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Flavor physics is a very mature field

Unitary triangle Yukawa couplings
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Flavor physics well understood within the SM
e Flavor mixing well parametrized by Cabibbo-Kobayashi-Maskawa (CKM): 3 angles, 1 CPV phase

e Fermion masses parametrized by Yukawa couplings: 9 masses

We do not understand the hierarchy of masses/mixing angles = Flavor puzzle


http://ckmfitter.in2p3.fr
http://utfit.org/UTfit/
https://www.nature.com/articles/s41586-022-04893-w#citeas

Golden era: experiments

e "Multi-purpose” B-meson factories

e Many more flavor experiments at different scales
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Golden era: hadron physics

e Our Lagrangians are written in terms of quarks and our observables in terms of hadrons!

Interactions: £ (u,d, s,c,b,e,v, G, F)

e Hadronic matrix elements: Nonperturbative-QCD information of the transition

e Many computational tools = Only few from first principles (QCD)

o Lattice QCD: First principles but expensive and limited
o EFTs: First principles vs proliferation of parameters

O (QCD sum rules, quark models, etc)
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http://flag.unibe.ch/2021/

The flavor anomalies

e Rise and fall of the "R anomaly"
Long-standing (since 2014) LHCb anomalies refuted by LHCb in Dec 2022
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https://arxiv.org/abs/2406.01705

The flavor anomalies

Anomalies still discussed off scene
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o Some tensions at the 50 level
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o Ry measurements consistent with BSM
© Many of the anomalies predate original R

anomaly (i.e. P5 anomaly from 2013)
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https://www.nikhef.nl/~pkoppenb/anomalies.html

The R, anomalies



Charged-current decays of B mesons into tau leptons

- e Semi-tauonic charged-current decay

o Governed by the weak amplitude GV,
© Two main hadronic channels studied

e Hadronic form factors
o Heavy-quark EFT with data light leptons and/or LQCD
o Define Lepton Universality ratio to cancel uncertainties

HFLAV SM predictions

R, = 0.298 + 0.004

HFLAV collaboration
Theoretical errors well controlled at the 3 - 6% level



https://hflav.web.cern.ch/

Charged-current decays of B mesons into tau leptons

e In 2017
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Charged-current decays of B mesons into tau leptons

o 7 years later in 2024
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o BaBar outlier? =Down to ~ 20

Picture not getting any clearer = More data needed!



The BSM interpretation of the data in the EFT

e Bottom-up: Different simplified models can describe the data
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https://arxiv.org/abs/2405.06062

The b — sZ¢ anomalies



FCNC decays of B mesons into kaons and leptons
e Semi-leptonic rare decays

o
o Governed by the weak/loop/CKM suppressed amplitude G thV;’;4—
T

The b — s¢/ transition in the SM

,/ + Semileptonic operators: Og (L + V), O4p (L + A)
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The b — s£¢ anomalies: the branching fractions
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https://doi.org/10.1103/PhysRevD.107.014511

The b — s£¢ anomalies: the angular analysis
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Descotes-Genon et al.,PRD88 (2013) 074002



https://doi.org/10.1103/PhysRevD.107.014511

Kinematic regions inthe B — K*£¢ decay
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Anatomy of the vectorial B —> K A4 amplitude

e Helicity amplitudes
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o 7 (local) form factors (independent) and 3 non-local form factors

© Vector amplitude! = Sensitive to the charm contributions!
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Jager and JMC, JHEP 05 (2013) 043
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O |n fact Cg‘ff is observable = Scale independent

© One cannot disentangle C, from C5" without /z,

Ciuchini et al., JHEP 06 (2016) 116



https://doi.org/10.1007/JHEP05(2013)043
https://doi.org/10.1007/JHEP06(2016)116

The b — s£¢ anomalies: two approaches to life

e |nterpretation of data depends on prior beliefs about “charm”
..... i Alouerd et al.. EPJ.C(2023)83:648 | Ciuchini et al., PRD107 (2023) 5, 055036
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https://arxiv.org/abs/2304.07330
https://doi.org/10.1103/PhysRevD.107.055036

Taming the charm
e Calculate this effect at unphysical low-q2 in QCD and sum rules: Superseed (?) standard SCET/QCDF

e Estimate additional hadronic contributions - , =
o Reminiscent of production of D*D molecules

>
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e Data driven: Amplitude analyses of data including model

e High q2: Typically plagued by broad charmonia in B — KO¢t = Theoretically hopeless (?!)

e Charm in the perturbative regime e Accesible at LHCb - challenging at high q2 !
e Very challenging: BR ~ 107! e Not completely out from charmonia region

e Upgraded HL-LHCb: BR < 1.2 x 107’


https://indico.cern.ch/event/783304/contributions/3497894/attachments/1914296/3164301/HC2NP19.pdf
https://inspirehep.net/literature/2650484
https://inspirehep.net/literature/1831395
https://inspirehep.net/literature/859545
https://arxiv.org/abs/2405.17551
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.141801
https://link.springer.com/article/10.1007/JHEP11(2015)142
https://link.springer.com/article/10.1007/JHEP11(2015)142
https://indico.cern.ch/event/1204084/
https://doi.org/10.1007/JHEP10(2023)102

The B —» Kui decay

e Couple to neutrinos = Escape from the charm!

e Potentially (not necessarily) linked to the b — s£¢ anomalies

o Only accessible in B factories (Belle, Belle Il and BaBar)
e Under theoretical control (LQCD)
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https://doi.org/10.1140/epjc/s10052-023-11388-z
https://doi.org/10.1103/PhysRevD.107.055036

Explaining B — K"ub decay
e Heavy BSM o Light BSM
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Allwicher et al., PLB848 (2024)138411
O Potential interconection with b — s£¢

Not with this result = RH currents!
© Need LFV = Coupling to taus

Very interesting measurements for the future

O Excess concentrated in g% ~ 4 GeV?
© Two-body BT — K+XY
o Connections to light dark flavored sectors!



https://www.sciencedirect.com/science/article/pii/S037026932300744X?via=ihub
https://doi.org/10.1103/PhysRevD.109.075008

Conclusions

e The R; anomalies

o Difficult measurements: experimental situation highly unclear
o |Interest on consistency tests with new observables etc in the SM and BSM
o Unclear motivation for BSM interpretations? ...

e The b — s anomalies

o Difficult theory: understanding of the "charm” highly unclear
o Interest on hadronic physics and interplay with weak interactions
o New observales or decay channels ...

Keep and eye on Belle Il and its neutrino modes!



Thank You



Angular observables

e Semi-tauonic decays are very complex to measure

, . o Lifetime of 7 ~107 s
Measuring 7 polarization

o Reconstruct 7 decay products with missing neutrinos
» Leptonic mode 7 — £ U,

> Hadronic modes 7 — v, T — puv,, T — 371,

Angular observables and 7 properties!

Asadi, Hallin, JMC, Shih, Westhoff, PRD102(2020)9,095028
e Polarization of the © e Polarization of the D*

PP"Belle) = — 0.38 £ 0.51 £ 0.18

VS

PP (sM) = + 0.497 £ 0.007

Consistent within 1.60

F,(LHCb) = 0.43 £ 0.06 £ 0.03

VS

F,(SM) = 0.464 + 0.03

Consistent within 1o



https://doi.org/10.1103/PhysRevD.102.095028

Other decay channels

e Fundamental b — c7v transition triggers decays of other beautiful hadrons

i n any B5M scenariol

-~

© Channels connected by model independent "sum rules” = Tests consistency of measurements!
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R R Ry
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R \sm R3M RM
C R, (LHCb) = 0.242 + 0.076
B. — Jlytv

Blanke et al.,PRD99(2019) 7, 075006

1.”70 failure consistency test

o New (preliminary) measurement by CMS not completely consistent with LHCb's

o Novel inclusive measurement by Belle Il consistent with both SM and BSM


https://doi.org/10.1103/PhysRevD.99.075006

Inclusive B

e Fundamental b — c7v transition triggers decays of other beautiful hadrons

e Inclusive B — X v
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BT — KtXxV

e Significance as a function of mass o Belle Il vs BaBar
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The pure leptonic B, — puu decay
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o Can be predicted accurately with LQCD inputs © Measurement by CMS consistent with SM
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Flavor physics in the quark sector

Only weak interactions violate flavor

e Classic: Nuclear (neutron) f decay e Contemporary: B meson decay

e Nuclear f# decay: Discovery of weak interactions and the neutrinos
e Rare kaon decays: Discovery of charm quark

e Kaon decays: Discovery of CP violation — Discovery of 3 generations

Flavor Physics spearheaded the discovery of the SM
when the SM was the New Physics!



Flavor physics is a sensitive probe of new physics

Penguin diagram e Flavor-changing neutral currents (FCNC)

o In the SM, FCNCs occur only at 1-loop level!
o In addition, they receive a flavor suppression
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Quark |
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—— yt P

Amplitude ~ G <= v, Vi
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Strange g4
Quark

Quar

Low ENERGY HIGH ENERGY

e FCNCs are very sensitive to BSM
o Searching for FCNCs in experiment could herald

the discovery of New Physics!

Scale [TeV]

direct reach
EW precision

o Null searches are typically expressed as lower-

bounds on mass scales of the putative BSM

Observable

European Strategy for Particle Physics Update 2020



https://arxiv.org/abs/1910.11775

