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1. Introduction

The total lifetime 7, or the total decay width I" = 7=, is one of the fundamental properties
of particles. In the study of lifetimes, a special role is occupied by heavy hadrons: QCD bound
states containing a heavy quark Q with mg > Aqcp, where Aqcp denotes a typical hadronic
non-perturbative scale of the order of few hundreds MeV. As their weak decays involve the interplay
between the weak and the strong interactions over the wide range of scales my > mg > Aqcp,
heavy hadrons are interesting systems to test the Standard Model (SM) and also, given enough
precision in both theory and experiments, perform indirect searches of new physics (NP).

Lifetimes measurements are by now very precise [ 1, 2]. On the theoretical side, the Heavy Quark
Expansion (HQE) [3] ! provides a well established framework to compute inclusive decay widths
of heavy hadrons in terms of a systematic expansion in inverse powers of mg. As the reliability of
the HQE strongly depends on the assumption that Q is heavy, bottom hadrons are clearly the most
suited systems to be described within this framework. The charm quark mass, on the other hand,
lies at the boundary between the heavy and the light quark regime, and if charmed systems pose
notoriously more challenges to precise theoretical studies, they also give an opportunity to test even
further the applicability of the HQE.

2. The HQE in the bottom sector

The total decay width of a bottom hadron Hj, is given by

1
2me

P(Hy) = 5-— % [ 2m)* (pu = paa, Nl el (1)

where the sum runs over all possible final states into which Hy, can decay, PS is the corresponding
phase space, and H.g the effective Hamiltonian [5]. Using the optical theorem, eq. (1) becomes

['(Hp) = 2ml Im(Hp|T|Hp), with T = i/d4x T{Her (x), Her(0) } - @

Hy,
The transition operator 7 contains the time-ordered product of H.g and is thus a non-local operator;
its expression however, simplifies in the limit of a heavy decaying quark. In fact, by exploiting the
hierarchy m;, > Aqcp, the b-quark momentum and field can be respectively parametrised as

pyy = mpvt + kM b(x)=e "™V p (x), 3)

where v = py, /mp, is the hadron velocity, k << my, a residual momentum of the order of Aqcp,
and we have introduced the rescaled field b,, (x) containing only low oscillation frequencies of the
order of k. Taking into account eq. (3), the time ordered product in eq. (2) can be systematically
expanded into a series of local operators O, of increasing dimension d and suppressed by d — 3
powers of the heavy quark mass. In this way, the total decay width takes the following form

Qg)+r6@+...+l6ﬂ2 1~"6@+I~H@+... . 4)
m

b my, my, n,

F(Hb) = F3 + F5

1See e.g. the review [4] for a more comprehensive list of references.
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(1 Ho-Kim, Pham [15]; Altarelli, Pet [16]; B tal [17]
(1) Alberti, Gambino, Nandi [8] 1—‘3 Lenz, Nierste, Ostermaier [18]; Krinner, Lenz, Rauh [19]
FS Mannel, Pivovarov, Rosenthal [9] (0) . . . .
7 F5 Bigi, Uraltsev, Vainsthtein [20]; Blok, Shifman [21]
F( ) Mannel, Moreno, Pivovarov [10] (0) . .
enz, Piscopo, Rusov ; Mannel, Moreno, Pivovarov [2:
60 T Lenz, P Rusov [22]; Mannel, M P [23]
Fg ) Dassinger, Mannel, Turczyk [11] .
) = (1) Beneke, Buchalla, Greub, Lenz, Nierste [24]
F( Mannel, Turczyk, Uraltsev [12] r6 Franco, Lubicz, Mescia, Tarantino [25]
8
=(1 =(0
Fé ) Lenz, Rauh [13] Fg ) Gabbiani, Onishchenko, Petrov [26]

Table 1: Status of the perturbative corrections in the HQE. The work with * contains only partial results.

The short-distance functions I'; can be computed in terms of a perturbative expansion in a(mp)

2
rd:rg,ou(j_;)rg;u(j_;) r@.. )
whereas (O4) = (Hp|Oq|Hp)/(2mp, ) are matrix elements parametrising the non-perturbative
effects. Note that in eq. (4) both two- and four-quark operators contribute. While at LO-QCD the
former are obtained from the discontinuity of two-loop diagrams, the latter already arise at one-loop
at the same order in a, hence the explicit phase space factor 1672 in front of the four-quark operators
contributions, here labeled by a tilde. Lifetime ratios of bottom hadrons can then be computed as

T(Hp) _
©(H})

1+ [F(H],,)HQE _ F(Hb)HQE] T(Hb)exp. i (6)

where the experimental value of 7(Hp) is used to cancel out the dependence on I's, albeit this
is not necessary and eq. (6) can be also computed entirely within the HQE with only slightly
larger uncertainties, see e.g. the discussion in [27]. It is worth emphasising that while two-quark
operators present short-distance coefficients which are universal for a given heavy quark, so that
any differences in lifetimes of bottom hadrons would only be induced by the value of their matrix
elements, the Wilson coefficients of the four-quark operators also depend on the spectator quark in
the specific hadron considered and this can in general lead to larger effects in lifetime ratios.

The HQE is by now a very advanced framework. The theoretical status for both the perturbative
and non-perturbative side is summarised respectively in tables 1 and 2.

2.1 Lifetimes of bottom mesons

The current HQE predictions for the total widths of the bottom mesons B, B*, By, and their
lifetime ratios, are shown in fig. 1 and table 3 [27]. The two scenarios correspond to different choices
of inputs, including the value of the b-quark mass and of the non-perturbative parameters associated
to the matrix elements of two-quark operators, see for details [27]. While the total decay widths
and the ratio 7(B*)/7(B,) are only mildly sensitive to this choice, the results for 7(By)/7(Bg)
are strongly affected, and in one case, a small tension with the experimental value emerges. In
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Fits to SL data [28-31]
< %) > HQET sum rules [32, 33] Spectroscopy [37] Spectroscopy [20] Spectroscopy [43]
5
Lattice QCD [34, 35]
Fits to SL data [28-31] Sum rules estimates [37] EOM relation to {Og) EOM relation to (Og)
<O6> EOM relation to {Og) EOM relation to {Og)
- HQET sum rules [36] HQET sum rules [38] HQET SR [39]; NRCOM + NRCOM +
<06) spectroscopy [41, 42] spectroscopy [41, 42]
<O7 ) Vacuum insertion approximation —_— —_—

Table 2: Status of the available determinations of the non-perturbative matrix elements in the HQE for the
bottom sector. The following abbreviations are used: heavy quark effective theory (HQET), sum rules (SR),
equation of motion (EOM), non-relativistic constituent quark model (NRCQM).

this respect, we point out that the two fits to experimental data on inclusive semileptonic B-meson
decays [30, 31] ? find different values of the Darwin parameter p3D, which plays a crucial role in the
prediction of 7(By)/7(Bg). Further insights on the origin of this discrepancy are clearly of utmost
importance given the potential that this observable could have as an indirect probe of NP. Moreover,
an investigation by lattice QCD of the small size of the bag-parameters of the octet-operators and
of the so-called ‘eye-contractions’ as found in [36, 38], would also be very desirable.

Scale variation in the leading term I3, and the values of the non-perturbative parameters,
including SU(3)y breaking effects, are the main sources of uncertainties for the total widths and
the lifetime ratios, respectively. Overall, there is very good agreement between HQE and data, and
the clean observable 7(B")/7(Bg4) could already be used to constrain certain NP operators [44].

HQE Scenario A | HQE Scenario B Exp. value
T(B*)/t(Ba) || 1.0855%003%5 1.085170:9239 |1 1.076 + 0.004
7(By)/7(Ba) | 1.0279%0:0113 1.0032*5-0063 |1 0.998 + 0.005

Table 3: HQE predictions of the lifetime ratios for two different choices of theory inputs, see [27].

2.2 Lifetimes of bottom baryons

The most recent theoretical predictions for the total widths of the b-baryons Ag, Eg, E,,Q, as
well as their lifetime ratios, are displayed in fig. 2 and in table 5, see [45]. Along all the observables
considered there is very good agreement between theory and experiments, while the dominant
sources of uncertainties are again scale variation and the values of the non-perturbative parameters.
In fact, despite the efforts in e.g. [39, 40], the four-quark dimension-six matrix-elements have not

2We stress that corresponding measurements for inclusive semileptonic Bs-decays are still missing.
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Figure 1: Comparison of data and HQE predictions for two different choices of theory inputs, based on [27].

yet been computed for all baryons either within lattice QCD or QCD sum rules, and currently only
spectroscopy relations based on simplified models of QCD, like the NRCQM, can be consistently
used. First principle calculations would be of great importance in order to reduce the overall
uncertainties and obtain an independent determination of these non-perturbative parameters.

T(A})/7(Ba) | 7(E})/7(8;) | 7(2;)/7(Ba)
HQE | 0.955+0.014 | 0.929+0.028 | 1.081 +0.042
Exp. | 0.969 +0.006 | 0.929+0.028 | 1.080%01}3

Table 4: Comparison of data and HQE predictions for selected lifetime ratios, based on [45].
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Figure 2: Comparison of HQE predictions and experimental data for b-baryons [45].

3. The HQE at its limit: lifetimes of charmed hadrons

While the applicability of the HQE appears to be well established in the bottom sector, it is
questionable whether it also extends to the charm system, given that m. ~ 1 GeV. In this case
the two expansion parameters @, (m.) and Aqcp/m. become larger, making both the perturbative
and the power-correction series a priori less reliable. Furthermore, many of the non-perturbative
parameters of the HQE for charmed hadrons are still poorly known and in most of the cases only
rough estimates based on symmetry arguments with respect to the bottom sector are available.

It is then interesting to confront the HQE framework with the experimental data for the charm
system. The current theoretical predictions for the total widths of the charmed mesons DO, D, DY,
their lifetime ratios, as well as the semileptonic branching fractions, are shown in fig. 3 and
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table 5 [46]. Although with very large uncertainties, the HQE succeeds in correctly describing the
observed patterns, and no indication of a possible breakdown of the framework seems to emerge.
These results have been confirmed in the recent study [43], which included as well predictions for
the lifetimes of singly charmed baryons. Also in this case, it is found that the HQE can consistently
accommodate the experimental data, albeit again within large uncertainties.

©(D*)/1(D°) | T(D{)/[7(D°)

HQE 2.80%0-56 1.00+0.16

Exp. 2.54 £ 0.02 1.30+£0.01

Table 5: Comparison of data and HQE predictions of charmed mesons lifetime ratios, based on [46]. Note
that 7(D?) does not include the semileptonic mode D} — 7*v, see for details [46].
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Figure 3: Comparison of HQE predictions and experimental data for charmed mesons, based on [46].

4. Conclusions

We have presented the status of the lifetimes of heavy hadrons containing a bottom or charm
quark within the HQE 3. Along all the observables considered the agreement with the experimental
data is good, confirming the HQE as a powerful framework for inclusive heavy hadron decays,
contrary to some conclusions in [49]. Moreover, the precision already achieved for several clean
quantities in the bottom system is high and comparable with the experimental one. Further improve-
ments in the computation of higher order corrections, namely I' f&v I go)’ I éz), as well as in the
determination of the non-perturbative parameters, will be crucial in order to reduce the theoretical

uncertainties, so that in future these observables might also serve as interesting probes of NP.
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3We have not discussed hadrons containing two heavy quarks. For studies of the B, lifetime see [47, 48].
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