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[Phys.Rev.D 101 (2020) 7, 072004]

• B-factories canmeasure |Vcb| inclusively and exclusively. The inclusivemeasurement is made
possible by fully reconstructing the otherB mesons in the event.

• Detectors at hadronmachines (=LHCb) so far measured |Vcb| only exclusively, but also have large
samples ofB0

s andΛ
0
b hadrons. No full event reconstruction possible.

• Canwe combine the two?
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|Vcb| - Inclusive and exclusive
7

FIG. 4. MX and q2 spectra with B ! Xc ` ⌫̄` and background
components normalized to the results of the MX fits.

The event-wise signal probability w is obtained by con-
structing a binned probability as a function of q2 via

wi(q
2) = (ni � ⌘̃BB f̃BB

i � ⌘̃qq̄ f̃
qq̄
i )/ni , (15)

where f̃i is the estimated fraction of events reconstructed
in bin i of q2 for a given background category estimated
from the simulation and ⌘̃ denote the sum of the esti-
mated number of background events from the MX fits.

We calculate a continuous signal probability w(q2) by
interpolating the binned distribution with smoothed cu-
bic splines [52]. Negative probabilities are set to zero.
The cubic-spline fit and statistical uncertainties of the
signal probability are shown in Fig. 5. The statistical
uncertainty on hq2ni is evaluated by a bootstrapping pro-
cedure [53] and a selection of spline fits from replicas is
shown in Fig. 5. The statistical uncertainty of w(q2) in-
creases towards large q2.

B. q2
Calibration

The q2 distribution from the kinematic fit is calibrated
exploiting the linear relationship between reconstructed
and generated moments. Figure 6 shows the linear rela-
tionship for simulated events for the first moment and as

FIG. 5. Binned signal probability wi together with a
smoothed cubic-spline fit (dark red). In addition, variations
of the signal spline fit (light red) determined with bootstrap
replicas are shown.

functions of q2 threshold between the reconstructed and
true q2 distribution. We calibrate each event with

q2ncalib = (q2nreco � cn)/mn, (16)

with cn and mn the intercept and slope of the linear
relationship for a given moment of order n. More details
on the linear calibration for the higher moments can be
found in Appendix B.

Due to the linearity of the calibration, a small bias
remains, which we corrected with an additional multi-
plicative calibration factor in Eq. (13) calculated from
simulated events by comparing the calibrated hq2ncalibi and
true generated hq2ngen,seli moments,

Ccalib = hq2ngen,seli/hq
2n
calibi . (17)

The Btag reconstruction and the Belle II detector accep-
tance and performance result in an additional bias. To
account for these effects we apply a second multiplica-
tive calibration factor Cgen by comparing the generated
moments with all selection criteria applied (hq2ngen,seli) to
their value without any selection applied (hq2ngeni),

Cgen = hq2ngeni/hq
2n
gen,seli . (18)

The hq2ngeni are determined from an MC sample without
Photos simulation and also corrects for FSR.

Both Ccalib and Cgen are determined for each q2 thresh-
old and from independent samples from those used to
determine the linear calibration function. The Ccalib fac-
tors range between 0.98 and 1.02 depending on the lower
q2 threshold. The Cgen factors vary between 0.90 and
1.00 with lower selection threshold values tending to have
higher corrections. More details on the event-wise cali-
bration can be found in Appendix C.

[Phys.Rev.D 107 (2023) 7, 072002]

• Measuring |Vcb|: Determine the statistical moments of them(Xc), q
2 orE∗

ℓ distributions.

• From this information, determine the non-perturbative parameters of the HeavyQuark Expansion.

• Will only talk aboutm(Xc), it’s the only precisely reconstructible quantity at a hadron collider.
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"Das Ganze ist mehr als die Summe seiner Teile"
[Phys.Rev.D 107 (2023) 9, 092003]

[Phys.Rev.D 71 (2005) 051103]

• The fullm(Xc) spectrum can only be reconstructed as a sum-of-exclusives (at a hadron collider).

• A pioneeringmeasurement was done by CDF usingB+→ D(∗)−π+ℓν decays.

• However, this works best if there aremany non-overlapping resonances, avoiding interference.

• This is (mostly) the case forB0
s → Xcsℓν decays, but much less forB0/B+→ Xcℓν decays.

• The task then is: Measure all exclusive branching fractions of theB0
s → Xcsℓν spectrum. 4
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Heavy Quark Expansion

• r = mc
mb

, yi, zi perturbatively calculable parameters.

• µ2
π, µ

2
G, ρ

3
D, ρ

3
LS non-perturbative parameters of interest.

• Link non-perturbative parameters tomoments of hadronic mass spectrum. 5



What is the spectrum?

• As said before, all we need to know is the branching fraction of theB0
s → Xcsℓν decays.

• And the branching fraction(s) of theXcs→ XY decays.

• And thenwe can build ourselves as spectrum, measure themoments and determine the HQE

parameters

6



What is the spectrum?

• Well then, let’s look at the contributions one-by-one.

7
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Ground and first excited state
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[Phys.Rev.D 101 (2020) 7, 072004]

B(B0
s → D+

s ℓν)

• Knownwith about 10% relative precision.

Possibility for a further reduction (?)

• B(D+
s → K+K−π+) known to about 2% relative precision.

• Could use differentD+
s final state for less model dependence

onK+K− π+ spectrum

B(B0
s → D∗+

s ℓν)
• Knownwith about 10% relative precision.

Possibility for a further reduction (?)

• B(D∗+
s → D+

s γ) known to about 0.5% relative precision.
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First two higher excited states
• The first two higher resonances are below theDK threshold, so exclusively decay toD+

s mesons.

B(B0
s → D∗+

s0 ℓν)

• Nomeasurement has been published. We assume (0.3± 0.3)%BR

• B(D∗+
s0 → D+

s π
0) known to about 20% relative (and absolute) precision (measured by BESIII).

• Theπ0 is very soft, resulting in a small reconstruction efficiency, but clearly doable.

B(B0
s → D

′+
s1 ℓν)

• Nomeasurement has been published. We assume (0.3± 0.3)%BR

• B(D′+
s1 → D∗+

s π0) known to about 20% relative (and absolute) precision.

• Theπ0 is very soft, resulting in a small reconstruction efficiency, but clearly doable.

• The decayD
′+
s1 → D+

s γ also exists, with 18%BR.

9
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Second two higher excited states
[Phys.Lett.B 698 (2011) 14-20]

• The second two higher resonances are above theDK threshold.

B(B0
s → D+

s1ℓν)

• DØ and LHCb,≈20% relative uncertainty. Easy to improve.

• B(D+
s1→ D∗0K+) about 15% rel. uncertainty (new BES result).

• Experimentally ”easy”,D∗0 can be reconstructed asD0

B(B0
s → D∗+

s2 ℓν)
• LHCb, about 35% relative uncertainty. Easy to improve.

• B(D∗+
s2 → D0K+) about 15% rel. uncertainty (new BES result).

• Experimentally ”easy” to reconstruct

10
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Higher resonances
[Phys.Rev.D 80 (2009) 092003]

• Higher resonances exist and have been observed.

• They are not considered for this study.

• Measuring a branching fractionB(B0
s → (D∗+

sJ → D0K+)ℓν)
is experimentally not difficult, butB(D∗+

sJ → D0K+)
is not doable at a hadronmachine (or very hard)

• How about Belle 2?

11
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Non-resonant decays
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[Phys.Rev.D 100 (2019) 3, 031102]

• B0
s → D0K+ℓν has been observed in LHCb, but no branching fraction value has been published.

• Weextract the shape from a ”modified Goity-Roberts model” (describingB→ Dπℓν decays),

accounting for theK -π difference.

• Lately a new, model-independent approach forB→ Dπℓν decays was presented - can it be

applied toB0
s → D0K+ℓν decays as well? - Yesterday I learned, it will!
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Total BR
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B0
s → D(∗)K!−ν̄! decays. This has been observed to be non-negligible, as shown by LHCb

in [10]. Therefore, for the following studies, the branching ratio of the B0
s → D(∗)K!−ν̄! decay

is estimated using the difference between the theory prediction of the full semileptonic decay
width of the B0

s meson and the sum of all aforementioned decay widths. For the branching
ratio, we use the predicted ratio of the semileptonic decay widths of the B0

s and B0 mesons
in [7] given by

ΓSL(B0
s )/ΓSL(B0) = 1 − (0.018± 0.008). (4.1)

Using the ratio of the B0
s and B0 lifetimes and the B0 branching ratio from [30] and assuming

that the |Vub|-suppressed B0
s → Xu!−ν̄! rate is the same as for the B0 meson, we find

B(B0
s → Xc!

−ν̄!) = (10.05± 0.31)%, (4.2)

where the uncertainty is dominated by the uncertainty on the inclusive B0 → X!−ν̄! branching
fraction. Finally, we then get the branching fractions for the B0

s → D(∗)K!−ν̄! modes as

B(B0
s → D(∗)K!−ν̄!) = B(B0

s → Xcs!
−ν̄!) − ΣresB(res). (4.3)

This leads to B(B0
s → D(∗)K!−ν̄!) = 0.15 ± 0.15 as given in table 2, where we assign a

100% relative uncertainty to this ratio.

5 Proof-of-concept

In order to prove the validity of the method, we extract hadronic mass moments from a
simulated Xcs spectrum. To obtain the spectrum, we use the values of the masses and the
widths of the charm resonances in table 1, and those of the D+

s and D∗+
s mesons from [30]

combined with the branching fractions given in table 2. Above the DK mass threshold,
we consider the presence of the non-resonant B0

s → D(∗)K!−ν̄! decays. Other possible
non-resonant contributions are ignored in the present study. A list of some of those are:

1. B0
s → D+

s π0!−ν̄! and B0
s → D+

s π+π−!−ν̄!: these decays are expected to be OZI
suppressed.

2. B0
s → D+

s η!−ν̄! and B0
s → D+

s φ!−ν̄!: these processes are the analogous to the B0 →
D+

s
(∗)K!−ν̄! decay observed at B Factories. For B meson decays this contribution is

about 0.6% of the semileptonic width, so these decays are expected to also be very
small for B0

s semileptonic decays;

3. B0
s → D(∗)K(nπ)η!−ν̄!: decays with emissions of one or more pions. These contributions

should be suppressed by the limited phase space available to the decays and are ignored.

Because of the narrowness of both L = 0 and L = 1 D(∗,∗∗)+
s states, we can write the

semileptonic differential m2
H spectrum, normalized to the total semileptonic rate, as

1
ΓSL

dΓSL

dm2
H

=
∑

L=0

Γi

ΓSL
· δ(m2

H − m2
i ) +

∑

L=1

Γi

ΓSL
· δ(m2

H − m2
i ) +

ΓDK

ΓSL
· fDK(m2

H), (5.1)
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• Summing up all individual BRs, including an estimate for the non-resonant contribution from
Phys. Rev. D 100 (2019) 3, 031102, and using isospin-arguments, we found the sum larger than the
theoretical prediction for the semileptonic BR.

• This needs to be updatedwith the BES III measurements forB(D+
s1→ D∗0K+) and

B(D∗+
s2 → D0K+)

• Whatwe did instead is to constrain the non-resonant contribution to be the difference between the

6 resonant decays and the theoretical prediction.
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Resulting spectrum
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Resulting moments & HQE parameters
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Figure 1. Distributions of M(Xcs) of a pseudo-experiment. The peaks correspond to the resonant
contributions.

Moments Conf. A M ′
2 M ′

3 Conf. B M ′
2 M ′

3 L = 0 and L = 1
M1 [GeV2] 4.82± 0.08 0.74 0.55 4.78±0.02 0.72 0.45 4.79±0.02
M ′

2 [GeV4] 1.36 ± 0.29 0.96 1.22±0.05 0.90 0.82±0.09
M ′

3 [GeV6] 4.7 ± 1.8 3.86±0.28 1.07±0.11

Table 3. Extracted values of the moments for configuration A and B. The correlations between
the moments are also reported. In the last column the moments are extracted assuming only the
contributions of the resonant L = 0 and L = 1 states.

6 Moment analysis

The distribution of the moments determined from the pseudo-experiments are shown in
figure 2. It can be noted that the two higher-order central moments M ′

2 and M ′
3, have a

correlation above 90%. The resulting moments, and their correlations, are reported in table 3
for both configurations considered. For comparison we report also the moments assuming only
the resonant states. While the moment M1 is only marginally affected by the non-resonant
component, the higher-order moments, M ′

2 and M ′
3, depend crucially on this component.

6.1 Expressions for the moments and theoretical inputs

In this section, we discuss what the extracted experimental moments imply for the HQE
parameters. For this study, we fix both the mass of the b quark and the c quark as in (2.10).
With these inputs, we can find easy expressions for the centralized moments in (2.9) in terms

– 11 –

• Use hyperfine splitting (m2
B∗0

s
−m2

B0
s
) = 4

3CmagµG2(B0
s ) +O(1/mb) to obtain constraint

forµ2
G(B

0
s ):

µ2
G(B0

s )

µ2
G(B0)

= 1.14± 0.10

• Takeρ3LS fromB0 decays and increase uncertainty to account forSU(3)F breaking:

ρ3LS(B
0
s ) ≃ −(0.13± 0.10) GeV3

• µ2
π andρ3D are left free in the fit.

15



Resulting moments & HQE parameters

• We then obtain:

• µ2
π = (0.46± 0.12) GeV2 and therefore

µ2
π(B

0
s )

µ2
π(B

0)
∼ 0.96

• ρ3D = (0.16± 0.06) GeV3 and therefore
ρ3D(B0

s )

ρ3D(B0)
∼ 0.86

• The (constrained) values ofµ2
G(B

0
s ) andρ

3
LS(B

0
s ) are very close to the input constrains.

• Themain reason for the low values ofµ2
π andρ3D is the small value ofM

′
3 (4.7GeV6) compared to

the prediction (8.8GeV6).

• This might be due to an underestimation of higher-mass resonances in the toymodel.

• This needs to be updatedwith the new results fromBES III on theD+
s1 andD

∗+
s2 branching fractions.

16



|Vcb| & correlation
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• Using the experimentally measuredB(B0
s → Xℓν) = (9.6± 0.8)%

we calculate |Vcb| to be (41.8± 2.0) · 10−3.

• Whileµ2
π andρ3D are strongly correlated, |Vcb| only exhibits a weak correlation toµ2

π . 17



What is needed to turn this into a (precise) measurement?

• An improvedmeasurement of theB0
s → D+

s ℓν andB0
s → D∗+

s ℓν branching fractions (mostly

experimental).

• Measurements ofB0
s → D∗+

s0 ℓν andB0
s → D

′+
s1 ℓν (experimental), including solid predictions

(or measurements) for theD∗+
s0 andD

′+
s1 decays (theoretical / experimental).

• Updatedmeasurements forB0
s → D+

s1ℓν andB0
s → D∗+

s2 ℓν (experimental)

• And an improved handling of the non-resonant contribution (theoretical/experimental).

18



Conclusion

• Presence of mostly narrow resonances in hadronic spectrum inB0
s → Xcsℓν allow for a

sum-of-exclusives approach to an inclusivemeasurement.

• Performed a proof-of-concept. It shows a significant difference inρ3D forB0
s compared toB

0 and

to the prediction, most likely coming from amismodeling of theXcs spectrum - clearly needsmore

study.

• Most input measurements can be experimentally and theoretically improved. Most importantly, the

decayB0
s → D0K+ℓν needs a better understanding.

• With these improvements, a precise measurement of the HQE parameters in semileptonicB0
s

decays can be obtained.
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D∗+
s0 D

′+
s1 D+

s1 D∗+
s2

2317.8± 0.5MeV 2459.5± 0.6MeV 2535.11± 0.06MeV 2569.1± 0.8MeV
< 3.8MeV < 3.5MeV 0.92± 0.05MeV 16.9± 0.7MeV

D+
s π0 100+0

−20% D∗+
s π0 48± 11% D∗+K0

S 85± 12% D0K+ seen
D+

s γ < 5% D+
s γ 18± 4% D∗0K+ 100% D+K0

S seen
D∗+

s γ < 6% D+
s π+π− 4.3± 1.3% D+π−K+ 2.8± 0.5% D∗+K0

S seen
D+

s γγ < 18% D∗+
s γ < 8% D+

s π+π− seen
D∗+

s0 γ 3.7+5.0
−2.4% D+K0 < 34%

D0K+ < 12%

Table 1. Masses and widths of the excited states and their decay modes [30]. Only measured
branching fractions and upper limits are reported, “seen” is used when a decay is established, but no
branching fraction has been reported. Note that for the D+

s1 meson, the decay to D∗0K+ is defined as
100%, and all other branching fraction are measured relative to it.

to the D∗∗+
s mesons are the four well-established P -wave states D∗+

s0 , D
′+
s1 , D+

s1 and D∗+
s2 .6

The two lightest L = 1 D+
s excited states, D∗+

s0 and D
′+
s1 , have a small decay width. They

have a mass below the D0K+ and D∗0K+ mass threshold, respectively, so they only decay
via the strong interaction to the D+

s π or D∗+
s π final states, or via electromagnetic processes.

Since their discovery, several studies have been done on these mesons, because they are
good candidates to be tetraquarks or bound D(∗)K states. At present, the only observed
decay of the D∗+

s0 meson, D∗+
s0 → D∗+

s π0, has been measured by the BESIII collaboration,
with an uncertainty on the branching fraction of 20% [39]. The other allowed decay modes,
D∗+

s0 → D∗+
s γ and D∗+

s0 → D+
s γγ, have not been observed yet. Several final states of the

D
′+
s1 meson decay have been observed, many involving neutral particles. The most precise

measurements were performed with the D∗+
s π0 and D+

s γ final state, both with a relative
uncertainty of about 22% [30].

The masses of the D+
s1 and D∗+

s2 states are larger than the threshold for D0K+ and
D∗K+ production, so they preferentially decay to the D∗K+ or D0K+ final states, mainly
via D-wave processes. Because these states have masses close to the threshold, their natural
width is very narrow. No absolute branching fraction results exist for the D+

s1 and D∗+
s2 states:

for the D+
s1 meson, D∗+K0 and D∗0K+ final states appear most dominant, while for the D∗+

s2
meson, the D0K+ and D+K0 final states have been observed [30].

The mass, width and principal decay modes of the 4 P -wave states are summarized
in table 1.

The small natural widths of these four states, and consequently the lack of interference
between any two states, make the Xcs spectrum qualitatively very different to the Xc spectrum
from B decays. As mentioned, this presents a significant advantage from an experimental
point of view, as the inclusive decay width can be treated as the sum of exclusive resonant
components.

6In the literature, these four states are also denoted as D∗
s0(2317)+, Ds1(2460)+, Ds1(2536)+ and

D∗
s2(2573)+ [30].
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J
H
E
P
0
6
(
2
0
2
4
)
1
5
8

B0
s Decay B[%] (Conf. A) B[%] (Conf. B)

B0
s → Xcs!ν̄! 10.05±0.31 10.05±0.31

B0
s → D+

s !−ν̄! [38] 2.44±0.23 2.44± 0.10
B0

s → D∗+
s !−ν̄! [38] 5.3±0.5 5.30 ±0.22

B0
s → D∗+

s0 !−ν̄! (see text) 0.3±0.3 0.30±0.03
B0

s → D
′+
s1 !−ν̄! (see text) 0.3±0.3 0.30±0.03

B0
s → D+

s1!
−ν̄! 0.98±0.20 0.98±0.05

B0
s → D∗+

s2 !−ν̄! 0.58±0.20 0.58±0.04
B0

s → D(∗)K!−ν̄! (see text) 0.15±0.15 0.150±0.015

Table 2. The branching fractions of the contributions to the B0
s → Xcs!−ν̄! decay. Configuration

(Conf.) A reflects the current knowledge on the branching fractions, Conf. B an improved precision
that could be achieved in the future, as explained in the text.

Besides the states described so far, higher mass D+
s states exist as well [30], they are

expected to predominantly decay to D0K+, D+K0 or DKπ combinations. These have been
observed in the study of the DK mass spectra in B0

s → DKπ and B→ DKπ hadronic decays,
and in the DKπ mass spectrum of B0 → DDKπ decays [40].

In the following we briefly summarize the present knowledge, or expectations, on the
B0

s semileptonic decays into D+
s excited L = 1 states:

1. B0
s → D∗+

s0 !−ν̄! and B0
s → D

′+
s1 !−ν̄!: these decays have not been observed yet. Since

the discovery of the D∗+
s0 and D

′+
s1 mesons, many calculations of the B0

s → D∗+
s0 and

B0
s → D

′+
s1 form factors have been reported. The predicted branching fractions are

in the range of 0.1% to 0.4%, [41–47]. In the following study we assume a branching
fraction of 0.3% for both B0

s → D∗+
s0 !−ν̄! and B0

s → D
′+
s1 !−ν̄! decays, with a relative

uncertainty of 100%.

2. B0
s → D+

s1!
−ν̄!: this decay mode has been observed by the D0 collaboration using

the D
′+
s1 → D+K0

S decay [48], and by LHCb using the D
′+
s1 → D0K+ decay mode [49].

Considering the Ds1(2536)+ decay modes shown in table 1, we estimate B(B0
s →

D+
s1!

−ν̄!) = (0.98± 0.20)%.

3. B0
s → D∗+

s2 !−ν̄!: this decay has been observed by LHCb using the D∗+
s2 → D0K+ decay

mode [49]. Taking into account the D∗+
s2 decay modes shown in table 1, we estimate

B(B0
s → D∗+

s2 !−ν̄!) = (0.58± 0.20)%.

We summarize the current knowledge of the semileptonic branching fractions of the B0
s

meson (measured or estimated) in the first column (Conf. A) in table 2. Conf. B is a future
scenario that we discuss in the next section.

The semileptonic B0
s decays into higher mass excited states have not been observed

yet, but their predicted branching fractions are below 0.1%, as shown in refs. [50, 51].
Above the DK mass threshold, one would expect the non-resonant contribution of the
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