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The Standard Model
● The Standard Model is by now an old theory

● In particular in the area of flavour physics, a large number 
of anomalies have shown up in the past few years

●

●

●

●

●

●

●

●

● Cracks are at a level where they can't be ignored

Introduction



Ulrik Egede7-11 Nov 2016 3/121

The Standard Model
● Is this the rise of New 
Physics to prominence?

● A new consistent theory 
arises from the ruins

●

●

● Or will the Standard Model 
be restored to former glory?

Reappraisal of theoretical 
uncertainties makes 
anomalies go away

Introduction
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Why flavour physics?
● Any physics model (SM or NP) has to deal with the 
observed flavour structure we observe

● In SM this is through the Yukawa couplings to the Higgs 
field and the weak force

● Misalignment of these gives structure of CKM matrix
● Wide range: m

u
 = O(10-5) m

t
, |V

ub
|=O(10-3) |V

tb
|   Why???

Any NP model with new flavoured particles or flavour 
breaking interactions must “hide” behind SM interactions

● NP mass scale very large (>~100 TeV)
● or

● NP mimics Yukawa couplings (minimal flavour violation)

● Both choices can be argued to be un-natural
● Further measurements required

Introduction
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Questions to ask
● For a given prospective measurement, we need to ask 
the questions

● What are the theoretical uncertainties with measurement 
and can they be reduced?

● What level of statistical accuracy could be expected?
● How will experimental systematics be controlled?

● From answers conclude if measurement is actually 
interesting

● Will aim to show here that there are still plenty of 
interesting measurements

Introduction
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Overall structure
● Historical perspective
● How to make measurements
● Experimental facilities
● Measurement of quark couplings
● CP violation
● FCNC and other rare/forbidden decays
● Future perspective

Introduction
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Prediction of charm quark
● The discovery of strangeness

●

Introduction
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Discovery of neutral currents

Introduction
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Kaon decays
● The mass eigenstates for neutral kaons are

● K0 = sd      K0 = sd

● We can express these in terms of CP eigenstates
●

●

●

● If the weak force is conserving CP, then K
1
 and K

2
 will be 

the weak eigenstates as well
●
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CP violation in kaon decays

Introduction

We can write down time evolution of eigenstates 

Oscillating term



Ulrik Egede7-11 Nov 2016 11/121

CP violation in kaon decays
● A CP-even and CP-odd state will decay differently

● CP-even (~K
1
) decays to 2 pions (parity of pion is -1)

● CP-odd (~K
2
) decays to 3 pions

● As K→3π is almost kinematically forbidden, decay is 
supressed and lifetime long

Call K
1
 for K0

S
 and K

2
 for K0

L

● If we create K0 or K0 (through strong interaction)
● Start with equal amount of K0

S
 and K0

L

● K0
S
 decays and leaves pure K0

L
 sample

● If CP is conserved should only observe 3 pion decays
●

Introduction
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CP violation in kaon decays

Introduction
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CP violation in kaon decays
● As K0

L
 decays to two pions observed

● K0
L
 is not a CP eigenstate

● The weak force is not CP conserving
● What is seen here is “CP violation in mixing”

● Nobel prize awarded in 1980

Introduction
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Consequence of CPV in kaon decays
● CP violation in the Standard Model
●

●

●

●

●

●

●

●  

C. Parkes

Introduction
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Consequence of CPV in kaon decays
● Can only get difference if matrix element complex
● That two mixing rates are different implies T-violation

● And thus CP violation if CPT invariance is assumed

● Kobayashi and Maskawa realised 3 generations of 
quarks required for creating complex phase

● Prediction of b and t quarks
● Nobel prize awarded in 2008
●

C. Parkes

Introduction
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B oscillations

Introduction

● Take advantage of pair 
production of B0-B0 to 
search for B oscillations

● B0→Xµ+ν
● B0→Xµ-ν

● Observation of two same 
sign muons is an 
indication of mixing

●

●

●
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The heavy top quark

Introduction

● The oscillation was much faster than anticipated
● Led to a change in the expectation of the top quark mass

● “Preferred” scenario was m
t
 > 100 GeV

Ellis, Hagelin and Roudas, PLB 192, 201 (1987)

S2 (Vtd)

S3 (Vub)
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The long road to new physics
● The “normal” level of b→sgamma

Introduction
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The long road to new physics

Introduction
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The long road to new physics
● The two very rare decays B0

s
→µ+µ- and B0→µ+µ- have 

attracted much interest
● Easy to predict SM branching fraction with great precision

● BF(B0
s
→µ+µ-)

SM
 =  (3.56 ± 0.18) x 10-9     (time averaged)

● BF(B0  →µ+µ-)
SM

 =  (0.10 ± 0.01) x 10-9

● Sensitive to the scalar sector of flavour couplings

SM

Introduction
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The long road to new physics
● For B mesons the rare decay search started in 1984 at 
CLEO

●

Introduction
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The long road to new physics
● For B mesons the rare decay search started in 1984 at 
CLEO

●

Introduction
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Found the exit?
Previous results 
pointed to high mass
scale of new physics

●

● But have indirect measurements reached it now?

Introduction

New Physics
©swong95765, CC BY 2.0

https://www.flickr.com/photos/29487672@N07/
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How to make measurements
● For a given prospective measurement, we need to ask 
the questions

● What are the theoretical uncertainties with 
measurement and can they be reduced?

● What level of statistical accuracy could be expected?
● How will experimental systematics be controlled?

● The impact of QCD on any measurements
●

Introduction
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Strong force in the way
● Most calculations of expected decay rates are done using 
Feynman diagrams

● Works just like a Taylor expansion
●

●

●

● Leading order
●

Introduction
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Strong force in the way
● Most calculations of expected decay rates are done using 
Feynman diagrams

● Works just like a Taylor expansion
●

●

●

● Next to leading order
●

Introduction
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Strong force in the way
● Most calculations of expected decay rates are done using 
Feynman diagrams

● Works just like a Taylor expansion
●

●

●

● Next to next to leading order
●

Introduction
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Strong force in the way

Electroweak
force

Strong
force

● Most calculations of expected decay rates are done using 
Feynman diagrams

● Works just like a Taylor expansion
●

● But can in just the same way
turn problematic

●

● Strong coupling constant too
large so series may not converge

●
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Introduction
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Strong force in the way
● There are different ways out of the problem of non-
convergence

●

● Run a discrete numerical simulation
● Make use of Lattice QCD results where available
● Semileptonic decays

● Ratios where QCD influence is cancelling
● Angular analysis of penguin decays

● Subtraction where QCD influence cancels
● CP violation
● Lepton non-universality

● Forbidden processes
● Lepton flavour violation

●

Introduction



Ulrik Egede7-11 Nov 2016 30/121

The proposed facilities available

LHCb

Belle-II

2014 2030202620222018

ATLAS/CMS

TLEP ??

LHCb upgrade

Year

Introduction
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Production of heavy flavour
● Think of properties of quarks that we are interested in

● Lifetime
● Kaons and are very long lived
● Both b- and c-hadrons have lifetime in ps region
● Top quark has insignificant lifetime

● Mass of hadrons
● Scales from 0.5 GeV for kaons to 175 GeV for top

● Decays
● Are interested in measuering decays with branching fractions 

in 10-10 region
●

● Large differences in properties leads to different facilities
●

Introduction
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Facilities
● Fixed target

● Will extract proton beam from storage ring
● CERN – Proton Synchroton (PS), 27 GeV

● Can provide kaons and pions for testbeams
●

Introduction
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Facilities
● Fixed target production 

● Will extract proton beam from storage ring
● CERN – Proton Synchroton (PS), 27 GeV

● Can provide kaons and pions for testbeams
● Fermilab –  Booster, 8GeV

● Proposals for future 
kaon expriments

● CERN – SPS, 450 GeV
● Can produce pions, 

kaons, c-hadrons, 
(b-hadrons)

● Home to several active
experiments

Introduction



Ulrik Egede7-11 Nov 2016 34/121

Facilities
● e+e- collisions for pair production on resonance

● DAΦNE – collisions at the φ resonance (~1 GeV)
● Beijing Electron–Positron Collider II (BEPC II)

● Collisons in the charmonium region (3-4.5 GeV)

● CESR – symmetric collisions at Υ(4S) (terminated)
● PEP-II – asymmetric 
collisions at Υ(4S) 
(terminated)

● Super-KEKB – asymmetric
collisions at Υ(4S)

●

Introduction
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Facilities
● Hadron colliders for production in fragmentation process

● Fermilab – TeVatron, 2 TeV (terminated)
● CERN – LHC, 13 TeV
●

Introduction

Photo: J. Herzog, CC-BY-SA 3.0
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BELLE-II detector

Introduction
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BELLE-II detector

Introduction
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Hadron collider detector design
● Vertex detector

● Both b- and c-hadrons have lifetime in ps region. 
● With momentum in 100 GeV region this gives decay 
distance around 10 mm.

Mass of bottom and top
● Mass of decaying quark sets transverse momentum scale

● p
T
/p sets geometry of detector

● Forward detector for c- and b-hadrons
● 4π for t decay

●

Introduction
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Hadron collider detector design
Trigger

● Charm hadrons produced in every 50 collisions
● Precision CP violation in Charm → kHz signal

● Beauty hadrons produced in every 500 collisions
● B decays with 10-10 branching fraction → 10 nHz signal
● Need high efficiency for low mass decay

● Top quark
● Much rare in production

● Trigger based on very high p
T
 leptons and jets

● LHCb experiment is designed for charm and beauty
● ATLAS and CMS has top physics among primary design 
goals

Introduction
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The LHCb experiment

©CERN

Introduction
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The LHCb experiment

©CERN

Introduction
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CMS experiment

Introduction
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Relative strengths
LHCb ATLAS/

CMS
BELLE-II

B-hadron mass resolution ✔✔✔ ✔ ✔✔✔

B vertex resolution ✔✔✔ ✔✔ ✔

Heavy flavour trigger rate ✔✔✔ ✔ ✔✔✔

Muon ID ✔✔✔ ✔✔✔ ✔✔

Electron ID ✔ ✔✔ ✔✔✔

Hadron ID ✔✔✔ X ✔✔

Coverage (top) ✔ ✔✔✔ X

Coverage (bottom) ✔✔✔ ✔ ✔✔✔

Backgrounds ✔ ✔ ✔✔

Statistics ✔✔✔ ✔✔ ✔

Production of Λ
b
, B0

s
, B

c
+ ✔✔✔ ✔✔✔ X

Introduction
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Measurement of quark couplings
● CKM matrix
● Unitary triangle
● Why semileptonic measurements, inclusive vs. exclusive
● Lepton universality

Couplings
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CKM matrix
● The CKM matrix determines the coupling of the W boson 
to the quarks

● Provides the majority of the free parameters in the Standard 
Model

● Just as essential a part of the Higgs coupling as the mass 
of the quarks

●

Couplings
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CKM matrix
● The CKM matrix is unitary which gives six constraints of 
the type

●

●

● Draw a sketch of the 6 triangles
● What about their areas?

●

Couplings
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CKM matrix

Couplings
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Measuring V
ub

Couplings
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Measuring V
ub

Couplings
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Measuring V
ub

 (exclusive)

Couplings

● Historically measurement performed exclusively with 
B0→π-l+ν
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Couplings

Measuring V
ub

 (inclusive)
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Measuring V
ub

● The exclusive and inclusive Vub measurements have 
long history of disagreement

Couplings
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V
ub

 analysis in LHCb
● See separate slides ...

Couplings
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CKM matrix elements (incl. vs excl.)
● Combining the new LHCb measurement with existing 
measurements of |V

cb
| and |V

ub
| enhance discrepancy 

between inclusive and exclusive measurements
●

Couplings
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Lepton non-universality
● Lepton universality is one of the corner stones of the 
Standard Model

● But it is an “accidental” symmetry. Could easily be broken in 
New Physics models.

● Only theoretical uncertainty in ratios of semileptonic 
decays is from different masses of quarks

● Z decays tested lepton universality at the per-mille level
● Heavy flavour decays test e-µ universality in B→Klν at the 
5% level

● For µ-τ universality to constraints are poorer
● In charm, a single constraint by BF(D

s
+→τ+ν)/BF(D

s
+→µ+ν) 

at 10% level

Couplings
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Lepton universality
● Lepton universality can be checked in semileptonic B 
decays

●

●

●

●

● To look for τ decays is a particular challenge
● Using τ-→µ-ν

µ
ν

τ
 we get 3 neutrinos in final state

● Using τ-→π-π+π-ν
τ
 we emulate decays like D

s
-→K-π+π-

● Compare PDG entries for τ- and Ds-

Couplings

http://pdglive.lbl.gov/Particle.action?node=S035&init=
http://pdglive.lbl.gov/Particle.action?node=S034&init=
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Lepton universality
● LHCb B+→D*+ τ ν result

Phys. Rev. Lett. 115 (2015) 112001

Couplings
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B+→D(*)+ τ ν global fit
● The measurements are internally consistent and have a 
4σ tension with SM prediction

●

Couplings
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Direct CP violation

CP violation
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Direct CP violation

CP violation
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CP angle γ

CP violation

● The biggest current challenge is to measure the angle γ 
●

●
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CP angle γ

CP violation

● Main measurement is from direct CP violation where 
there is interference between V

ub
 and V

cb
 diagrams

●

●

●

●

●

● Need final state of charm decay that is shared between 
D0 and D0 like K-π+

● Amplitude of D0→K-π+ suppressed by r
DCS

● Try to write down amplitude of all four decays
●                             and charge conjugateB−→K −(K ± π∓)
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CP angle γ

CP violation

● Measurement in LHCb

Physics Letters B 760 (2016) 117
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CP violation in mixing
Very much suppressed in B 
decays as ΔΓ

d
 is tiny

●

●

● Requires flavour tagging
● Can instead look at untagged rate 
to f and f

●

●

●

Will look at this in detail in 
problem this afternoon

+1 for f, -1 for f

CP violation
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CP violation in interference
● Looking at B0

(s)
/B0

(s)
 decaying 

into a CP eigenstate
● Measuring this in B0→J/ψK0

s
 

decays was the reason for 
building the BaBar and BELLE 
experiments

●

●

●

●

●

● How can we have negative 
times?

CP violation
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CP violation in interference
● With production from Y(4S) resonance and asymmetric 
collision is required

● The B0 and B0 are produced in a coherent state

CP violation
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CP violation in interference
● At a hadron collider we can look for the same thing in B0s 
decays

● The Standard Model prediction is for a very small CP 
violation

● Anything larger would be a sign of New Physics

● Look at B0
s
→J/ψ φ decay

● Complication in that the φ is a vector
● We have a mixture of CP-even and CP-odd final states
● We have to disentangle this through an angular analysis

CP violation
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CP violation in interference
● Have to consider the decay as a function of 3 angles and 
the K+K- mass

CP violation
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CP violation in interferenceCP violation in interference

CP violation
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No heavy flavour CP  violation anomalies?
● But there is still plenty of scope for NP to show up in B0

s
 

oscillations
●

●

●

●

●

●

● The theoretical uncertainty is still very small compared to 
experimental uncertainty

CP violation
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The Operator Product Expansion

• Make an effective theory which gives us model independent things to 
measure
– Rewrite (part of) SM Lagrangian as:

– “Wilson Coefficients” Ci

• Describe the short distance part, can compute perturbatively in a given theory
• Integrate out the heavy degrees of freedom that can't resolve at some energy 

scale → Wilson coefficient just a (complex) number
• All degrees of freedom with mass> are taken into account by the Wilson 

Coefficients, while those with mass< go into the operators ...

– “Operators” Oi

• Describe the long distance, non-perturbative part involving particles below the 
scale  

• Form a complete basis – can put in all operators from NP/SM
• Account for effects of strong interactions and are difficult to calculate reliably

71

i
i

iOCL

Rare decays
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Wilson Coefficients

• Can be computed perturbatively in SM and in NP models

 
• If we were able to calculate the full perturbative series then the dependence 

of our Hamiltonian on  would fall out... this is never the case in practice 
and the residual scale dependence introduces some theoretical error

• For  decays ~mW 

• For K decays ~1 GeV (below the c-quark mass) 
– info. about diagrams with a c-quark or some NP particle that is heavier than         

1 GeV is in the Wilson Coefficient

• For B decays ~mb (above the c-quark mass)
– info. about diagrams with a top quark or some NP particle that is heavier than     

b-quark is in the Wilson Coefficient

72

Rare decays
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OPE in the Weak Sector

• When applied to the weak sector of SM (where we might expect NP to 
appear to sort out lots of the stuff we don't understand) we find:

– The scale  (which for the SM is mW) has been absorbed into the Wilson 
coefficients

– CKM-matrix elements are factorised out

• Effective Wilson Coefficients 
– While e.g. b→s process is dominated by O7 operator, get higher order 

contributions from other operators – hide this by absorbing these contributions st 
C7 →C7

eff

73

 
i

ii
F QC
G

CKMQEDQCDeff V
2

4
LL

Rare decaysRare decays
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How do we get information from rare decays?

• We use the Operator Product Expansion:
– New particles at masses above scale  only contribute to the Wilson 

Coefficients
– If we measure those Wilson Coefficients we can see if there’s other 

(virtual) non-SM contribution in the loop processes [or if the SM particles 
couple in some non-SM way]

– In NP models the Wilson Coefficient can be computed perturbatively, 
hence you can check experiment against prediction of a given theory

– Complication: the non-perturbative bit involving the operator e.g. <F|Qi|
K> has to be computed and this can have a large theory uncertainty 

– Therefore focus on processes where, for one reason or another, the 
theory uncertainty on this part is small or cancels... hence observables 
often involve ratios

74

Rare decays
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Rare decays
● Look at decays which in the SM model can't happen at 
tree level

● Flavour changing neutral current decays the largest group
● NP can enter in at either tree or loop level
● Decays with dimuons are 
good candidates for rare 
searches

● Rely on excellent muon 
identification

●

J. Instrum.8 (2013) P10020

Rare decays

http://dx.doi.org/10.1088/1748-0221/8/10/P10020
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B→µ+µ-

● The two very rare decays B0
s
→µ+µ- and B0→µ+µ- have 

attracted much interest
● Easy to predict SM branching fraction with great precision

● BF(B0
s
→µ+µ-)

SM
 =  (3.56 ± 0.18) x 10-9     (time averaged)

● BF(B0  →µ+µ-)
SM

 =  (0.10 ± 0.01) x 10-9

● Sensitive to the scalar sector of flavour couplings

SM

Rare decays
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B→µ+µ-

Topology of decay simple
● Challenge is to keep trigger and selection efficiency high, 
while rejecting combinatorial background

Signal

Rare decays
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B→µ+µ-

Topology of decay simple
● Challenge is to keep trigger and selection efficiency high, 
while rejecting combinatorial background

Combinatorial
background

Rare decays
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B→µ+µ-

LHCb+CMS combined for observation of B0
s
→µ+µ-

● BF =                               6.2σ significant

● Evidence for B0→µ+µ-

● BF=                                3.2σ significant

(2.8−0.6
+0.7 )×10−9

(3.9−1.4
+1.6

)×10−10

Nature 522, 68–72 (2015)

Rare decays
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B→µ+µ-

Topology of decay simple
● Challenge is to keep trigger and selection efficiency high, 
while rejecting combinatorial background

● Nature 522, 68–72 (2015)

Rare decays
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Papers make it sound so easy ...
© Daily Mail
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Papers make it sound so easy ...
© Daily Mail
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... but are not always quite getting it
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The penguin laboratory
● The decay B0→K*0µ+µ-, K*0→K-π+ is in the SM only 
possible at loop level

● On the other hand NP can show up at either tree or loop level

● Angular analysis of 4-body K-π+µ+µ- final state brings large 
number of observables 

● Interference between these
●

●

●

● ... and their right-handed counterparts

Rare decays
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B0→K*0µ+µ- angular analysis
● The Wilson coefficients describe the effective couplings 
from a higher energy scale

● The matrix element of the decay is controlled by the K*0 
polarisation amplitudes 

● These are functions of the Wilson coefficients as well as the 
form factors arising from hadronic effects

● The form factors can be calculated using light cone sum rules 
(mainly at low q2) or lattice QCD (mainly large q2)

Rare decays



Ulrik Egede7-11 Nov 2016 86/121

B0→K*0µ+µ- angular analysis
● The angular distribution can be fully described through 
the coefficients of an expansion in spherical harmonics

●

●

●

●

● Which can then form CP averaged quantities and CP 
asymmetries

Rare decays
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B0→K*0µ+µ- angular analysis
Each of the angular coefficients can be expressed as a 
sum of bilinears of the K*0 polarisation amplitudes

●

●

● And ratios can be formed where the theoretical 
uncertainty can be reduced

●

●

● Several observables also have reduced uncertainty of 
zero points

P ' 5=S5 √F L(1−F L) ,   2F L≡S1c

AFB=
3
4

S6s

Rare decays
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B0→K*0µ+µ- angular analysis
Results based on 3 fb-1 from LHCb

LHCb : ArXiv: 1512.04442

Rare decays

http://arxiv.org/abs/1512.04442
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B0→K*0µ+µ- angular analysis
Unbinned fit result in region 1<q2< 6 GeV2

See UE, Petridis, Patel (JHEP 06 (2015) 084 ) for method

LHCb : ArXiv: 1512.04442

Rare decays

http://arxiv.org/abs/1512.04442
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Performing global fits 
From C. Bobeth, LHCb implications workshop

Rare decays

https://indico.cern.ch/event/395704/
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Performing global fits 
● The SM is disfavoured at ~4σ in 
all the different fits

●

● Several options for NP fit that are 
hard to distinguish

● C
9

NP = -1, C
10

NP = 0

● Leads towards Z' type models

● C
9

NP = -C
10

NP = -1

● Leptoquark models

● C
9

NP = -C
9

' NP = -1

● Leads to L-R symmetric models
●

Rare decays
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Lepton universality test in B+→K+l+l-

Due to lepton universality, the B→Kµµ and B→Kee
decays should have same BF to
within a factor 10-3

● The ratio
●

●

●

● Sensitive to lepton flavour 
violating NP

● Look in q2< 6 GeV2 region
● Muon mode and its control mode 
B+→K+J/ψ, J/ψ→µµ are easy

B
+
→

K
+
µ

+
µ

-
B

+
→

K
+
J/
ψ

LHCb : PRL113, 151601 (2014)

Rare decays

http://arxiv.org/ct?url=http://dx.doi.org/10%2E1103/PhysRevLett%2E113%2E151601&v=451e9258
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Lepton universality test in B+→K+l+l-

For the electron channel, analysis divided up in categories
●

●

●

●

●

●

●

●

● Electron mode control overall uncertainty

LHCb : PRL113, 151601 (2014)

Rare decays

http://arxiv.org/ct?url=http://dx.doi.org/10%2E1103/PhysRevLett%2E113%2E151601&v=451e9258
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Lepton universality test in B+→K+l+l-

Measurement is compatible with earlier, but less precise 
measurements

LHCb : PRL113, 151601 (2014)

Rare decays

http://arxiv.org/ct?url=http://dx.doi.org/10%2E1103/PhysRevLett%2E113%2E151601&v=451e9258
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Interpretations
● To understand the different anomalies, different 
approaches have gained some traction

● There is a problem with the uncertainties
● Experimental side most like for lepton non-universality 

measurements
● Theory side more likely for electroweak penguin angular 

analysis

Introduce a leptoquark sector
● Provides straight forward explanation of lepton non-

universality

● Introduce a Z' that allows for flavour changing neutral 
currents at tree level

● Aims mainly at B→K*µ+µ- but can also explain R
K

Rare decays
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Problem with the uncertainties
● That the “NP” shows up in C9 is somewhat problematic

● Most of the Standard Model uncertainties are there as well

● Traditional fix is C
9
 → C

9
+Y(q2) to take charm loops into 

account

● From S. Jäger

Rare decays
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Leptoquarks
● Latest attempt on leptoquarks attempts to explain nearly 
all anomalies

● Assumes hierarchical coupling matrices

arXiv:1511.01900

Rare decays
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Leptoquarks
● Latest attempt on leptoquarks attempts to explain nearly 
all anomalies

● Assumes hierarchical coupling matrices

● Loop diagrams explain R
K

arXiv:1511.01900

Rare decays
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CC-BY-4.0, JHEP 06 (2016) 092

Standard Model
prediction

LQ model best fit

Interpretation of results
● Alternatively a leptoquark
would contribute equally to

● 0
9
 (vector) and O

10
 

(pseudo-vector)

Would naturally expect
Lepton Flavour Violation

● e.g. B+→K+e+µ-

●

Rare decays

http://dx.doi.org/10.1007/JHEP06(2016)092
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Z' models
● Many variations of Z' models have been proposed

● The example below tries to include the CMS H→μτ result as 
well

Rare decays
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Z' models
● Many variations of Z' models have been proposed

● The example below tries to include the CMS H→μτ result as 
well

●

● Future τ→µµµ 
measurements will
strongly constrain
this model

Rare decays
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CC-BY-4.0, JHEP 06 (2016) 092

Standard Model
predictionZ’ model best fit

Interpretation of results
● A new vector boson, Z’,
would only contribute to
the O

9
 operator

Direct observation of new
boson would be fantastic

● … but maybe out of reach of
LHC

●

Rare decays

http://dx.doi.org/10.1007/JHEP06(2016)092
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Flavour changing neutral currents in top
With massless quarks, flavour changing neutral current 
decays are forbidden in the SM (GIM mechanism)

●

●

●

● Comparing to the top mass, all other quarks are nearly 
massless

● FCNC for top 
(t → c X, t → u X) are
suppressed by huge 
factor in SM

● Not the case for many 
NP models

●

●

arXiv: 1311.2028

(Nearly) forbidden
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Flavour changing neutral currents in top
● ATLAS/CMS searches in

● single top 
● t→Zq decays

ATL-PHYS-PUB-2013-007

(Nearly) forbidden
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Flavour changing neutral currents in top
● ATLAS/CMS searches 
in

● single top 
● t→Zq decays

● But at the moment 
effects on B penguin 
decays sets  a better 
limit (LHCb)

JHEP05 (2013) 062

ATL-PHYS-PUB-2013-007

(Nearly) forbidden
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Flavour changing neutral currents in top
● ATLAS/CMS searches 
in

● single top 
● t→Zq decays

● But at the moment 
effects on B penguin 
decays sets  a better 
limit (LHCb)

● But TLEP is also very 
competitive

JHEP05 (2013) 062

ATL-PHYS-PUB-2013-007

arXiv:1408.2090
√s=350 GeV, ∫L=100 fb−1

(Nearly) forbidden

http://arxiv.org/abs/1408.2090
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B→µ+µ-

For Run II, the clear goal is observation of B0→µ+µ-

● In the SM suppressed by |V
ts
|2/|V

td
|2~25

● LHCb upgrade expect to 
measure the ratio to a 35% 
accuracy

● CMS upgrade at full 3 ab-1 
expected to reduce this to 21%

● Depends critically on ability 
to keep peaking backgrounds 
under control

● B0
s
→τ+τ- an interesting 

opportunity for TLEP
● Would need huge enhancement
to be visible in LHCb

Future

CMS PAS FTR-13-016
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B→µ+µ-

Is the decay B0
s
→µ+µ- CP-even or CP-odd?

● The two weak eigenstates of the B0
s
 differ by about 12% in 

effective lifetime (ΔΓ/Γ~0.12)
● The two states are almost purely CP-even and CP-odd

● Thus measurement of effective lifetime in B0
s
→µ+µ- is a 

measure of the CP of the decay.

● A measurement like this was made for B0→K+K- 
● [PLB 736 (2014) 446]
● 10k candidates gives resolution of 16 fs

● Current LHCb B0
s
→µ+µ- is about 10 events equivalent

● Need a factor 200 higher yield, 300 fb-1

●

Future

http://dx.doi.org/10.1016/j.physletb.2014.07.051
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B→µ+µ-

Direct CP violation in B0
s
→µ+µ- is another challenging 

measurement
● Requires that the flavour of the B0

s
 is known (B0

s
 or B0

s
)

● Efficiencies for this are approaching 6% in LHCb
● To measure a 25% direct CPV with 5σ will require 25 times 
current dataset times flavour tagging efficiency, 400 fb-1

● For a long time the measurement of |V
ts
|/|V

td
| from 

B0
s
→µ+µ- and B0→µ+µ- will be the only new result.

Future
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B0→K*0µ+µ- angular analysis
● The Wilson coefficients describe the effective couplings 
from a higher energy scale

● The matrix element of the decay is controlled by the K*0 
polarisation amplitudes 

● These are functions of the Wilson coefficients as well as the 
form factors arising from hadronic effects

● The form factors can be calculated using light cone sum rules 
(mainly at low q2) or lattice QCD (mainly large q2)

Future
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B0→K*0µ+µ- angular analysis
Results Run-I LHCb and full Belle dataset

●

●

●

●

●

●

●

●

●

●

How do we progress from here?

Future
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B0→K*0µ+µ- angular analysis
Unbinned fit result in region 1<q2< 6 GeV2

[JHEP 06 (2015) 084  for method]
●

●

●

●

●

●

●

●

●

● Full angular fit, unbinned in q2, might give us a better 
understanding of charm contributions.

LHCb : ArXiv: 1512.04442

B→Kµµ fit in full q2  toy fit (P. Owen)

Future

http://arxiv.org/abs/1512.04442
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Lepton non-universality
● Can also consider to test b→u transitions

● Experimentally tricky as X
b
→X

u
µ+ν are already hard

● Looking at X
b
→X

u
τ+ν will just be even harder

● Best prospects might be in decays that are more 
kinematically constrained (high mass of X

u
)

● B+→ppµ+ν vs. B+→ppτ+ν
● Form factors obviously unknown but can restriction of phase 

space (to let µ look like τ) help us.
● Does B+→τ+ν already put severe restrictions on finding LNU?

● Can careful selection of fiducial region reduce the 
theoretical uncertainties from form factors?

Future
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CP violation in B0
s
→φφ

● Current status of LHCb B0
s
→φφ measurement

●

●

●

●

●

●

●

● No significant CP violation observed
●

●

●

LHCb : PRD 90 (2014) 5, 052011

Future

http://dx.doi.org/10.1103/PhysRevD.90.052011
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CP violation in B0
s
→φφ

● Current status of LHCb B0
s
→φφ measurement

●

●

●

●

●

●

●

● LHCb upgrade will bring precision on this down to 0.02
● Same level as the current theoretical uncertainty

LHCb upgrade?

LHCb : PRD 90 (2014) 5, 052011

Future

http://dx.doi.org/10.1103/PhysRevD.90.052011
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The need to resolve the problem with |V
ub

|
The measurement of |V

ub
| hides and internal 

inconsistency between
● Exclusive measurement: B0→π- μ+ υ
● Inclusive measurement  : B0/B+→X

u
 μ+ υ

Exclusive

Future
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The need to resolve the problem with |V
ub

|
The measurement of |V

ub
| hides and internal 

inconsistency between
● Exclusive measurement: B0→π- μ+ υ
● Inclusive measurement  : B0/B+→X

u
 μ+ υ

Inclusive

Future
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The need to resolve the problem with |V
ub

|
The measurement of |V

ub
| hides and internal 

inconsistency between
● Exclusive measurement: B0→π- μ+ υ
● Inclusive measurement  : B0/B+→X

u
 μ+ υ

Inclusive
Exclusive

Future
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The need to resolve the problem with |V
ub

|
● Indicating that we do not fully understand QCD?
● More independent measurements required

● Λ
b
 → p µ- ν

● Sets constraints on |V
ub

|/|V
cb

|

● B+ → τ+ ν
● At the moment statistics limited, Belle-II will much improve
● But maybe dangerous as it drags in LNU as well

● Inclusive measurement
● Large gain in hadron tagged sample with Belle-II

● B
c
+ → X

c
 µ+ ν

● Possible at LHCb or LHCb upgrade. Interesting?

● |V
ub

| at a few percent level will be possible

Future
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Unitarity of CKM matrix
Left side (|V

ub
|/|V

cb
|) and the angle γ will be precision 

measurements in the future

γ

|V
ub

|

Future
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Bread and butter work
● There are SM measurements that we need to prove
● Many of the experimental measurements depends on 
normalisation with respect to other modes

● Often these normalisation modes are now imposing serious 
limits

● B0→J/ψK*0, B0→J/ψK*0

● Understanding of S-wave components
●

●

●

● Λ
c
+→pK+π-

● Discrepancy between Belle and BES measurement a 
serious limitation on all Λ

c
 measurements

LHCb : arXiv:1606.04731

Future

http://arxiv.org/abs/1606.04731
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