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Standard Model passed all tests up to O(100 GeV)
LEP: test of the gauge Structure
Flavour factories: test of the Flavour Sector
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There has been tremendous progress in Flavour Physics
Experimental facilities for precision measurements in
strange, charm and bottom
Theoretical methods have been refined to the
precision level:

Lattice
Effective Field Theories
QCD sum rules
(Models)

Close cooperation between experiment and theory!
Progress is best documented by the “CKM movie”: (CKM Fitter)
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Triumph of the Standard model (?)
LHC discovered a Higgs:

It has non-universal (i.e. mass dependent) couplings!
Is it THE Higgs? It looks pretty SM like!
... or is ewk. symmetry breaking more complicated?
750 GeV anomaly: the first hint at something new?

Nevertheless, the Higgs discovery completes the SM,
Despite of naturalness
The SM could be valid up to extremely high scales
No significant(!) hint at “new physics” yet
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Particle Physics at the crossroads

LHC finds New Particles
Find our what it is!
How does this become
compatible with the
precision data?
Why do we have MFV?
... and where does it
come from?

LHC finds no New Particles
Era of indirect searches
Quark and Lepton Flavor
Physics
Indirect searches at
highest energies
“Precision Colllider
Physics” at LHC

We will know soon! (at least about the 750 GeV bump)
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(Ubiquitous) effective field theory picture

L = LSM
dim 4

+ L
dim 5

+ L
dim 6

+ · · ·

L
dim n

are suppressed by large mass scales

L
dim n

=
1

⇤n�4

X

i

C(i)
n O(i)

n

O(i)
n : Operators of dimension n,

SU(3)C ⇥ SU(2)W ⇥ U(1)Y gauge invariant
C(i)

n : dimensionless couplings
What can we know about this mass scale?
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From neutrino physics:
Majorana masses for the ⌫’s are generated by a
unique dim-5 operator:

L
dim 5

=
1

⇤
LNV

X

ij

Cij
5(L̄jHc)c(Hc,†Li)

Generates a mixing matrix for the leptons (PMNS
Matrix), analogous to the CKM Matrix
This term is Lepton Number Violating,
related to the scale ⇤

LNV

Small Neutrino masses: ⇤
LNV

⇠ 1014 GeV , almost as
big as the GUT scale?
Hopefully ⇤

QFV

and ⇤
LFV

is not that high!
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From Quark Flavour Physics:
For Quarks there is no contribution to L

dim 5

Look at �F = 2 flavour transitions:

O(6)
1 = (s̄L�µd)(s̄L�

µd) (Kaon Mixing)

O(6)
2 = (b̄L�µd)(b̄L�

µd) (Bd Mixing)

O(6)
3 = (b̄L�µ2)(b̄L�

µs) (Bs Mixing)

O(6)
4 = (c̄L�µu)(c̄L�

µu) (D Mixing)

With generic couplings O(1):
⇤ ⇠ 1000 TeV from Kaon mixing (Ci = 1)
⇤ ⇠ 1000 TeV from D mixing
⇤ ⇠ 400 TeV from Bd mixing
⇤ ⇠ 70 TeV from Bs mixing
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How to get TeV Scale new physics?

Concept of “Minimal Flavour Violation” (MFV)
In the SM:
The only source of Flavour (and CP) violation is the
non-alignement of the mass matrices.
This generates the (hierarchical) CKM structure
This also generates a supression of FCNC processes

MFV: Assume that this is true also for new physics models
(Ali, Buras)

Implemented by a spurion analysis
D’Ambrosio at al., Zupan et al., Feldmann et al.

Generates a supression of the dim-6 couplings in L
eff

.

MFV is NOT a Theory of Flavour
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??? Many Open Questions ???

Our Understanding of Flavour is unsatisfactory:
22 (out of 27) free Parameters of the SM originate
from the Yukawa Sector (including Lepton Mixing)
Why is the CKM Matrix hierarchical?
Why is CKM so different from the PMNS?
Why are the quark masses (except the top mass) so
small compared with the electroweak VEV?
Why do we have three families?

Underlying principle for the flavor structure?
like the gauge principle for the fundamental forces?

... a broken (how?) flavour symmetry

... extra dimensions

... new gauge interactions
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The Current “Tensions”
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Lepton non-universality in B ! K``
Angular distribution in B ! K⇤``
Problems in Semileptonics

The current tensions

For the time being,
let’s get excited about the current “tensions”

b ! s`` Anomalies:
RK : Lepton non-universality in B ! K ``
P 0

5: Angular distribution in B ! K ⇤``
Rates for B ! Kµµ and Bs ! �µµ

R(D) and R(D⇤): Rates for B ! D(⇤)`⌫̄

V incl

xb vs. V excl

xb : b ! q`⌫̄ transitions

Step 1: Scrutinize the Standard Model
Step 2: Invent a New Physics Model
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Lepton non-universality in B ! K``
Angular distribution in B ! K⇤``
Problems in Semileptonics

The current tensions

For the time being,
let’s get excited about the current “tensions”

b ! s`` Anomalies:
RK : Lepton non-universality in B ! K ``
P 0

5: Angular distribution in B ! K ⇤``
Rates for B ! Kµµ and Bs ! �µµ

R(D) and R(D⇤): Rates for B ! D(⇤)`⌫̄

V incl

xb vs. V excl

xb : b ! q`⌫̄ transitions

Step 1: Scrutinize the Standard Model (work)
Step 2: Invent a New Physics Model (fun)
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Lepton non-universality in B ! K``
Angular distribution in B ! K⇤``
Problems in Semileptonics

b ! s`` anomalies: Lepton non-universality in B ! K ``

(taken from J. Albrecht, Moriond 2016)
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Lepton non-universality in B ! K``
Angular distribution in B ! K⇤``
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However
There is a violation of lepton universality through the
masses of the leptons
QED Effects come with

↵
em

⇡
ln

 
m2

µ

m2
e

!

These depend on the experimental set-up
Major part is included by PHOTOS
QED effect: �RK = +3% (Isidori, 2016)

Check other, related channels: B ! K ⇤``, Bs ! �``
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What could be explanations in terms of BSM Physics?
Leptoquarks with family-specific couplings
Gauge extensions with e.g. gauged Lµ � L⌧

Extended Higgs Sectors
Attempts to explain all anomalies with a single model!

New Player: B+ ! K+⌧⌧

Br(B+ ! K+⌧⌧)  2.25 ⇥ 10�3
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Lepton non-universality in B ! K``
Angular distribution in B ! K⇤``
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b ! s`` anomalies: Angular distribution in B ! K ⇤``

B ! K ⇤`` ! K⇡`` contains a lot of information
Angular distributions in the final state
Set up clever ratios to reduce
form-factor uncertainties
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Photon pole: Dominance of O7

Large Recoil: cc̄ loop contribution below threshold
Charmonia: B ! J/ K⇤ ! (``)K⇤

Low Recoil: Duality fo the cc̄ loop
The cc̄ loop brings a non-local / non-form-factor like contribution into the game!
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Anomalies in the angular distributions:

However, how well can we compute this?
Form factor uncertainties (can be / is already fixed)
Charm Loop contribution (????)

Needs additional scrutiny within the Standard Model!
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Lepton non-universality in B ! K``
Angular distribution in B ! K⇤``
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b ! s`` anomalies: Rates in B ! Kµµ and Bs ! �µµ

Rates at low q2 seem to be lower than the SM prediction!
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Fit of the data to the Wilson coeff. of H
eff

(Descotes-Gennon et al., Altmannshofer, Straub)

H
eff

= · · ·+ C9 (s̄L�µbL)(¯̀�
µ`) + C10 (s̄L�µbL)(¯̀�

µ�5`)

+C0
9 (s̄R�µbR)(¯̀�

µ`) + C0
10 (s̄R�µbR)(¯̀�

µ�5`)
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(from S. Descotes-Genon at FPCP2016)

Also consistent with different treatments of the charm loop

Note: CNP

9 ⇠ O
⇣

v2

⇤2

⌘
: Hints at a low NP scale
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(from S. Descotes-Genon @ FPCP2016)
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B ! D(⇤)⌧ ⌫̄
Tension in the exclusive semileptonic B ! D(⇤)⌧ ⌫̄ decays

R(D) =
�(B ! D⌧ ⌫̄)

�(B ! D`⌫̄)
R(D⇤) =

�(B ! D⇤⌧ ⌫̄)

�(B ! D⇤`⌫̄)

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711

) = 67%2χHFAG Average, P(
SM prediction

 = 1.02χ∆

R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)

HFAG
Prel. Winter 2016

Theory predictions
are quite precise:
Heavy Quark Symmetry fixes
the longitudinal form factor f0
in Addition, its contribution is

supressed by m2
⌧/m2

b
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However:
Inclusive rate B ! Xc⌧ ⌫̄ can be calculated within OPE (Ligeti, Tackmann)

Br(B ! Xc⌧ ⌫̄) = (2.42 ± 0.06)%

There is a measurement of the inclusive rate by LEP (B hadron admixture)

Br(B ! Xc⌧ ⌫̄) = (2.41 ± 0.23)%

Theoretical predictions for the exclusive channels (Kamenik, Fajfer)

Br

th.(B ! D⌧ ⌫̄) + Br

th.(B ! D⇤⌧ ⌫̄) = (2.01 ± 0.07)%

On the other hand: (BaBar 2012, Compatible with LHCb 2015)

Br

expt.(B ! D⌧ ⌫̄) + Br

expt.(B ! D⇤⌧ ⌫̄) = (2.78 ± 0.25)%

... and more recently: (Belle 2015)

Br

expt.(B ! D⌧ ⌫̄) + Br

expt.(B ! D⇤⌧ ⌫̄) = (2.39 ± 0.32)%
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Nevertheless, let’s look into the fun part:
Possible interpretations in terms of new physics

Two Higgs Doublet model (SUSY Type) excluded:
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Leptoquark Interpretations: (Tanaka, Watanabe, Sakaki)

Operator Basis:

Single scalar Leptoquark explains RK and R(D(⇤))

LUV proportional to the lepton masses?
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V incl

cb versus V excl

cb

Inclusive Vcb from the Heavy Quark Expansion:
Precision at the level of 1.5% theoretical uncertainty

|Vcb| = (42.09 ± 0.79)⇥ 10�3
(Gambino, Healy, Turczyk)

Exclusive Vcb from B ! D⇤`⌫̄ endpoint:

|Vcb| = (39.04 ± 0.75)⇥ 10�3
(FNAL/MILC)

Exclusive Vcb from B ! D`⌫̄ rate

|Vcb| = (40.49 ± 0.99)⇥ 10�3
(Gambino)

Tension with exclusive Vcb from B ! D⇤`⌫̄ endpoint
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V incl

ub versus V excl

ub

Inclusive Vub depends on non-perturbative functions:
! Precision is less than in b ! c

|Vub| = (4.49 ± 0.16+0.16
�0.18)⇥ 10�3

(PDG)

|Vub| = (4.03+0.20
�0.22)⇥ 10�3

(new BaBar result)

Exclusive Vub from B ! ⇡`⌫̄

|Vub| = (3.72 ± 0.19)⇥ 10�3
(PDG)

Persistent tension in Vub,
however, slightly receeding due to new data
New Input from ⇤b ! p`⌫̄ (LHCb)
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Summary of the current situation (Ruth van der Water @ FPCP2016)

(Fit by Andreas Kronfeld)
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Interpretation in terms of new physics

Right-Handed Admixture

(From Paolo Gambino’s talk at BEAUTY 2016)
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More Stuff
Mixing, Top, Neutrinos, Charged Leptons
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B-B Mixing

New lattice results for B-B Mixing (R. van der Water @ FPCP2016)
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New sum rule calculation for B-B Mixing
(Grozin, Klein, ThM, Pivovarov 2016)

HQET Sum Rule for �B = B � 1 (three loops)
RG Invariant Bag factor B̂:

B̂ = 1.34 ± 0.06

Latest Lattice calculation: (FERMILAB / MILC)

B̂ = 1.38 ± 0.13

FLAG Result
B̂ = 1.27 ± 0.10

QCD SR uncertainty is small,
since the uncertainty is in B(mb)� 1
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(R. van der Water @ FPCP2016)
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Top and Flavor

Flavour Topic: Top FCNC’s
Small in the SM, but enhanced in many NP models
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750 GeV Bump

Summary of the various theory activities: (K. Zurek @ FPCP2016)

Collapse of the wave function expected later this year:
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Neutrinos

There is plenty of room form surprises: (A. de Gouvea @ FPCP2016)
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Charged Leptons I: (g � 2)µ
Current status: (T. Bowcock, T. Izubuchi @ FPCP2016)
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hadronic vacuum polarization:
Extraction form experiment
New lattice calculations

New lattice calculations of light-by-light scattering

Further reduction of the uncertainties foreseen!

There is still a tension in (g � 2)µ.
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Charged Leptons II: Rare Processes
Good News:

The presence of neutrino masses induces non-trivial
charged lepton flavour physics
The PMNS Matrix is not hierarchical
LFV muon decays: µ ! e�, µ ! 3e
LFV ⌧ decays: ⌧ ! e/µ�, ⌧ ! 3µ, ⌧ ! e2µ ...

Bad News:
If the dim-5 Operator is the only source of LFV (and
LNV) these effects are super-small
Naive counting

A(` ! `0�) / GF

16⇡2 |VPMNS

|2�m2
⌫

M2
W

T. Mannel, Siegen University Heavy Flavour 2016: Quo Vadis?



Where do we stand?
The Current “Tensions”

More Stuff

So we need new physics:
This links to RK and R(D(⇤))

Many models are thinkable,
but need to enhance the amplitude tremendously!
Such models exist:

Supersymmtry
Little Higgs
...
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(e.g. G. Cavoto @ FPCP2016)
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News on CP Violation
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Sources of CP violation in the SM:
Strong CP violation:
The QCD Vacuum generates the “✓ term”:

L
strong CP

= ✓
↵s

8⇡
Gµ⌫,aG̃a

µ⌫

Natural size would be ✓ ⇠ 1, Limit from Neutron EDM:

dN ⇠ ✓ ⇥ 10�15
e cm thus ✓  10�10

CKM CP Violation from the phase of the CKM matrix:

J = Im V ⇤
csVusVcdV ⇤

ud

There is only a single 4th order rephasing invariant
Leptons: PMNS Phases
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Strong CP remains a mystery, can be removed by an
additional symmetry (Peccei Quinn Symmetry)
CP Phases in the leptonic sector are still unexplored

(Units are 10�6)
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CPV in B Physics

Measurements get very precise!
Theory has (and will contiune to have) a hard time to keep up!

Nonleptonic decays from QCD
Tackle the power corrections, but how?
Extension to three body decays
Opens new roads to CPV studies
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(R. Silva Coutihno @ FPCP2016)
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CPV in Kaons

New Lattice calculations of Kaon CPV (C. Kelly @ FPCP2016)

Method to treat moving pions (Lellouch. Lüscher)

Towards a quantitative understanding of �I = 1/2
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Instead of a Summary
Questions ot be discussed: See also the List sent by Alex

What (if true) is the explanation of the 750 Gev bump?
Can we gain control over non-leptonic (two and more
body) decays?

QCD factorization: Power Corrections

Flavour Symmetries

Is there a coherent NP model explaining all anomalies?
Are there correlations between different flavor
observables?
How far can the non-perturbative methods be improved?

QCD Sum rules

Lattice QCD

What can be learned from LFV and LNV in B decays?
T. Mannel, Siegen University Heavy Flavour 2016: Quo Vadis?



Where do we stand?
The Current “Tensions”

More Stuff

Or, some more global questions:
What can we do with 70 ab�1 of B factory data?
There must be a B2TIP-reloaded at some point!
addressing questions such as:

Very rare processes (e.g. LFV and LNV B decays)
Large data samples of “known” decays
How to improve theory?

How do we exploit the full spectrum of ground state b
hadrons produced at LHCb?

Are we getting towards a theory of flavour?
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