decays

Handles
● high p

T
 signals (muons)

● displaced vertices

JINST 8 (2013) P04022

Tim Gershon
Highlights and prospects
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Selected physics topics
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LHC upgrade and the all important trigger

Already running here

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

→ lower efficiency

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

inst
 up to 2 1033/cm2/s

Li
m

ita
tio

n 
is

 h
er

e
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LHC upgrade and the all important trigger

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

inst
 up to 2 1033/cm2/s

Li
m

ita
tio

n 
is

 h
er

e



  59Tim Gershon
Highlights and prospects

B
s
→φμ+μ– 

● Full angular analysis performed
● Not self-tagging → complementarity to K*0μ+μ– 

– only a subset of many observables shown

JHEP 09 (2015) 179

Tension in branching fraction, but angular observables consistent with SM

Consistent picture in b → sl+l– branching fractions
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B→D(*)τν
● Powerful channel to test lepton universality

– ratios R(D(*)) = B(B→D(*)τν)/B(B→D(*)μν) could deviate from SM 
values, e.g. in models with charged Higgs

● Heightened interest in this area 
– anomalous results from BaBar

– other hints of lepton universality violation, e.g. RK

PRL 109 (2012) 101802 
& PRD 88 (2013) 072012

R(D)

R
(D

*)
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B→D*τν at LHCb (I)  
● Identify B→D*τν, D* → Dπ, D→Kπ, τ→μνν

– Similar kinematic reconstruction to Λb→pμν
● Assume pB,z = (pD* + pμ)z to calculate Mmiss

2 = (pB – pD* – pμ)2

– Require significant B, D, τ flight distances & use isolation MVA

● Separate signal from background by fitting in Mmiss
2, q2 and Eμ

– Shown below high q2 region only (best signal sensitivity)

PRL 115 (2015) 112001

R(D*) = 0.336 ± 0.027 ± 0.030
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B→D*τν at LHCb (II)

● Exploit excellent LHCb vertexing to reconstruct τ→3π(π0)ν decays

– Background from B→D*D(s)→D*3πX controlled with MVA

● Separate signal from background by fitting

– τ decay time & q2 

● Normalised to B→D*D(s)→D*3π

– converted to R(D*) using PDG BF values

 PRL 120 (2018) 171802 & 
PR D97 (2018) 072013

LHCb has also tested 
lepton universality using 

B
c
→J/ψτν / J/ψμν

PRL 120 (2018) 121801
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