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1. Introduction

The �2 = (12) meson is an interesting particle to study, since it contains two different heavy
quarks. This makes it a prime candidate for the use of Non-Relativistic QCD (NRQCD), in which
an expansion of the heavy quark velocities E1 and E2 can be carried out. Together with the operator
production expansion (OPE) approach this has lead to the most precise theory prediction of the
�2 lifetime [1–3]. Other approaches include QCD Sum Rules [4] as well as Potential models [5],
which lead to comparable results.
Another interesting fact about the �2 meson is that its lifetime puts stringent constraints on New
Physics models containing new scalars, that are able to explain the current '(�) and '(�∗)
anomalies. Prominent examples are scalar Leptoquarks and Two-Higgs-Doublet models [6–8].
From the experimental point of view the lifetime of the �2 is very precisely measured to be

g
exp
�2

= 0.510(9)ps , (1)

which is the averaged value of the LHCb [9, 10] and CMS [11] measurements.
This precision is however not matched from the theory side, due to several large uncertainties.
They result for instance from neglecting higher order non-perturbative corrections, parametric
uncertainties as well as the inclusion of the strange quark mass. The main uncertainties stem
however from the treatment of the masses of the quarks inside the �2 . To examine this behaviour
in more detail, three different mass schemes were studied in [12, 13] to compute the �2 decay rate
in the OPE approach, which will be discussed below together with the other uncertainties.
The rest of the article is organized as follows: In sec. 2 the threemass schemes are presented, together
with the corresponding predictions of the �2 decay rate. In sec. 3 we discuss the uncertainties
occurring in the OPE approach. A new method to compute the �2 decay rate is introduced in sec. 4,
before we summarize in sec. 5.

2. Mass schemes

In this section we summarize the three different mass schemes, which were used in [12] to determine
the �2 decay rate. They include the MS, the Upsilon and the meson scheme.

2.1 MS scheme

In the MS mass-scheme the on-shell (OS) masses of the 1 and 2 quarks are expressed in terms of
the renormalized MS masses via the following equation:

<@ = <@ (`)
[
1 + UB (`)

c

(
4
3
− ln

(
<@ (`)2

`2

))]
+ O(U2

B) . (2)

In our computation we use the lattice results [14–16] for the MSmasses, which lead to the following
decay rate of the �2:

ΓMS
�2
= (1.51 ± 0.38|` ± 0.08|n.p. ± 0.02|< ± 0.01|<B ± 0.01|+21 ) ps−1 , (3)
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where the third uncertainty is due to the MS masses. The other uncertainties will be discussed in
the following section. The value obtained in (3) is to be compared with the experimental value of
the decay rate, given by

Γ
exp
�2
= 1.961(35) ps−1 . (4)

2.2 Upsilon scheme

In this mass scheme, the OSmass of the 1 quark is expressed in terms of the very precisely measured
Upsilon 1S state, by using the relation [17, 18]

1
2<Υ

<1
= 1 − (UB�� )

2

8

{
1 + UB

c

[(
ln

(
`

UB��<1

)
+ 11

6

)
V0 − 4

]2
+ · · ·

}
, (5)

where V0 is the one-loop beta function factor of the strong coupling constant. A similar relation is
used to express the charm quark mass in terms of the �/Ψ mass. In our analysis we use the PDG
values <Υ = 9460.30(26) MeV and <�/Ψ = 3096.900(6) MeV [19], which gives a �2 decay rate
of

Γ
Upsilon
�2

= (2.40 ± 0.19|` ± 0.21|n.p. ± 0.01|<B ± 0.01|+21 ) ps−1 , (6)

where the uncertainties of <Υ and <�/Ψ are completely negligible.

2.3 Meson scheme

As a third scheme we use the so-called meson scheme, where the OS quark masses are expressed
in terms of the meson masses by use of the HQET relation

<1 − <2 = <� − <� +
1
2
_1

(
1
<1
− 1
<2

)
+ · · · (7)

where _1 = −0.27± 0.14 [20], and <� = 1
4 (3<�∗ +<�) and <� =

1
4 (3<�∗ +<�) denote the spin

and isospin-averaged meson masses. In this scheme we obtain

Γmeson
�2

= (1.70 ± 0.24|` ± 0.20|n.p. ± 0.01|<B ± 0.01|+21 ) ps−1 , (8)

where the obtained value is in rather good agreement with the measurement in eq. (4).

3. Uncertainties

In this section we discuss the uncertainties of the theoretical prediction. A more detailed analysis
can be found in [12].
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Figure 1: Scale dependence of the LO decay rates Γ(1 → 2D3) (left panel) and Γ(2 → BD3) (right panel)
in the MS scheme. The NLO (solid-blue) and LO (dashed-orange) calculations are shown, respectively. The
LO calculation to which the term with the explicit factor of UB ln(`) in the NLO decay rate is added is shown
in green, displaying cancellation of scale dependence at O(UB). The NLO decay rate omitting the term with
an explicit factor of ln(`) is given by the dotted-red line.

3.1 Scale dependence

The residual renormalization-scale dependence from truncating the loop expansion is the largest
uncertainty in the �2 lifetime. It enters mainly through the OS mass replacements of the quarks
in the three different schemes, since these relations are only used at the one-loop level. The scale
dependence is largest in theMS scheme, which is illustrated in Fig. 1: It depicts the scale dependence
of the leading order (LO) quark decay rates Γ(1 → 2D3) and Γ(2 → BD3).
To reduce the scale dependence in our results, higher order QCD corrections have to be incorporated
in the calculation, first in the OS mass relations and secondly also in free-quark decay rates.

3.2 Non-perturbative uncertainties

Further uncertainties result from the NRQCD expansion in the quark velocities E1 and E2 , which
has been truncated at O(E4). Furthermore, the non-perturbative (n.p.) parameters also have
uncertainties which are incorporated in the n.p. uncertainty estimations in eqs. (3), (6) and (8).
The main improvement in these uncertainties would be to include higher-order corrections in the
velocity expansion. It would however also be favourable to have lattice results available for the n.p.
parameters.

3.3 Parametric uncertainties

Additional uncertainties result from all the parameters that are involved in the calculation, the largest
one stemming from the uncertainty of the CKM matrix element +21 given in the last uncertainties
of eqs. (3), (6) and (8). In the MS scheme also the MS-masses introduce a rather large uncertainty,
which is shown in third uncertainty in eq. (3).

3.4 Strange quark mass

In the spectator 2-decays a non-vanishing strange quark mass reduces the decay rate by about
7% in the three different mass schemes. The introduced uncertainty when neglecting <B in the
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�0, �0 �+, �0 �0, �+ �+, �+

Γmeson
�2

3.03 ± 0.51 3.03 ± 0.53 3.33 ± 1.29 3.33 ± 1.32

Table 1: Results obtained for Γmeson
�2

in units of ps−1 in the meson scheme, using different combinations of
� and � mesons in eq. (9).

1̄-quark decay can be estimated naively by considering the factor (<2/<1)2 ∼ 0.1, multiplied by
the corresponding decay rate and a factor of 7%. In the 2-quark decays the parametric uncertainty
resulting from <B (2 GeV) leads to an uncertainty of ΔΓ2 ∼ 0.01 ps−1.

4. Novel determination of Γ�2

To reduce the rather large uncertainties in the theory prediction, which mainly result from the scale
dependence, we will adopt a novel method to compute the �2 decay rate, first described in [21].
The idea is to make use of the non-perturbative expansion of the decay rate not only for the �2
meson, but also for the � and � mesons, by considering the combination

Γ(�) + Γ(�) − Γ(�2) = Γ=.?. (�) + Γ=.?. (�) − Γ=.?. (�2)
+ ΓWA+PI(�) + ΓWA+PI(�) − ΓWA+PI(�2) . (9)

where the rates on the left-hand side are given by

Γ(�&) = Γ(0)& + Γ
=.?. (�&) + ΓWA+PI(�&) + O(

1
<4
&

) , (10)

for a meson �& with heavy quark & and where WA and PI stand for Weak Annihilation and Pauli
Interference contributions. On the right-hand side of eq. (9) the LO quark decay rates Γ(0)

&
drop

out, since they are independent of meson states. Therefore the largest source of scale dependence
vanishes, which reduces the error of the result. In order to determine the �2 decay rate eq. (9) can
be applied for either charged or neutral � and � mesons, resulting in four different ways to compute
Γ(�2). The results using these four different combinations are given in Tab. 1.
Several reasons for the disparity between the obtained results and the experimental value in eq. (4)
can be brought forward:

• Underestimation of the uncertainties from NLO corrections

• Eye-graph contributions to matrix elements, generally neglected in lattice computations [22]

• Effects of dimension-seven contributions to charm decays [23]

• Quark-hadron duality violation

It is certainly worth investigating all the abovementioned points in more detail. In case the first three
options fail to explain the discrepancy, the last one has to be seriously considered when describing
meson decay rates.
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5. Summary

We have presented an updated analysis of the �2 decay rate, following the OPE approach. Three
different mass schemes have been studied, which all lead to results in agreement with experiment
and with each other. Furthermore an analysis of the theory uncertainties has been presented, where
the scale-dependence makes up most of the total uncertainty.
In a second part a new method to determine the �2 lifetime has been presented, which relies on
taking differences of �, � and �2 decay rates. The rather large values obtained in this methodmight
have several reasons, including underestimation of uncertainties, unknown eye-graph contributions,
dimension-seven contributions to the charm decays or even quark-hadron duality violation.

References

[1] M. Beneke and G. Buchalla, The �2 Meson Lifetime, Phys. Rev. D 53 (1996) 4991–5000,
[hep-ph/9601249].

[2] I. I. Bigi, Inclusive B(c) decays as a QCD lab, Phys. Lett. B 371 (1996) 105–110, [hep-ph/9510325].

[3] C.-H. Chang, S.-L. Chen, T.-F. Feng, and X.-Q. Li, The Lifetime of �2 meson and some relevant
problems, Phys. Rev. D 64 (2001) 014003, [hep-ph/0007162].

[4] V. Kiselev, A. Kovalsky, and A. Likhoded, �2 decays and lifetime in QCD sum rules, Nucl. Phys. B
585 (2000) 353–382, [hep-ph/0002127].

[5] S. Gershtein, V. Kiselev, A. Likhoded, and A. Tkabladze, Physics of B(c) mesons, Phys. Usp. 38
(1995) 1–37, [hep-ph/9504319].

[6] R. Alonso, B. Grinstein, and J. Martin Camalich, Lifetime of �−2 Constrains Explanations for
Anomalies in �→ � (∗)ga, Phys. Rev. Lett. 118 (2017), no. 8 081802, [arXiv:1611.06676].

[7] M. Blanke, A. Crivellin, S. de Boer, T. Kitahara, M. Moscati, U. Nierste, and I. Nišandžić, Impact of
polarization observables and �2 → ga on new physics explanations of the 1 → 2ga anomaly, Phys.
Rev. D 99 (2019), no. 7 075006, [arXiv:1811.09603].

[8] M. Blanke, A. Crivellin, T. Kitahara, M. Moscati, U. Nierste, and I. Nišandžić, Addendum to “Impact
of polarization observables and �2 → ga on new physics explanations of the 1 → 2ga anomaly”,
arXiv:1905.08253. [Addendum: Phys.Rev.D 100, 035035 (2019)].

[9] LHCb Collaboration, R. Aaij et al., Measurement of the �+2 meson lifetime using �+2 → �/k`+a`-
decays, Eur. Phys. J. C 74 (2014), no. 5 2839, [arXiv:1401.6932].

[10] LHCb Collaboration, R. Aaij et al., Measurement of the lifetime of the �+2 meson using the
�+2 → �/kc+ decay mode, Phys. Lett. B 742 (2015) 29–37, [arXiv:1411.6899].

[11] CMS Collaboration, A. M. Sirunyan et al.,Measurement of b hadron lifetimes in pp collisions at
√
B =

8 TeV, Eur. Phys. J. C 78 (2018), no. 6 457, [arXiv:1710.08949]. [Erratum: Eur.Phys.J.C 78, 561
(2018)].

[12] J. Aebischer and B. Grinstein, Standard Model prediction of the B2 lifetime, JHEP 07 (2021) 130,
[arXiv:2105.02988].

6

http://arxiv.org/abs/hep-ph/9601249
http://arxiv.org/abs/hep-ph/9510325
http://arxiv.org/abs/hep-ph/0007162
http://arxiv.org/abs/hep-ph/0002127
http://arxiv.org/abs/hep-ph/9504319
http://arxiv.org/abs/1611.06676
http://arxiv.org/abs/1811.09603
http://arxiv.org/abs/1905.08253
http://arxiv.org/abs/1401.6932
http://arxiv.org/abs/1411.6899
http://arxiv.org/abs/1710.08949
http://arxiv.org/abs/2105.02988


P
o
S
(
C
O
R
F
U
2
0
2
1
)
0
5
5

g�2
in the Standard Model Jason Aebischer

[13] J. Aebischer and B. Grinstein, The �2 lifetime in the Standard Model, in Particles and Nuclei
International Conference , 11, 2021. arXiv:2111.07076.

[14] Fermilab Lattice, MILC, TUMQCD Collaboration, A. Bazavov et al., Up-, down-, strange-, charm-,
and bottom-quark masses from four-flavor lattice QCD, Phys. Rev. D 98 (2018), no. 5 054517,
[arXiv:1802.04248].

[15] B. Colquhoun, R. J. Dowdall, C. T. H. Davies, K. Hornbostel, and G. P. Lepage, Υ and Υ′ Leptonic
Widths, 01` and <1 from full lattice QCD, Phys. Rev. D 91 (2015), no. 7 074514, [arXiv:1408.5768].

[16] HPQCD Collaboration, A. T. Lytle, C. T. H. Davies, D. Hatton, G. P. Lepage, and C. Sturm,
Determination of quark masses from nf = 4 lattice QCD and the RI-SMOM intermediate scheme,
Phys. Rev. D 98 (2018), no. 1 014513, [arXiv:1805.06225].

[17] A. Pineda and F. Yndurain, Calculation of quarkonium spectrum and <1 , <2 to order U4
B , Phys. Rev.

D 58 (1998) 094022, [hep-ph/9711287].

[18] K. Melnikov and A. Yelkhovsky, The 1 quark low scale running mass from Upsilon sum rules, Phys.
Rev. D 59 (1999) 114009, [hep-ph/9805270].

[19] Particle Data Group Collaboration, M. Tanabashi et al., Review of Particle Physics, Phys. Rev. D 98
(2018), no. 3 030001.

[20] A. H. Hoang, Z. Ligeti, and A. V. Manohar, B decay and the Upsilon mass, Phys. Rev. Lett. 82 (1999)
277–280, [hep-ph/9809423].

[21] J. Aebischer and B. Grinstein, A novel determination of the �2 lifetime, arXiv:2108.10285.

[22] D. Becirevic, Theoretical progress in describing the B meson lifetimes, PoS HEP2001 (2001) 098,
[hep-ph/0110124].

[23] D. King, A. Lenz, M. L. Piscopo, T. Rauh, A. V. Rusov, and C. Vlahos, Revisiting Inclusive Decay
Widths of Charmed Mesons, arXiv:2109.13219.

7

http://arxiv.org/abs/2111.07076
http://arxiv.org/abs/1802.04248
http://arxiv.org/abs/1408.5768
http://arxiv.org/abs/1805.06225
http://arxiv.org/abs/hep-ph/9711287
http://arxiv.org/abs/hep-ph/9805270
http://arxiv.org/abs/hep-ph/9809423
http://arxiv.org/abs/2108.10285
http://arxiv.org/abs/hep-ph/0110124
http://arxiv.org/abs/2109.13219

	Introduction
	Mass schemes
	MS scheme
	Upsilon scheme
	Meson scheme

	Uncertainties
	Scale dependence
	Non-perturbative uncertainties
	Parametric uncertainties
	Strange quark mass

	Novel determination of Bc
	Summary

