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Introduction B Anomalies Mesons Baryons Conclusions and Outlook

What is flavor physics?

• Interactions that distinguish the 3 generations

• SM: neither strong nor EM, only couplings of W ± (diagonalizing Higgs
couplings)

• Flavor parameters:

• quark & lepton masses, mi (12)
• quark & lepton mixing,Vij(3 + 1),Uij(3 + 3) (10)
• Majority of the parameters of the SM (extended for mν ̸= 0)

(only 6 others)

• Quark mixing:

• (u, c , t)W ±(d , s, b)couplings—4 param’s,η ̸= 0 →CP violation
• Cabibbo-Kobayashi-Maskawa (CKM) matrix (unitary)

VCKM =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 =

 1− λ2

2
λ Aλ3(ρ− iη)

−λ 1− λ2

2
Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4)

• The only source of quark flavor change in the SM

• Many testable relations, sensitive to possible deviations from the SM
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CKM fit: plenty of room for new physics

• Unitarity:VudV ∗
ub+VcdV ∗

cb+VtdV ∗
tb = 0

(ρ, η)plane, compare data

• SM dominates CP viol. ⇒ KM Nobel

• The implications of the consistency
are often overstated

• Much larger allowed region if the SM
is not assumed

• Tree-level (mainly Vub & γ) vs. loop-dominated measurements

• In loop (FCNC) processes NP/SM� ∼ 20% is still allowed
(mixing , B → Xℓ+ℓ−,Xγ, etc .)
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Several open questions about flavor physics

• Theoretical assumptions about new physics did not work as expected before LHC

After Higgs discovery, no more guarantees, situation may resemble around 1900
(Kelvin 1900: “.. it seems probable that most of the grand underlying principles have been firmly established ..,

..There is nothing new to be discovered in physics now. All that remains is more and more precise measurement..”)

• Flavor structure and CP violation are major pending questions —baryogenesis

• Related to Yukawa couplings, scalar sector, maybe connected to hierarchy puzzle
We only know that Higgs is responsible for (bulk of) the heavy fermion masses

• Sensitive to new physics at high scales, beyond LHC reach
Establishing any of the flavor anomalies ⇒ upper bound on NP scale

• Experiment: expect big improvements (LHC & Belle II), many new measurements
• Theory: progress and new directions both in SM calculations and model building
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Intriguing tensions with SM

• Lepton non-universality − would be clear evidence for NP

1 RK and RK∗ ∼ 20% correction to SM loop diagram
(B → Xµ+µ−)/(B → Xe+e−)

2 RD and RD∗ ∼ 20% correction to SM tree diagram
(B → Xτ ν̄)/(B → X (e, µ)τ ν̄)

3 P ′
5 angular distribution (in B → K∗µ+µ−)

4 Bs → ϕµ+µ− rate

• Theoretically cleanest: 1 2 − both relate to lepton non-universality
Can fit 1 3 4 simultaneously:CNP

9,µ /C (SM)
9,µ ∼ −0.2, C9,µ = (s̄γαPLb)

• Focus on R(D∗), because theory can be improved, independent of current data

• What are smallest deviations from SM, which can be unambiguously established?
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RK and RK∗ : theoretically cleanest

• LHCb: RK(∗) =
B → K (∗)µ+µ−

B → K (∗)e+e−
< 1 both ratio ∼ 2.5σ from lepton universality

• Theorists’fits quote 3− 5σ (sometimes including P ′
5 and/or Bs → ϕµ+µ−)
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R(D) and R(D∗)− 3σ tension with SM

• BaBar,Belle,LHCb: enhanced τ rates, R(D(∗)) =
B → D(∗)τ ν̄

B → D(∗)l ν̄
, (l = e, µ)

• Notation:ℓ = e, µ, τ and l = e, µ
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Another look at the data

• Separate R(D) and R(D∗) measurements — all central values above SM:

R(D) R(D*)

• Not decisive yet, consistent with both an emerging signal or fluctuations
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Reasons (not) to take the tension seriously

• Measurements with τ leptons are difficult

• Need a large tree-level contribution, SM suppression only by mτ

NP was expected to show up in FCNCs —need fairly light NP to fit the data

• Strong constraints on concrete models from flavor physics

• Results from BaBar, Belle, LHCb are consistent

• Often when measurements disagreed in the past, averages were still meaningful

• Enhancement is also seen in similar ratio in Bc → J/ψℓν̄

• If Nature were as most theorist imagined,
then the LHC should have discovered new physics already
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Some key questions —now and in the future

• Can it be a theory issue?− not at the current level

• Can it be an experimental issue?− someone else’s job

• Can [reasonable] models fit the data?− maybe [subjective]

• What is the smallest deviation from SM in R(D(∗)) that can be established as NP?

• Which channels are most interesting?
(To establish deviation from SM / understand NP?)

B(s) → D(∗,∗∗)
(s) ℓν̄,Λb → Λ

(∗)
c ℓν̄,Bc → J/ψℓν̄,B → Xcℓν̄,etc.

• Which calculations can be made most robust?

• What else can we learn from studying these anomalies?
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Heavy quark symmetry
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Basics of B → D(∗)ℓν̄ or Λb → Λcℓν̄
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B → D(∗)ℓν̄ and HQET
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Available for the first time in 2017
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Robust predictions for R(D(∗))
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Intro to Λb → Λcℓν̄
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Fits and form factor definitions
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Fit to lattice QCD form factors and LHCb(1)
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Fit to lattice QCD form factors and LHCb(2)
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The fit requires the 1/m2
c terms
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The ratios of form factors
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More to measure...
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Conclusions and Outlook

• Λb → Λcℓν̄ : HQET more predictive than in meson decays, Λ2
QCD/m2

c terms essential

• B → D∗ℓν̄ : Need (much) more data to know how anomalies (and |Vcb|) settle

• Forced both theory and experiment to rethink, discard some prejudices
• Measurements and SM predictions will both improve a lot in future
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Thanks!
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