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Introduction
ÅThe Standard Model has 3 generations of pairs 

of quarks and leptons, differing only in mass
Their study is the topic of FlavourPhysics

ÅMany of open questions of the Standard Model 
lie in the flavoursector: 

ςWhy are there 3 generations?  Related to 
being minimum required for CP violation? 

ςWhat determines the extreme hierarchy of 
fermion masses and the CKM quark-mixing 
matrix elements?

ςHow can the observed matter/antimatter 
asymmetry of the Universe be explained 
(Standard Model CP violation insufficient)? 

ÅThe LHCb experiment is dedicated to flavour
physics at the LHC, has the largest samples of 
beauty and charm hadrons ever produced
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Rare decays
ÅThe bulk of hadron decays proceed via tree diagrams

Rare decays involveloop diagrams:

ÅNew Physics (i.e. beyond the SM) involves new particles, 
which could also participate in such loops via virtual 
quantum fluctuations Ҧ ƴƻǘƛŎŜŀōƭŜ ŜŦŦŜŎǘǎ ƻƴ ŘŜŎŀȅǎΣ 
in particular since they are suppressed in the SM

Å{ǳŎƘ άƛƴŘƛǊŜŎǘέ 
discovery of new 
physics via precision 
measurementshas  
a long and illustrious 
history

ÅCurrently no clear signs of new physics from direct searches at the LHC, 
but there area number of hints of non-SM behaviourin b-hadron decays
τthe so-called FlavourAnomalies
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Mont Blanc

1.  The LHCb experiment

LHC
(tunnel is ~100 m underground)



ÅForward-peaked production of b-hadrons at the LHC:
Ҧ LHCb is a forward spectrometer (in collider mode)

Åbb cross-section = 154.3 ± 1.5 ± 14.3 ˃ b at Ҟǎ = 13 TeV
Ҧ ϤмллΣллл bb pairs produced/second (104 × B factories) 

and all species of b hadron: B+, B0, Bs
0, Bc

+, ɽb
0Χ

ÅCharm production ~20× higher
PYTHIA

Spectrometer
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JINST 3:S08005 (2008)

Quark content: bu, bd, bs,  bc,  bud

p p

10-300 mrad

PRL 118 (2017) 052002 



Detector components
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Dipole magnet
Tracking system(TT, OT)
momentum resolution

Calorimeters(ECAL, HCAL)
e/gidentification

Muon system
˃ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ 

VELO
Vertex locator

RICH system (RICH1, RICH2)
Particle identification

Int. J. Mod. Phys. A 30 (2015) 1530022

ʶό˃Ҧ)˃ ~ фт҈Φ ʶόˉҦ˃ύ Ϥ 1-3%

ɲE/E= 1% ṥмл҈κҞE(GeV)ɲp/p = 0.5-1.0% (5-100 GeV/c) ≡BdL= 4 Tm



VELO
ÅSurrounds the interaction point for 

precision vertex detection

ÅSilicon microstripsthat close around the 
beam, approaching to 8 mm

Å20 ˃ m spatial resolution, corresponds to 
45 fs: sufficient to resolve Bs-Bs oscillations
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K- s̄eparation

Photon detector
plane (HPDs)

RICH detectors
ÅRing-imaging Cherenkov detectors for particle ID 

ÅSeparating charged hadrons (,̄ K, p) essential for 
flavourphysics, to suppress background
limited in ATLAS/CMS since lack RICH detectors
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RICH1

Beam pipe

Carbon-fibre
mirrors

Reconstructed ring
image (single photons)



Data taking
ÅLHCb luminosity levelled at 4 × 1032 cm-2s-1

ÅChosen to maximize trigger yield, gives 
pile-up ~ 1 and limits radiation damage

Å8.5 fb-1 of integrated luminosity to date
Results shown mostly from Run1 (3 fb-1)

Roger Forty Rare Decays and Flavour Anomalies 9

Upgrade next year Ҧ
Fully software trigger
Run at 5× higher lumi

Run1 Run2

ATLAS/CMS

LHCb

TypicalLHC fill



Physics programme See talk of Neville Harnew (next)

ÅIn addition to Rare Decays presented here, LHCb has broad physics programme

ÅCP violation: differences in 
decay rates between particles 
and antiparticles, a key 
ingredient to make the Universe 
we see (Baryon Asymmetry)

ÅSpectroscopy:

ςtest-bed for QCD:  e.g. first observation 
of doubly-charmed (and doubly-charged) 
baryonʀcc

++­ɽc
+ K +̄ +̄

ςMost hadrons mesons (qq) or baryons (qqq)
are there more exoticstructures, 
tetraquarks(qqqq) or pentaquarks(qqqqq)?

ÅAnd much more: Heavy Ion, Fixed Target, Electroweak ǇƘȅǎƛŎǎΧ

Ҧ [I/ō is a general-purpose experiment covering forward region (2 < ́ < 5) 
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LHCb-PAPER-2017-018

B(B ­DK)       >      B(B+­ DK+) 
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Detector in the cavern

Collaboration
1260 members 
from 78 institutes 
in 18 countries

Muon chambers VELO



2.  Rare Decays
ÅRarest fully-hadronic b decay observed so far

However, such decays are difficult to predict 
Ҧ ƛƴǘŜǊŜǎǘƛƴƎ ŦƻǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ v/5Σ 

but not for discovering New Physics 

ÅWe want to study decays which are suppressed in the Standard Model, 
but can be precisely calculated, sensitive to New Physics

ÅFlavourChanging Neutral Currents (FCNC) are suitable:
Since quark flavouris only changed via exchange of W± (in the SM, at least) 
ŦƻǊōƛŘŘŜƴ ŀǘ ǘǊŜŜ ƭŜǾŜƭ Ҧ these decays involve loops:
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Phys. Rev. Lett. 119 (2017) 232001

SemileptonicFullyleptonic Radiative



Bs
Fully leptonicdecays

ÅBs­
+˃˃ is the archetypical rare decay:  

ÅHighly suppressed in Standard Model by loop, 
CKM coupling (|Vts|

2) and helicity (m /˃mB)
2

ÅPreciseSM prediction: B(Bs­
+˃˃ ) = (3.65 ± 0.23) × 10 9 (~6% error)

B0 even more suppressed: B(B0­ +˃˃ ) = (1.06 ± 0.09) ×10 10

ÅChallenge: huge rate of events with 2 muons: B(B ­ X˃) ~ 10%
Use topological and muon ID information in a multivariate analysis (BDT)
Mass resolution interpolated between J/̞ and  ­ +˃˃
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B(s)­
+˃˃search

ÅSearch for this decay has been an historical endeavourover 30 years

ÅEǾƛŘŜƴŎŜ ŜǾŜƴǘǳŀƭƭȅ ǎŜŜƴ ōȅ ōƻǘƘ [I/ō ŀƴŘ /a{ Ҧ Ƨƻƛƴǘ ǇŀǇŜǊ
Hint that B0­ +˃˃  rate was high, but not seen in ATLAS data
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CMS & LHCb, Nature 522 (2015) 68
ATLAS, EPJC 76 (2016) 513 



Bs­
+˃˃observation

ÅFinally observed in a single experiment 
by LHCbτa milestone of flavourphysics

ÅUsed Run1 + part of Run2 (3+1.4 fb-1) 
7.8 s̀ignificance

ÅEven made a first lifetime measurement

NP could affect this due to large ɲɱs
(needs more data to be sensitive)
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PRL 118 (2017) 191801

Ҧ ƛƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ {ǘŀƴŘŀǊŘ aƻŘŜƭ

(~20%)

m(B0) m(Bs)



ÅB(Bs­
+˃˃  ) result consistent with Standard Model expectation

Implications depend on the model of New Physics (with scale ɽ)

ÅMinimal FlavourViolation: 
new physics has similar
flavourstructure to SM 

ÅBranching ratios could 
have been strongly 
modified by new physics

ÅLarge regions of parameter
space ruled out, e.g. for SUSY 

Implications
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Straub, arXiv:1107.0266

Haisch, arXiv:1510.03341

BRexp/BRSM 

Before LHCNow

ŦƻǊ ½Ω ǿƛǘƘ ƎŜƴŜǊƛŎ ǘǊŜŜ-level coupling modification

One-loop modification of Z penguin assuming MFV



ÅHelicity suppression for electron mode B(s)­ e+e is even stronger (me/mB)
2

ҦSM BF is currently out of reach, O(10-13)τbut interesting for new physics

ÅBy same token, SM rate for the ̱ +̱ mode is larger due to m̱ass

ÅChallenging due to undetected neutrinos
Searched for using decay

ÅBs-B
0 mass difference cannot be resolved for

this channel.  Limits set(at 95% CL):

ÅAlsosearchin the strangeand charmsectors:

Otherfully-leptonicmodes
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Bobeth et al. 
PRL 112 (2014) 101801

Fleischer et al. arXiv:1703.10160v2
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Semileptonicrare decays
Åb ­ sҚҚhas similar loop diagrams to 

Bs­˃,˃ but instead of annihilation the 
s quark leg is rotated to the final state

ÅMore observables:  m(˃)˃, angular 
information from decay products

ÅContributions from many experiments: 
ATLAS, CMS, LHCband the B factories
LHCb: best mass resolution at the LHC 
highest statistics, lowest background 
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b ­ sҚҚ
Åb-hadron mass is reconstructed from final hadron decays (e.g. K*0­ K +̄)

and two energetic leptons

ÅBackground events suppressed by requiring displaced vertices

ÅThe decay width is expressed in terms of q2 = invariant mass2 of dileptons

ÅTree level decays involving Wκa̞nd ̞ όн{ύresonances used as control samples 
and the q2 regions removed from the analyses of b ­ sҚҚ decays
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Wκ˕

˕όн{ύ

B0

JHEP02(2016)104



LHCb: JHEP 11 (2016) 047, JHEP 04 (2017) 142 
CMS:   PLB 753 (2016) 424

Decay rates
ÅStudy same process with different spectator quark(s)

ÅIn general, data tend to be lower than SM predictions
Hadronic uncertainties limit precision of the predictions
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b ­ s˃ ˃ angular analysis
ÅStudy the rate as a function of the 

decay angles:  ̒K, Қ̒, ˒

ÅComplicated expression:

ÅFL = fraction of longitudinal polarization 
of the K*

Å/ŀƴ ŘŜŦƛƴŜ άƻǇǘƛƳƛȊŜŘ observablesέΣ 
with form-factor cancellations, e.g:
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Descotes-Genonet al, JHEP 05 (2013) 137

3.4 s̀ignificance, bearing in 
mind look-elsewhere effect 
(other bins, other observables) 

2



ÅDiscrepancies of rates and angular distributions for 
b ­ sҚҚdecays comprise the first flavour anomalies

ÅOngoing debate about the reliability of the theoretical 
ǇǊŜŘƛŎǘƛƻƴǎΣ ǇƻǎǎƛōƭŜ ŎƻƴǘŀƳƛƴŀǘƛƻƴ ŦǊƻƳ άŎƘŀǊƳ ƭƻƻǇǎέ

ÅModelling has been studied in detail using B+ decays, fitting the full q2 range
allowing contribution from short- and long-distance effects to be constrained  

ÅIncluding latest results and alternative calculations, anomaly is less striking

Theoretical uncertainties
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Bs­ K*0 +˃˃
ÅBs counterpart of the B0­ K*0˃ d˃ecay

ÅHeavily suppressed b ­ dҚҚtransition
SM prediction for BR O(10-8) due to 
| Vtd|/| Vts|

ÅNormalize to decays with m(˃)˃ at J/̞
then search in regions of q2 away from
Wκ˕ and other resonances

ÅFirst evidence seen: 38±12 signal events 
(3.4 s̀ignificance) BR consistent with SM

ÅSets ground work for detailed analysis 
of this channel in the LHCb upgrade
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arXiv:1804.07167 Run1+2, 4.6 fb-1



Rare charm decays
ÅUnique laboratory to probe FCNCs in the 

up-type quark sector

ÅRare charm decays sensitive to new physics 
contributions, but need to separate short-
and long-distancecontributions

ÅD0­ h+h- +˃˃ rarest charm decays ever seen:

ÅNow studying asymmetries, none significant 
seen so far:
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PRL 119 (2017) 181805

arXiv:1806.10793 
Run1+2, 5 fb-1
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Rare hyperon decays
ÅLHCb can also contribute in the strangequarksector 

such as hyperons (baryons carrying s-quark)

ÅInterest since HyperCP(E871) saw 3 events in the 
ʅ+­ p˃ c˃hannel that clustered in m˃˃

ÅLHCb sees evidence for the decay with 4.1 ˋ
significance, but no evidence for clustering in m˃˃
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Radiative decays
ÅRadiative decays (b ­ sg) measured by B factory 

experiments BaBarand Belle, in agreement with 
Standard Model expectation

ÅLHCb has made first measurement of photon 
polarization in radiative Bs decays 
(dominantly left-handed in SM)

ÅTime-dependent analysis of ratio of Bs­ g˒
and B0­ K*gto measure parameter Aɲ(related 
to ratio of right- and left-handed polarizations)
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Phys. Rev. Lett. 118, 021801 (2017)

Consistent with SM
value within 2̀

Result:



3.  FlavourAnomalies
ÅOther anomalies seen concern hints for 

Lepton Flavournon-Universality

ÅDistinction between Lepton Flavour
Violation (LFV) and Universality (LFU)

ςIn the SM Charged LFV is forbidden 
(and has not yet been seen) 
e.g. ̱  ­ 3 ,˃ or B ­ e˃

ςOn other hand, LFU is assumedin SM:
Gauge couplings are equal for the 3 
generations, which are distinguished 
only by theirdifferent mass

ÅTesting LFU probes the validity of SM
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JHEP 03 (2018) 078, arXiv:1710.04111

PDG

e.g.

Belle < 2.1 x 10-8

LHCb < 4.6 x 10-8

PLB 687 (2010) 139

JHEP 02 (2015) 121

ChargedLFV



Testing LFU in rare decays
ÅCompare rates of b ­ s˃ ˃ and b ­ see processes, e.g:

ÅFirst example of a family of ratios Rh between hadronic b decays b ­ hҚX
to final states which differ just by lepton flavour
Ratios labelled using the hadron h in the final stateas a subscript

ÅPrecise theory prediction due to cancellation of hadronic uncertainties

ÅOn other hand, experimental effects are tricky: 
particle ID performance far from universal, 
triggering and reconstruction of muons is
much easier than electrons (or ̱) in LHCb

ÅMass resolution affected by electron
bremsstrahlung Ҧ need to recover
energy using clusters in the calorimeter

ÅTrigger thresholds higher for e than Ҧ˃ 
also use signal triggered by rest of event
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RK*
ÅIllustrate analysis for neutral mode B0­ K*ҚҚ

ÅExperimentally, use B0­ K* Wκ˕ ό­ µ+µ-)
and B0­ K*Wκ˕ ό­ e+e-) to perform a 
double ratio to help cancel systematics

Åe.g. lower efficiency for electron mode 
would cancel in the double ratio

ÅComputed in two bins of q2: 

[0.045, 1.1] GeV2 avoiding photon pole
[1.1, 6.0] GeV2 avoiding radiative tail

ÅMany checks made, e.g. 
B(B­ K* J/ µ̞µ)/B(B­ K* J/ e̞e) = 1.04 ± 0.05
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JHEP08 (2017) 055



RK*
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JHEP08 (2017) 055K*0˃˃ K*0 ee


