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Effective weak Hamiltonian

2024/10/26 ᾺẶ Theoretical review of heavy flavor physics 3

ÅֿכἭἮἮВ░╒░￼░: standard starting point for any theoretical analysis  

üWilson coefficients ╒░: all physics above the typical scale of a process (like Ⱨ╫ḗ□╫); 

perturbatively calculable & NNLL program now complete  [Gorbahn, Haisch '04; Misiak, Steinhauser '04]

ü local operators ￼░: obtained after integrating out heavy d.o.f. [Buras, Buchalla, Lautenbacher '96] 

current-current operators

QCD & EW penguin operators

semi-leptonic operators

electro- & chromo-mgn operators

Å Amplitude of a given process:

צּ ║ᴼ█

░

ⱦἍἕἙẗ╒░ẗ█￼░║

█￼░║ἝἍἎȟἝἏἎ



Hadronic matrix elements
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Å █￼░║ἝἍἎȟἝἏἎ: how to reliably and precisely evaluate it? depending on the specific modes

ü Hadronic decays ╜ ╜ ȿ￼░ȿ║ : depends on 

spin & parity of ὓȟ and FSI introduces strong 

phases, and hence direct CPV

- Combination of dynamical approaches with flavor symmetries [FAT (Li, Lü et al.)é]

a difficult, multi-scale, QCD & QED problem!

naïve fact. approach [Bauer, Stech, Wirbelô87]

ü Exclusive vs. (semi -)inclusive modes? 

║ᴼ╧╬Љⱨȟ╧▼♬ȟ╧▼ЉЉ

ὓὓȿַײȿὄ ὓȿόȣὦȿὄ ὓȿӶὨȣόȿπ



╠░Ⱨ

Example
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ÅWith █￼░║ἝἍἎȟἝἏἎat hand, we can then do what we want to do

s

u

u

Яd

b

Яd

K ī

ï+ЯB 0

related to exp. 
Br & CPV

electroweak 
parameters

WCs from SM, also 
perp. calculable

non-perp. 
parameters

perp. calculable 
in QCD & QED

WCs due 
to NP
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see talk by ‏Ịṟ



Why heavy flavor physics
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Å Main goals of dedicated exp. and theo. studies

ü what underlines the hierarchical patterns of 

masses & mixings of quarks & leptons?

ü any new CP -violation mechanisms 

beyond the KM of the SM? 

ü any new particles/interactions that 

are sensitive to flavor structures ?

High-Intensity Frontier

High-Energy Frontier



Flavor anomalies
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Å Anomalies in heavy flavor physics

V LFU violation in ὙὈᶻ
ᴼ ᶻ

ᴼ ᶻ

Vὖ ὄ ᴼὑᶻ‘‘ ?

V deviations between ὄὶὄ ᴼὑ ‘‘ , 

ὄὶὄ ᴼ‰‘‘ , and ὄὶὄ ᴼὑ ’Ӷ’?

Å Main tasks : more precise measurements & 

theoretical predictions; need collaboration!

ü"Òὄ ᴼ““ πȢσ πȢω ρȢυυ πȢρφ ρπ

https://www.nikhef.nl/~pkoppenb/anomalies.html

üῳὃ “ὑ ὃ “ὑ ὃ “ὑ ρρȢσ ρȢςϷ

Å Much progress achieved thanks to exp. & theor .:

https://www.nikhef.nl/~pkoppenb/anomalies.html


Purely leptonic decays
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Å Have simplest hadronic structure ; all QCD dynamics encoded in █║▼ Ȣ Ȣ ἙἭἤ

πȿήπ‎‎ὦπȿὄὴ ὭὪὴ

Å Much progress achieved due to multi - loop techniques , EFTs , & LQCD, é

‌ײַ NLO EW correction 

NNLO QCD correction 

Å QED effects below □╫needed to match exp. precision

when structure -dep. QED effects included, 

inner structure of B meson becomes relevant

tree

FCNC

‌ײַ ‌ײַ ‌ײַ

For review, see P. Boerand T. Feldmann, 2312.12885 



Purely leptonic decays
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Å Branching ratio [M. Cjaza and M. Misiak, 2407.03810]

"Òὄᴼ‘‘ σȢφτ πȢρςσȢστ πȢςχ ρπ

V parameter uncertainties dominated by ȿὠ ȿ

V non-parametric uncertainties mainly from 

treating ά as the pole mass

–

power-enhanced 
QED correction 

Å QED correction: power-enhanced & helicity-suppression partially lifted [M. Beneke, C. Bobeth, R. Szafron, 1908.07011]

tree-level amplitude power & helicity-suppressionenhanced factors

convolution with the B-meson LCDA

double logarithmic enhancement due to endpoint singularity

– πȢωωυȢ
Ȣ

only πȢυϷeffect due to partial 

cancellation between ὕ & ὕ



Purely leptonic decays
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Å Factorization formula: ἝἍἎO ἡἍἏἢἓO ἡἍἏἢἓἓ

Å QED correction to ║ᴼЉⱨdecays [C. Cornella, M. König, M. Neubert 2212.14430; see talk by ᵕᵺ on 10.27 ]

üñuniversalò decay constants 

become process-dependent;

ü sensitive to 2- and 3-particle

LCDAs of B meson

Å New features with QED effect:
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Å Lifetime based on HQE in Ⱦ□╫: [J. Albrecht, 

F. Bernlochner, A. Lenz, A. Rusov, 2402.04224]

Å status of SD coefficients:

Lifetime of b -hadrons
two-quark 

contribution four -quark 
contribution

Å status of 

hadronic 

matrix 

elements:
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Å Exp. data & SM predictions: [J. Albrecht, F. Bernlochner, A. Lenz, A. Rusov, 2402.04224]

Lifetime of b -hadrons

ü excellent agreement between theory & data 

ü no indication of sizeable quark-hadron duality violation 
ü HQE also works for c-hadronlifetimes  

[H. Y. Cheng, C. W. Liu, 2305.00665]



Neutral B-meson mixings
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Å For ║▲meson: flavor eigenstates mass eigenstates ᵼ mix with each other via box diagrams

Å Time evolution of a 

decaying particle

Å Three observables for B mixings

V╜ : dispersive (off-shell) part of the box diagram

V : absorptive (on-shell) part of the box diagram

Vꜚ ╪►▌╜ Ⱦ : relative phase between them

HQE

ü deepening our understanding of QCD

ü indirect searches for BSM effects



Neutral B-meson mixings
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Å Status of theo. predictions & exp. data [J. Albrecht, F. Bernlochner, A. Lenz, A. Rusov, 2402.04224]

πȢυσυπȢπςρÐÓ ρψȢςσπȢφσÐÓ

πȢυπφυπȢππρωÐÓ ρχȢχφυπȢππφÐÓ

V theory can reproduce data, but theo.

errors much larger than exp. ones

V main uncertainties still dominated by 

non-pert. bag parameters

V╜ : a 2nd-order weak interaction 

process and thus very sensitive to NP

Å Generic parametrization of 

NP contribution to B mixings:

ςȢχ πȢτẗρπÐÓ
ωȢρ ρȢυẗρπÐÓ

πȢππρπȢπρπɜ ψȢσ πȢυẗρπÐÓ

ςȢς πȢςẗρπυȢρ πȢυẗρπ

ςρ ρχẗρπ φ ςψẗρπ



NP constraints from neutral B mixings
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Å Exp. observables are related to the 

SM and NP parameters:

Å Latest fit results by UTfit group:

consistency between data & SM of B mixing observables puts stringent constraint on NP

! Ⱦ! less than 

20(25)% @ 68(95)% prob.



NP constraints from neutral B mixings
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Å Flavor universal NP scenario : assuming NP couples 

predominantly to 3rd-generation quarks and leptons, and 

can be easily realized in NP models with a U(2)5 symmetry

Å Very high scales probed by neutral meson mixings:

[R. Fleischer et al, 2208.14910]

ὓ ὓ
ȟ
ρ ‖Å

‖ ‖ ‖ȟ „ „ „

excl. ȿ╥◊╫ȿ& incl. ȿ╥╬╫ȿ

‖ πȢπτσȢ
Ȣ , „ σςφ Ј

Å Analysis with dim -8 SMEFT operators: 

[Y. Liao, X. D. Ma and H. L. Wang, 2409.10305]

these ɝὊ ςprocesses probe up to tens of TeV, far beyond 

the sensitivity of other dim-8 operators to collider searches!



Example
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Å B-mesogenesis mechanism:  [G. Elor, M. Escudero, and A. Nelson, 1810.00880; 2101.02706]

Å Possible of the mechanism? [C. Miro, M. Escudero, and M. Nebot, 2410.13936]

ὣȡcolor-triplet scalar
‪ȡdark-sector antibaryon

ὃ ρπ ÒÅÑÕÉÒÅÄÂÙÂÁÒÙÏÇÅÎÅÓÉÓ

ὃ
ȟ
‪ τ ρπ ,

fine tuning the maximum values of the semileptonicasymmetries in 

the minimal realization of the B-mesogenesismechanism needed!



Semi - leptonic B decays
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Å╡╓ᶻ anomalies : first observed by BaBar in 

2012; currently still having ~3.31 ů deviation

ὙὈᶻ
ὄὶὄᴼὈᶻ†’

ὄὶὄᴼὈᶻὰ’

Å Model - indep . result for ╡╓ , ╡╓ᶻ & 

╡ Ἣ: 
[ Iguro, Kitahar, Watanabe, 2405.06062; Duan, 

Iguro, Li, Watanabe, Yang, to appear soon]



Sum rule for ╫ᴼ╬sector
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Å Sum rule for ╡╓ , ╡╓ᶻ & ╡ Ἣ ║►☻╫ᴼ☻╬ⱲⱨⱲȾ║►☻╫ᴼ☻╬ЉⱨЉ :

ὦ ὧ ρ& ὥ ὦ ὥ ὧ ὥ ,  so that ‏ ὅ small

ρ ὅ

2Åρ ὅ ὅ
ᶻ

model-indep. & holds for any tau-philic NP! 

Å State -of - the -art prediction: [Duan, Iguro , Li, Watanabe, Yang, to appear soon]

ü provide a unique prediction 

of Ὑɤ model-indep.ly

NLLξNLP LCSR

ü important to properly consider the 

correlations among FF parameters



2024/10/26 ᾺẶ Theoretical review of heavy flavor physics 20

Å Sum rule for ╡╓ , ╡╓ᶻ & ╡╧Ἣ ║►║ᴼ╧╬ⱲⱨⱲȾ║►║ᴼ╧╬ЉⱨЉ :

üɜὄᴼὢЉ’Љ ВῲὄᴼὈЉ’Љ ῲὄᴼὈᶻЉ’Љ ῲὄᴼὈᶻzЉ’Љ , saturate already inclusive rate ?

Sum rule for ╫ᴼ╬sector

Ὑ ḗπȢςτχπȢππψȿ ȟ vs Ὑ πȢςςψ πȢπσω[Belle II, 2311.07248] 

ü the sum rule relation provides another complementary test of the dynamics behind the decays

Å Sum rule for ╡╓ᶻ & ╡╙Ⱦⱶ ║►║ᴼ╙ȾⱶⱲⱨⱲȾ║►║ᴼ╙ȾⱶЉⱨЉ :

╡╙Ⱦⱶ

╡╙Ⱦⱶ
╢╜ḗ

╡╓z

╡╓z
╢╜

╡╙Ⱦⱶ

╡╙Ⱦⱶ
╢╜

╡╓z

╡╓z
╢╜ Ȣ Ȣ

üsatisfied within the 2ů error bars; would be 

significant once ὙȾ measurement improved
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Å Sum rule for ╡Ⱬ , ╡ⱬ & ╡▬ in ╫ᴼ◊:

Å Correlation among ╡Ⱬ , ╡ⱬ & ╡▬: 

the sum rule for ὦO όmore (less) sensitive to 

the scalar (tensor) NP compared to ὦO ὧ

Sum rule for ╫ᴼ◊sector

B.-Y. Cui et al., 

2212.11624
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ÅWhy ╫ᴼ▼ЉЉ processes:

Å Effective Hamiltonian & matrix elements:

Rare FCNC decays
ü occur firstly at 1-loop; suppressed by loop factor

ü proportional to ȿὠ ὠᶻȿ; ὄὶὦO ίЉЉḐρπ

ü sensitive to various NP

BSZ parametrization 

LQCD & LCSR dispersive 
bound


