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What about
flavor physics?

Flavor physics is the physics that distinguishes the 3 generations: in the 
Standard Model described by the Yukawa Lagrangian (fermion masses and 
couplings)

Who ordered 
them?



Fermion masses
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12 orders of magnitude differences not explained; t quark as heavy as Tungsten (so heavy 
that I do not have the strength to pursue it further here!)
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Mixing matrices
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Flavor physics as a tool for discovery

qNew physics manifestations in flavor physics = new 
couplings or new forces

Tree diagram example                  Loop diagram example: 𝐵 − #𝐵 mixing

55/10/2022 M. Artuso PHENO 2022

While all flavors are interesting, the following discussion will focus on b-flavored hadrons, with a very brief 
excursion into charm



Experimental techniques
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Hadron machinese+e- colliders
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Advantages of experiments at LHC:
q High statistics, lots of flavored hadron species. 
q Boost of the beauty and charmed hadrons and excellent 

vertex detectors allow precision measurement of the 
vertex topology information.

Advantages of e+e- machines:

1st collision at Belle II

q Simplicity of initial state 
q Good photon-p0 reconstruction 
q High flavor tagging efficiency

On the other hand:

q Lower cross-section
q At the U(4S) only B0 and B+

q High luminosity challenging
On the other hand:
q Development of clever 

trigger strategy needed 
(now LHCb is poised to 
implement a purely 
software trigger!) needed

q Lots of particles, pile-ip

Dedicated flavor experiments feature excellent hadron 
identification



Interplay between theory and experiment
qThe importance of the hadronic matrix element, example: semileptonic

decays. 

qtheoretical pillars: 
qInsight provided by effective theories [HQET]
qHeavy quark expansion [HQE]:

qProgress in lattice QCD calculations [and having the resources to exploit the 
new computational techniques developed]
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In reality

Inclusive processes



Quark Mixing & CKM Matrix

qDescribed by CKM matrix [unitary matrix]

  

V 2
3

,−1
3

⎛

⎝
⎜

⎞

⎠
⎟
=

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

=

1−λ 2 / 2 λ Aλ 3 ρ − iη( )
−λ 1−λ 2 / 2 Aλ 2

Aλ 3 1− ρ − iη( ) −Aλ 2 1

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

+O λ 4( )

λ=0.225, A=0.8, constraints on ρ & η will be discussed
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The charged current couples 
the “up-type quarks” with a 
linear combination of “down-
type” quarks
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Tree level diagram –
SM dominated (with 
some possible 
caveats)



The reference unitarity triangle

10

Rb, g should 
establish the 
SM  foundation 
(tree level 
processes)

Note a=f1, b=f2,g=f3
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Triangles depict
unitarity
constraints



The reference unitarity triangle now
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�̅� = 0.162 ± 0.017
�̅� = 0.341 ± 0.011

�̅� = ±0.165 ± 0.025
�̅� = ±0.373 ± 0.025

Information from “tree” quantities

5-10% resolution on individual measurements, lots of room for 
improvement



A historic tension to be resolved
qA historic tension: both |Vub| and |Vcb| 

determination encompass a persisting 
tension between the values extracted 
from inclusive or exclusive final state
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|Vub| (incl) = (4.19 ± 0.20) 10-3

|Vub| (excl) = (3.73 ± 0.14) 10-3

VubUTfit = (3.68 ± 0.10) · 10-3

Exclusive: 
reconstruct 
the hadron in 
the final state

Inclusive: reconstruct a 
physical property such as 
lepton momentum 
spectrum integrated over 
final state



A pillar in our Standard Model challenge: 
the angle g

Key processes in charged B decays

Key processes in B0 decays

q Accessible from tree level processes (good Standard Model 
probe)

q Negligible theoretical uncertainty [Brod-Zupan,arXiV:1308.5663]
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Most recent LHCb combination
q Simultaneous determination of g and 

charm mixing parameters 
q Many measurements of  g with this 

approach, they differ on the D0

decay modes considered
q LHCb has a rich array of data, 

internal combination of different 
measurements reported previously

q LHCb has also precise 
measurements of D0 mixing 
parameters        New combination of 
g and charm mixing parameters 
arXiV:2110.023350   

⟹
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https://arxiv.org/abs/2110.02350


Measurements used in the combination
qFirst combination where the LHCb charm 

inputs are included
q“updated” with respect to LHCb-CONF-2018-002

qFrequentist approach with 151 observables to 
determine 52 parameters
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http://cds.cern.ch/record/2319289/files/LHCb-CONF-2018-002.pdf?version=1


Results:

𝛾 = (65.4!".$%&.')° Average of all the 
measurements

𝑥 ≡
Δ𝑀
Γ = 0.400!"."$%&"."$'

𝑦 ≡
ΔΓ
2Γ = 0.630!"."%"&"."%% %
𝑞
𝑝 = 0.997 ± 0.016
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Rare decays and generic searches for new 
physics

17

Rare decays are described by an effective Hamiltonian 
expressed in terms of  an operator product expansion: 
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How can we pin down new physics 
contributions?

Operator Bd,s→Xs,dµµ Bs,d→µµ B→Xs,d g
O7 √ √
O9 √
O10 √ √
OS,P √
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𝐵!" → 𝜇#𝜇$

qℬ(𝐵:; → 𝜇<𝜇=) = 3.09=;.>?=;.@@<;.>A<;.@B ×10=C

SM predictions:

𝜏 (𝐵(" → 𝜇&𝜇!) = 2.07 ± 0.29 ± 0.03 ps

𝜏 (𝐵(" → 𝜇&𝜇!) =
𝜏)!" 1 + 2𝐴*+!

,, 𝑦( + 𝑦('

1 − 𝑦(' 1 + 𝐴*+!
,, 𝑦(

arXiV:1908.07011
Note: they use 𝑉-. inclusive
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arXiV 2108.09284

https://arxiv.org/pdf/1908.07011.pdf
https://arxiv.org/pdf/2108.09284.pdf


𝐵 → 𝐾∗ℓ#ℓ$observables
qNeed to select regions in q2 not 

dominated by resonances
qWhen a vector is involved in 

the final state many 
observables 
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Angular analysis of 𝐵 → 𝐾∗𝜇# 𝜇$
arXiV 2012.13241
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arXiV 2003.04831

Local deviations from Standard Model predictions are observed, similar to those 
reported originally in 𝐵" → 𝐾∗"𝜇& 𝜇!, global tension depends upon which effective 
couplings are considered and on the choice of the theory nuisance parameters.
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https://arxiv.org/pdf/2012.13241.pdf
https://arxiv.org/abs/2003.04831


Lepton flavor universality in B➛K(*)l+l-

qIn the Standard Model, couplings of the gauge bosons to 
leptons are independent of lepton flavor

qRatios of the form
𝑅) =

*+(*!→)!.!.")
*+(*!→)!0!0")

≅ 1 [SM]
are free from QCD uncertainties that affect other 
observables

o Hadronic effect cancel [O(10-4), JHEP 07(2007) 040]
o QED corrections can be O(10-2), EPJC 76 (2016) 440]

qTheory consensus: LFU violation an 
unambiguous sign of New Physics!
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LFU violation in 𝑩# → 𝑲#ℓ# ℓ$

23

  
RK =

Br(B → Kµ+µ − )
Br(B → Ke+e− )

The quantity of interest

The quantity measured: double ratio of corrected 
yields, only relative efficiency needed

https://arxiv.org/pdf/2103.11769

𝑅!/# =
𝐵$ → 𝐽/𝜓(→ 𝜇%𝜇$)𝐾$

𝐵$ → 𝐽/𝜓(→ 𝑒%𝑒$)𝐾$
= 0.981 ± 0.020

𝑅& =
𝐵$ → 𝐾$𝜇%𝜇$/𝐵$ → 𝐽/𝜓(→ 𝜇%𝜇$)𝐾$

𝐵$ → 𝐾$𝑒%𝑒$/𝐵$ → 𝐽/𝜓(→ 𝑒%𝑒$)𝐾$

𝑑ℬ(𝐵! → 𝐾!𝑒"𝑒!)
𝑑𝑞#

= 28.6!$.&"$.' ± 1.3 ×10()/𝐺𝑒𝑉#

In 1.1<q2<6.0 GeV2, consistent 
with SM expectations
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https://arxiv.org/pdf/2103.11769.pdf


LFU in the isospin partners 𝑩𝟎 → 𝑲𝒔
𝟎ℓ# ℓ$ , 𝑩# → 𝑲∗#ℓ# ℓ$

5/10/2022 24

Consistent with SM at 1.5 s

Consistent with SM at 1.4 s
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LFU ratio current status
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Theoretical interpretation 
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B. Capdevila et al Flavor Anomaly Workshop '21
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https://indico.cern.ch/event/1055780/contributions/4454282/attachments/2331140/3972619/b2sll_EFT.pdf


Theoretical interpretation top-down
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An example from A. Greljo’s presentation at the Anomaly workshop 2021
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https://indico.cern.ch/event/1055780/contributions/4454307/attachments/2331147/3972633/Greljo-FAW2021.pdf


Search for 𝐷(!)
# → ℎ±𝜇#𝜇$
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JHEP06 (2021) 044
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Lepton flavor violation in B ➛D(*)tn

qFirst reported by BaBar [PRL109, 
101802 (2012)], 4 more 
measurements by BaBar, Belle & 
LHCb

qCombined RD and RD* fit about 
3.4s from SM predictions 
[persistent but diminishing tension]
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q Measured quantity: ratio 𝑅0(∗) ≡
B ➛D(*)tn
B ➛D(*)μn

q Deviation from SM expectation would 
imply new physics at tree level



Observation of the decay Λ-" → Λ.#𝜏$�̅�/
arXiV:2201.03497

BDT<0.66
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BDT>0.66q Key analysis features:
q Run I data set (3fb-1)
q 𝜏! → 3𝜋(𝜋")𝜈1
q BDT to distinguish Λ." → Λ-&𝜏!�̅�1

from Λ." → Λ-&𝐷𝑋 background 
modeled by Λ." → Λ-&U𝐷"𝐾!

q Binned ML fit to tt , q2 and BDT
q Normalization mode Λ." → Λ-&3𝜋

Input from PDG:
ℬ(Λ." → Λ-&3𝜋) = 6.14 ± 0.94 ×10!%
ℬ(Λ." → Λ-&𝜇�̅�,) = 6.2 ± 1.4 ×10!' Based on an old DELPHI result & PDG fit including some 2 body decays Λ."

decays, needs to be updated
With these assumptions 𝑅 Λ-& = 0.242 ± 0.026 (𝑠𝑡𝑎𝑡) ± 0.040(𝑠𝑦𝑠) ± 0.059(𝑒𝑥𝑡. ℬ)

𝑅 Λ-& = 0.324 ± 0.004 arXiV:1812.07593
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https://cds.cern.ch/record/2799201


LHCb future plans
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Upgrade I:
ℒ2345 = 2×10%%𝑐𝑚!'𝑠!6

ℒ789 = 50 𝑓𝑏!6 during Run 3+Run 4
Healthy competition with Belle II at 50 𝑎𝑏!6

Upgrade II
ℒ2345 = 1.5×10%:𝑐𝑚!'𝑠!6

ℒ789 = 300 𝑓𝑏!6 during Run 5 +Run 6

LHCb Upgrade I 
starting operation 
with beams now

Upstream 
tracker 



Projection of LHCb sensitivities to key physics 
quantities
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P.Urquijo May 2022, Flavor physics school, Tata 
institute of Fundamental research
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arXiV:2203.11349 Belle II projection,  long term plans in early phase 
of discussion/study



Conclusions

qPrecision SM tests in flavor observables still key: deviations may be 
subtle!

qIntriguing tensions in EW penguin decays have surfaced: 
q lepton flavor universality violation is the anomaly with more direct connection to new physics 

interpretation
q Angular variables selected to be less vulnerable to hadronic uncertainties show consistent 

tensions

qPrecise calculations of the hadronic matrix element are necessary to 
broaden the scope of unambiguous statements about physics beyond the 
Standard Model

qFlavor physics has a long journey ahead!
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The end
Some back-up slide will follow

5/10/2022 37M. Artuso PHENO 2022



The LHCb detector 2010-2018
qKey performance parameters:

qVertex resolution: PV with 25 tracks has 13µm 
resolution in xy and 71µm in z & asymptotic IP 
13µm

qDecay time resolution 50fs
qMass resolution !'" =0.5%, (𝑚 < ~20 𝐺𝑒𝑉)
qExcellent hadron ID
qFast software trigger

5/10/2022 38M. Artuso PHENO 2022



LHCb Methodology: study b and c in the forward direction at the 
LHC

qIn the forward region at LHC the bb 
production σ is large

qThe hadrons containing the b & b 
quarks are both likely to be in the 
acceptance. Essential for “flavor 
tagging”

qLHCb uses the forward direction 
where the B’s are moving with 
considerable momentum ~100 GeV, 
thus minimizing multiple scattering 

qAt L=2x1032/cm2/s, we get 1012 B 
hadrons in 107 sec  

39

ϑ B (rad) ϑ B (rad)

Production
ϑ of B vs B
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Flavor as a High Mass Probe

qAlready excluded ranges
q , take ci = 1   

40

Leff = LSM +
ci
Λi
2 Oi

i

See: Isidori, Nir
& Perez arXiv:1002.0900; Neubert
EPS 2011 talk

Interpretations:
1. New particles have 

large masses >>1 TeV
2. Mixing angles in new 

sector are small, same 
as in SM (MFV)

3. The above already 
implies  strong 
constrains on NP  
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Measurement of g with 𝐵± → 𝐷ℎ±𝜋"
qFinal states 𝐷 → 𝜋=𝜋<𝜋; and 𝐷 →
𝐾=𝐾<𝜋; are mixture of CP odd and 
CP even eigenstates [⇒ dilution 
factor of the overall CP asymmetry]

q11 CP observables measured 

Global maximum 𝛾 = 145!%;&; °

arXiV 2112.10617
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https://arxiv.org/pdf/2112.10617.pdf


Other branching fractions

𝑩𝒔𝟎 → 𝝓𝝁&𝝁!
2105.14007
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https://arxiv.org/abs/2105.14007

