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A BIT OF HISTORY

First flavour anomalies were connected with lifetimes :

 80’ - τ(D+)/τ(D0) ~ 2.1    

 85’ - τ(Ds)/τ(D0) ~ 1.5 (when Ds was called F ☺ ) 

 90’ - τ(Λb)/τ(B) ~  0.7-0.8  

 2000 – WA large → influence on Vub inclusive 

 2020 – τ(Ωc) – 3-4 times bigger then previously measured 
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/ nonperturbative?☺

NICE EXAMPLE OF

AN „ANOMALY“



EXPERIMENTAL SITUATION

- practically unchanged lifitime pattern since 1980‘s  

broad spread of lifetimes of 

singly charmed mesons 



new LHCb measurement 2020

- 4 times larger τ(ΩC) lifetime !

EXPERIMENTAL SITUATION

broad spread of lifetimes of 

singly charmed baryons NEW LIFETIME HIERARCHY⇒



= weak effective hamiltonian for a heavy Q decay

forward-scattering amplitude

neglected for charm decays

TOTAL DECAY WIDTH        LIFETIMES

non-leptonic(NL) and semileptonic (SL) decays included

Shifman, Voloshim 85

Buchalla, Buras, Lauternbacher  96



WEAK HAMILTONIAN DIM6 and DIM7 OPERATORS

+ color-octet operators

+ μ-running and mixing
Dim 6 operators:

Dim 7 operators: + color-octet operators

+ non-local operators - reabsorbed    

into dim6 matrix elements



HEAVY QUARK EXPANSION (HQE) – systematic expansion in ΛQCD/mQ and αS

LEADING NON-SPECTATOR 

CONTRIBUTION

NON-LEADING NON-SPECTATOR 

CONTRIBUTION  - in 90-ies  HQE

FOUR-QUARK SPECTATOR 

CONTRIBUTIONS

etcetc



universal leading contribution to all hadrons (up to mass corrections in c3) ~     

MATRIX ELEMENS OF DIFFERENT OPERATORS ARE NEEDED 



A BRIEF  LOOK AT 1980s & 1990s “ANOMALIES“



weak exchange (WE) Pauli interference (PI)

- LARGE AND NEGATIVE !

“ANOMALIES” - 1nd CASE      

Guberina, Nussinov, Peccei, Ruckl  79

unknown pre-HQE 90‘ unknown

’80         τ(D+)/τ(D0) ~ 2.1    

mQ = mc - slow convergence;  spectator contributions ~ 1/mc
3 might BE IMPORTANT - BUT WHY THERE 

WOULD BE SUCH DIFFERENCE IN D-MESON LIFETIMES?

D0(cu) D+(cd)



weak exchange (WE)

“ANOMALIES” - 2nd CASE      

unknown pre-HQE 90‘ unknown

’85          τ(Ds)/τ(D0) ~ 1.5    

mQ = mc - slow convergence;  spectator contributions ~ 1/mc
3 might BE IMPORTANT + SU(3) BREAKING

weak annihilation (WA)

Γ(D0)WE >  Γ(Ds)WA

τ(D0) < τ(Ds) 

D0(cu) Ds(cs)

Shifman, Voloshin 86,87

see discussion in Bigi,Uratsev 9311243



“ ANOMALIES”  - 3st CASE  ‘90-’00        τ(Λb)/τ(B) ~  0.7-0.8  

thanks to A. LenzEXPERIMENT :

THEORY :

mQ = mb - fast convergence;  spectator contributions ~ 1/mb
3 highly suppressed 

>  CONCLUSION:       τ(Λb)/τ(B) CANNOT DEVIATE MUCH FROM 1  



thanks to A. LenzTHEORY :



thanks to A. Lenz

SOME OTHER THEORETICAL IDEAS:     ALTARELLI et al

QUARK-HADRON DUALITY VIOLATION: Altarelli et al... 

APPEARED TO BE THEORETICALLY WRONG

- 1/mQ TERMS ARE NOT EXISTING IN HQE 



SOME OTHER THEORETICAL IDEAS:    Grinstein et al 

QUARK-HADRON DUALITY VIOLATION: Altarelli et al... 

WITHDRAWN BY AUTHORS 

- NO DUALITY VIOLATION 

thanks to A. Lenz



RESOLUTION OF THE „ANOMALY“ :

NEW EXPERIMENTAL MEASURMENTS

A. Lenz, 1405.3601

thanks to A. Lenz

4.1σ difference 

to previous 

measurements !

excellent agreement with the theory: 



GOING BACK TO THE PRESENT DEVELOPMENTS



corrections taken into account – LO and existing NLO



CALCULATION OF MATRIX ELEMENTS 

NON-SPECTATOR PART: SPECTATOR PART:

- kinetic parameter 

-chromomagnetic parameter 

-Darwin term four-quark matrix elements



NON-SPECTATOR PART: - mainly universal – up to SU(3)f  breaking and differences in spins of hadrons

application of hadron mass formula: 

spin factor: 

HQET SR

applying EOM of Gμν and relating to the dim6 operators

CALCULATION OF NON-SPECTATOR MATRIX ELEMENTS 



NON-SPECTATOR PART:

CALCULATION OF NON-SPECTATOR MATRIX ELEMENTS 

+ 30% uncertainties

much smaller parameter but with a surprisingly large Wilson coefficient  

- sizable contribution



CALCULATION OF SPECTATOR (FOUR-QUARK) MATRIX ELEMENTS

SPECTATOR PART FOR MESONS: - calculation of four-quark matrix elements

HQET bag model parameters or lattice: 

Kirk, Lenz, Rauch, 1711.02100

King, Lenz, Rauch, 2112.03691

King et al, 2109.13219

Dim 6 :

Dim 7 : 

Vacuum insertion approximation (VIA): 

for color-octet op

Decay constants in the mc -> infinity  limit: 



CALCULATION OF SPECTATOR (FOUR-QUARK) MATRIX ELEMENTS 

SPECTATOR PART FOR BARYONS : - calculation of four-quark matrix elements

Rujula, Georgi, Glashow 1975

Dim 7 operators are expressed similarly, in terms on dim 6 operators as above 

and 

NR CONSTITUENT QUARK MODEL

e.g.

M

B



WE

int-

SPECTATOR (u,d,s) FOUR-QUARK CONTRIBUTIONS ARE IMPORTANT :

CE = leading; Cabibbo enhanced

- effects are different in different mesons

- effects are different in different baryons

- there are effects in SL decays – different BR(SL) !

- one-loop i.e  16 π2 enhanced, although 1/m3 (dim6), 1/m4 (dim7) suppressed

PI WA

exc int+

MESONS

BARYONS



CHARM QUARK MASS

IR renormalon –

divergent series starting from the third-loop...
renormalon-free mass definitions:

POLE mass:

- subtraction of IR renomalons

- rearrangement of αS expansion  - relevant for αS-corrections in c3 and c6 terms



CHARM QUARK MASS

we provide results for all mass schemes... no large differences in the final results – rearrangments among 

1/mc and αS-expansion !



RESULTS



Lifetime ratios for        : 

RESULTS FOR BARYONS  

Inclusive SL branching ratios ( 𝑒 only ) for      : 

- some uncertainties cancel/subtract  in the ratios



RESULTS FOR BARYONS  

individual lifetimes compatible 

with the experiment, ALSO                                           

SL         branching ratio is 

compatible with the experiment too

slight tensions are seen in the ratios 

due to overestimate of  



RESULTS FOR BARYONS  - SL BRs 

MSR mass scheme:

SL decays are important to assess the validity of HQE in charm in baryons

- experimental measurements of  BRSL( Ξc
+), BRSL( Ξc

0) and  BRSL(Ωc
0) are needed 



Lifetime ratios : 

RESULTS FOR MESONS  

Inclusive SL branching ratios ( 𝑒 only ) : 

- some uncertainties cancel/subtract in the ratios



full agreement with King et al, 2109.13219

RESULTS FOR MESONS  

 results are largely compatible with the experiment

 difficulties with τ(D+) – Pauli intereference term can drive τ (D+) large and even negative!

 slight tension with τ(Ds)/ τ(D0) – theoretically closer to unity



CONCLUSIONS



CONCLUSIONS

 up-to-date results for lifetimes of weakly decaying hadrons with a single charm 

quark, with most complete set of contributions provided

 results compatible with experiment, albeit with large uncertainties, and 

favoring recent LHCb result for τ(Ω0
c) lifetime (4× old measurement)

 difficulty in predicting τ (D+) – only marginally compatible - huge negative Pauli      

interference contribution

 predictions for unmeasured BRSL(H)  are important for complete assessment

 conclusions above are largely independent of the charm mass scheme



OUTLOOK

 extending available contributions in 1/mc and αs series

 large uncertainties mean theory cannot compete with experiment – more control   

of hadronic parameters needed : 

 lattice determination of          planned (U Siegen)

 higher αs corrections planned (KIT) – NLO of 4q-dim7, NNLO of NL-dim3 etc..

 exp. (BESIII, Belle II...) determination of kinetic, chromomagnetic and 

Darwin parameter from SL decays? too sensitive to four-quark oper. “leakage”?

 question of applicability of heavy quark approach to charm remains open

⇒ αs(mc) = 0.33, ΛQCD/mc = 0.30 too large? (vs αs(mb) = 0.22, ΛQCD/mb = 0.10) 

 theoretical improvements: revisiting formulation of HQE in charm mass?

testing quark-hadron duality violation?



THANK YOU


