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● Lifetimes are fundamental properties of elementary particles. We consider the lifetimes of 
hadrons containing one heavy quark, which decays through weak interactions

● Experimentally, we observe

Introduction

[Lenz, 2014]

● All lifetimes of the same order (ps)
 

● Lifetimes of b-hadrons within ~ 10%
 

● Can we explain this? ⟹ Yes! With Heavy Quark Expansion

https://arxiv.org/abs/2412.13270
https://arxiv.org/abs/1405.3601
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Introduction
● Heavy Quark Expansion (HQE) provides a theoretical framework to systematically study 

decays of hadrons containing one heavy quark

● HQE is at the basis of many calculations in Falvour Physics,  e.g.         determination in the 
neutral Bs and Bd system

● Lifetimes ratios are theoretically clean, with more complicated contributions cancelling in the 
decay widths difference

● We can use precise theoretical predictions of lifetimes to test the HQE at higher orders in 
perturbation theory

■■

■■

■■

●   

[Egner, Fael, Lenz, Piscopo, Rusov, Schönwald, Steinhauser, 2024]

●   

●   

[Black, Lang, Lenz, Wüthrich, 2024]
Theory predictions 

are behind 

[Gerlach, Nierste, Reeck, Shtabovenko, Steinhauser 2025]
[Nierste, Reeck, Shtabovenko, Steinhauser 2025]

BSM effects expected to be below 1‰ level

https://arxiv.org/abs/2412.13270
https://arxiv.org/abs/2412.13270
https://arxiv.org/abs/2412.14035
https://arxiv.org/abs/2412.13270
https://arxiv.org/abs/2505.22740
https://arxiv.org/abs/2512.07949
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Experimental Status

● Experimental averages from Heavy Flavour 
Averaging Group (HFLAV 2024HFLAV 2024)

● B0 lifetime :
● B→ J/ψKS , B→ J/ψK*0  

ATLAS/LHCb/CMS Run 1 data

● B →D(*)−π+ at Belle II

● B+ lifetime :
● Mostly LHCb Run 1 data from the channel 

B→ J/ψK+

● Lifetime ratio consinstent with HQE 
pedictions

https://hflav.web.cern.ch/
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Recent ATLAS Results 

● B→ J/ψK*0    2.45 million events – Run 2 

● Simultaneous fit to mass and decay time

● Limited by systematic uncertainty

● New results expected soon (see Franz 
Muheim’s talk at FPCP26)

● Experimental uncertainty of                
expected to be reduced by ~ 2

[Eur.Phys.J. C85(2025)7][Eur.Phys.J. C85(2025)7] HFLAV 2024 average

https://indico.cern.ch/event/1501552/contributions/6986029/attachments/3278022/5857298/FPCP-2026-muheim-vfinal.pdf
https://link.springer.com/article/10.1140/epjc/s10052-025-14232-8
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Recent LCHb Results 

● B→ J/ψK*0    Run 3 data 

● Simultaneous fit to mass and decay time

● Most precise determination of the B0 lifetime
in any B0 modes

● Dominated by statystical uncertainty

Credits: Ozlem Ozcelik’s talk @ ICHEP26Credits: Ozlem Ozcelik’s talk @ ICHEP26

https://indico.cern.ch/event/1522800/contributions/6982736/attachments/3322916/5949698/ICHEP_Ozlem.pdf
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Recent LCHb Results 

● B+→ J/ψK+    Run 3 data 

● Simultaneous fit to mass and decay time

● Most precise determination of the B+ 
lifetime in this channel

● Combining the two (preliminary) results 

Credits: Ozlem Ozcelik’s talk @ ICHEP26Credits: Ozlem Ozcelik’s talk @ ICHEP26

https://indico.cern.ch/event/1522800/contributions/6982736/attachments/3322916/5949698/ICHEP_Ozlem.pdf
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HQEHQE

Weak AnnihilationWeak Annihilation Pauli InterferencePauli Interference
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Heavy Quark Expansion

● The first step to compute             is to perform and OPE integrating out the heavy W boson 
that mediates the weak decays             

Effective                  local Hamiltonian μ1  renormalisation scale 

Contributions from penguin operators are not shownContributions from penguin operators are not shown

● The Wilson coefficients C1,2 encode the physics above the scale μ1

 
● We work in the “historical” basis 

Mixing under Fierz transformationMixing under Fierz transformation
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Heavy Quark Expansion

● We relate the total decay rate             to the Hamiltonian H using the optical theorem

Non-local correlator !Non-local correlator !
● HQE exploits the hierarchy of scales 

where

● Leading order ⇒ Free b-quark decay → All lifetimes are the same

See [ Egner, Fael, Schönwald, Steinhauser, 2024] 

https://arxiv.org/abs/2406.19456
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Heavy Quark Expansion
● First corrections arise at                       from chromomagnetic interactions

● Strong isospin          Negligible contributions to 

● At                                        weak interaction of b-quarks with (light) valence quarks  

Weak AnnihilationWeak Annihilation Pauli InterferencePauli Interference
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Heavy Quark Expansion

● Optical theoremOptical theorem: : 

Non-local Correlator !

● We focus on contributions from dimension-6 
operators ⇒ 

Effective |∆ B| = 1 local 
Hamiltonian

“Historical” basis:

μ1  renormalisation scale 

Weak Annihilation
Pauli Interference 

Other CKM suppressed Other CKM suppressed 
contributions are not showncontributions are not shown

Same for all hadrons
Isospin singlets NegligibleNegligible

[Buras, Weisz 1990]

https://inspirehep.net/literature/279445
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Heavy Quark Expansion

● We match the amplitudes onto a set of effective local |∆B|=0 operators

● Using the isospin relation

Bag parametersBag parameters

Wilson coefficientsWilson coefficients

● Hadronic matrix elements

[Black, Lang, Lenz, Wüthrich, 2024]

[Black, Harlander, Kohnen, Lange, Rago, Shindler, Witzel, 2026]

Non-perturbative

https://arxiv.org/abs/2412.13270
https://arxiv.org/abs/2603.28517
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NNLO QCD CalculationsNNLO QCD Calculations
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Workflow

QGRAF[ Nogueira, 1991 ]

TAPIR + EXP

FORM

[ Gerlach, Herren, Lang, 2022 ]
[ Seidensticker, 1999 ]

KIRA

[ Vermaseren, 2000 ]
[ Reeck, Shtabovenko, Steinhauser, 2024]

[ Lange, Usovitsch, Wu, 2023 ]

Diagram generation based on 
model files 

Implementation of Feynman rules
& mapping over topologies

FORM + MATHEMATICA

Reduction of Feynman amplitudes 
in terms of scalar integrals

Integration-by-parts reduction 
to master integrals

Implementation of master 
integrals & renormalisation

https://inspirehep.net/literature/315611
https://arxiv.org/abs/2201.05618
https://arxiv.org/abs/hep-ph/9905298
https://arxiv.org/abs/math-ph/0010025
https://arxiv.org/abs/2405.14698
https://arxiv.org/abs/2505.20197
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● Wilson coefficients Ci mix upon renormalisation according to

● Scale dependence is governed by the anomalous dimension matrix (ADMADM)

EFTs Renormalisation
● Physics mediated by heavy particle can be written at low scales as

Wilson coefficients encode the heavy physics

The anomalous dimension is related to the single 1/ε 
poles in the renormalisation matrix

Renormalisation Group Equations (RGEs)
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EFTs Renormalisation

diagrams Lower order counter-terms

MS renormalisation of charm quark mass
on-shell renormalisation of bottom quark mass

Mixing matrix up to          . Appropriate choice of Evanescent 

operators: [Egner, Fael, Schönwald, Steinhauser, 2024]

MIs from recent projects:
[Reeck, Shtabovenko, Steinhauser, 2024]

Log-linear series in x=mc/mb

diagrams

on-shell renormalisation of bottom quark mass

Mixing matrix up to          . NNLO calculation in: 
[FM, Nierste, Reeck, Steinhauser, 2026], 
[Aebischer, Morell, Pesut, Virto, 2025],
[Black, Harlander, Kohnen, Lange, Rago, Shindler, Witzel, 2026] 

MIs from recent projects:
[Reeck, Shtabovenko, Steinhauser, 2024]

ΔΔB = 0B = 0

||ΔΔB| = 1B| = 1

https://arxiv.org/abs/2406.19456
https://arxiv.org/abs/2405.14698
https://arxiv.org/abs/2604.24841
https://arxiv.org/abs/2501.08384
https://arxiv.org/abs/2603.28517
https://arxiv.org/abs/2405.14698
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Matching & Wilson Coefficients
● All results have been checked within our collaboration

● Additional strong checks such as gauge independence and cancellation of IR 
divergences

● We also checked the independence of the Wilson coefficients F,⋯,GS  on μ1:
● We perform the matching at μ1 → Fij(x,μ1)

● We use Renormalisation Group Equation Fij(x,μ1) ⟶ Fij(x,μ1,μ0)   

IR cancellation

Gauge independence



Francesco Moretti The B+ − Bd Lifetime Differences @ NNLO 20

PhenomenologyPhenomenology
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Lifetimes Ratio
● The lifetime ratio is then given 

by

● Pole

● MS

● PS

We take the experimental value from the PDG

Function of 
Different choices of scheme: FLAG

CKMfitter

Perturbative conversion from 
pole scheme to O(αs 2) 

● We recall the formula for the width difference

Additional CKM 
suppressed contributions

Bag parameters from HQET sum rules

[Black, Lang, Lenz, Wüthrich, 2024]
We use these for our We use these for our 
predictionspredictions

https://pdglive.lbl.gov/Viewer.action
http://ckmfitter.in2p3.fr/www/results/plots_summer25/ckm_res_summer25.html
https://arxiv.org/abs/2412.13270
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Lifetimes Ratio
● We show the ratio

as a function of μ1. 

● We estimate the scale uncertainty by 
varying μ1 in [2.1 GeV, 8.4 GeV] 

● We observe an increment in the scale 
dependence for both MS and PS:

2 4 6 8 10
µ1 = µb = µc [GeV]
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[Credits: Pascal Reeck]

Overall mb
 2 factor

schemes

LO
NNLO

NLO

● Predictions at NNLO between MS and PS 
are much closer together w.r.t. NLO case

   Reduction of scheme dependence @ NNLO
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Lifetimes Ratio
● For our final predictions, we combine the 

results in MS and PS and obtain

● To be compared to the experimental value

● Good agreement with experimental value, but 
larger (~6x) uncertainties in theory predictions

 Our results show the validity of the HQE ! Our results show the validity of the HQE !

● Theoretical uncertainty mainly coming from 
scalescale and bag parametersbag parameters

2 4 6 8 10
µ1 = µb = µc [GeV]
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[Credits: Pascal Reeck]

Overall mb
 2 factor

schemes

LO
NNLO

NLO

HFLAV

37%

62%

1%

Scale

Bag

Inputs

https://arxiv.org/abs/2411.18639
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D MesonsD Mesons
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New Lattice Results

Synergies Within The Synergies Within The 
CRC!CRC!

SiegenSiegen

KarlsruheKarlsruhe
AachenAachen
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Lifetimes Ratio
● We can adapt our matching coefficients to study lifetime ratios in the D mesons system

● Isospin doublet, like (B+, Bd) ⇒ Cancellation of 
Isospin singlet contributions

●                          , so that higher orders in the 
HQE are expected to give sizeable contributions

                         Dimension-7 operators

● We estimate their size comparing our predictions 
with data  

● In contrast, (D+
 s , D0) is a V-spin doublet ⇒ Singlet 

contributions do not cancel exactly

●          -breaking corrections as
in addition to the dimension-7 contributions

● We estimate their combined size comparing our 
predictions with data 

  

Bag parameters from HQET sum rules resultsBag parameters from HQET sum rules results
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Lifetimes Ratio
● We can adapt our matching coefficients to study lifetime ratios in the D mesons system

● Isospin doublet, like (B+, Bd) ⇒ Cancellation of 
Isospin singlet contributions

●                          , so that higher orders in the 
HQE are expected to give sizeable contributions

                         Dimension-7 operators

● We estimate their size comparing our predictions 
with data  

● In contrast, (D+
 s , D0) is a V-spin doublet ⇒ Singlet 

contributions do not cancel exactly

●          -breaking corrections as
in addition to the dimension-7 contributions

● We estimate their combined size comparing our 
predictions with data 

  

Bag parameters from recent lattice resultsBag parameters from recent lattice results
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Lifetimes Ratio

●               Bag parameters are 
smallest in size, but have 
largest Wilson coefficients

Credits: Matthew Black’s theory talk @ FPCP26Credits: Matthew Black’s theory talk @ FPCP26

https://indico.cern.ch/event/1501552/timetable/#20260520.detailed
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Summary & ConclusionsSummary & Conclusions
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Summary & Conclusions
● Lifetimes ratios provide a clean theoretical ground to test HQE and compare with precise experimental 

results

● We focus on the dimension-6 operators contribution coming from spectator effects and perform matching 
to |∆B|=0 operators to NNLO accuracy in QCD

● Our results show the validity of the framework and support the HQE as the correct method to calculate 
lifetime differences between heavy hadrons

Application of the method to observable with high sensitivity to BSM: 

● Future outlooks: Include penguin-like contributions @ NNLO and study  

NLO:NLO:
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Summary & Conclusions
● Lifetimes ratios provide a clean theoretical ground to test HQE and compare with precise experimental 

results

● We focus on the dimension-6 operators contribution coming from spectator effects and perform matching 
to |∆B|=0 operators to NNLO accuracy in QCD

● Our results show the validity of the framework and support the HQE as the correct method to calculate 
lifetime differences between heavy hadrons

Application of the method to observable with high sensitivity to BSM: 

● Future outlooks: Include penguin-like contributions @ NNLO and study  

● What’s next?What’s next? Extending predictions to even higher orders of αs and                 in combination with better 
hadronic matrix element with the aim to bridge the gap between theoretical and experimental uncertainties
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Summary & Conclusions

Thank You!Thank You!

● Lifetimes ratios provide a clean theoretical ground to test HQE and compare with precise experimental 
results

● We focus on the dimension-6 operators contribution coming from spectator effects and perform matching 
to |∆B|=0 operators to NNLO accuracy in QCD

● Our results show the validity of the framework and support the HQE as the correct method to calculate 
lifetime differences between heavy hadrons

Application of the method to observable with high sensitivity to BSM: 

● Future outlooks: Include penguin-like contributions @ NNLO and study  

● What’s next?What’s next? Extending predictions to even higher orders of αs and                 in combination with better 
hadronic matrix element with the aim to bridge the gap between theoretical and experimental uncertainties
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BackupBackup
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Heavy Quark Expansion

● The first step to compute             is to perform and OPE integrating out the heavy W boson 
that mediates the weak decays             

Effective                  local Hamiltonian μ1  renormalisation scale 

We focus on current-current operators onlyWe focus on current-current operators only

● The Wilson coefficients C1,2 encode the physics above the scale μ1

 
● We work in the “historical” basis 

Mixing under Fierz transformationMixing under Fierz transformation
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Heavy Quark Expansion

● We relate the total decay rate             to the Hamiltonian H using the optical theorem

Non-local correlator !Non-local correlator !
● HQE exploits the hierarchy of scales 

where

● Leading order ⇒ Free b-quark decay → All lifetimes are the same

See [ Egner, Fael, Schönwald, Steinhauser, 2024] 

https://arxiv.org/abs/2406.19456
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Heavy Quark Expansion
● First corrections arise at                       from chromomagnetic interactions

● Strong isospin          Negligible contributions to 

● At                                        weak interaction of b-quarks with (light) valence quarks  

Weak AnnihilationWeak Annihilation Pauli InterferencePauli Interference
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Heavy Quark Expansion

● We match the amplitudes onto a set of effective local |∆B|=0 operators

[Beneke, Buchalla, Greub, Lenz, Nierste, 2002]

● The decay rate is then decomposed as 
Weak Annihilation 

Pauli Interference

Matching to |∆B |=1 

https://arxiv.org/abs/hep-ph/0202106
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Heavy Quark Expansion

● Hadronic matrix elements

● Non-perturbative evaluation of the bag parameters

Lattice QCD HQET Sum Rules

[Kirk, Lenz and Rauh, 2017]
[Black, Lang, Lenz, Wüthrich, 2024]
[King, Lenz, Rauh, 2021]

[Di Pierro, Sachrajda, 1998]
[Di Pierro, Sachrajda ,Michael, 1999]
[Becirevic, 2001]
[Lin, Detmold, Meinel, 2022]
[Black, Harlander, Lange, Rago, Shindler, Witzel, 2023]
[Black, Harlander, Lange, Rago, Shindler, Witzel, 2024]
[Black, Harlander, Kohnen, Lange, Rago, Shindler, Witzel, 2026]

Preliminary studies

Isospin-breaking combinations

We use this

We use this for D mesons 

https://arxiv.org/abs/1711.02100
https://arxiv.org/abs/2412.13270
https://arxiv.org/abs/2112.03691
https://arxiv.org/abs/hep-lat/9805028
https://arxiv.org/abs/hep-lat/9906031
https://arxiv.org/abs/hep-ph/0110124
https://arxiv.org/abs/2212.09275
https://arxiv.org/abs/2310.18059
https://arxiv.org/abs/2409.18891
https://arxiv.org/abs/2603.28517
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Matching @ NLO 

● Next-to-Leading order calculation of the Wilson coefficients
Feynman diagrams

● [Ciuchini, Franco, Lubicz, Mescia, 2001]

● [Franco, Lubicz, Mescia, Tarantino, 2002]

● [Beneke, Buchalla, Greub, Lenz, Nierste, 2002]

No contribution from cc intermediate states at NLO  
 

https://arxiv.org/abs/hep-ph/0110375
https://arxiv.org/abs/hep-ph/0203089
https://arxiv.org/abs/hep-ph/0202106
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Matching & Wilson Coefficients
● We perform the matching between the “full” |∆B|=1 theory and the effective |∆B|=0 

theory in d=4−2ϵd=4−2ϵ

● We set pd,u = 0  and pb
 2=mb

 2  ⟹ We generate IR spurious divergences

● The IR behaviour of the two theories is the same ⟹  cancellation of 1/ϵIR poles 

● Yet, spurious poles give finite contributions when they multiply O(ϵ) parts of evanescent 

structures ⟹ Evanescent operators must be included in the matchingEvanescent operators must be included in the matching  

d d

b b

Scale-less integral

Vanishing in DIMREG

d d

b b

Uncancelled 
counter-terms
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|∆B|=1 Preliminaries

● “Full theory” given by |∆B|=1 contributions            “Historical” basis operators Q1,2  

● Leading CKM contribution @ NNLO → |Vcd| = 0   

● We want to match onto an operator basis with

● We can define 

●  

b b b b

Fierzed operators

b b b

b

WAWA

PIPI More complicated
to evaluate
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|∆B|=1 Preliminaries

● We actually compute the following amplitude

How do we recover the expression for            ?   

● In d=4  

      Wilson coefficient of 

● What about           ?   
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|∆B|=1 Preliminaries

● Wilson coefficients C1,2 mix upon renormalisation according to

● We define the anomalous dimension matrix (ADM)

for i,j=1,2

● As shown in [ Buras, Weisz, 1990 ], Fierz symmetry can be restored order by order in 

   by imposing

● How do we fix these conditions?

https://inspirehep.net/literature/279445
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|∆B|=1 Preliminaries

● In DIMREG we have the presence of the so-called Evanescent operators

● Their d → 4 limit is fixed, but they can be defined up to arbitrary choices of         terms 

● At NNLO, we encounter the following first and second generation evanescents

[ Egner, Fael, Schönwald, Steinhauser, 2024]

https://arxiv.org/abs/2406.19456
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