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Semileptonic Bs decays and |Vcb|

B̄0
s (p) → D+

s (k)µ
−ν̄µ q2 ≡ (p − k)2 = (qℓ + qν̄)

2

▶ Probes the quark-level transition b → c

▶ Sensitive to the CKM element |Vcb|
▶ Hadronic uncertainty enters through Bs → Ds form factors, which are

functions of q2

▶ Theoretically clean, but experimentally complicated by the missing neutrino
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Neutrino reconstruction at LHCb

B̄0
s (p) → D+

s (k)µ
−ν̄µ q2 ≡ (p − k)2 = (qℓ + qν̄)

2

▶ Theory predictions are naturally written in terms of q2

▶ At LHCb, the neutrino is not reconstructed directly
▶ The initial partonic state is unknown event by event
▶ Several techniques developed by LHCb to mitigate the missing neutrino

information
▶ B rest frame approximation is valid for more than one neutrino [2302.02886, 2305.01463]

▶ Quadratic ambiguity when there is one missing neutrino [hep-ph/0607294, 1611.08522]

Need observables built from visible kinematics
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A visible observable: k⊥

B̄0
s

ẑB

D+
s

k
k⊥

W∗
q

k⊥

θB
θB

ϕB
k⊥ =

∣∣∣⃗k − (⃗k · ẑB)ẑB

∣∣∣

▶ Transverse projection of the D+
s momentum relative to the B̄0

s flight direction
▶ Built from visible quantities

k⃗ the spatial momentum of the D+
s in the B̄0

s rest frame
ẑB the direction of flight of the B̄0

s in the lab frame
▶ Invariant under boosts along ẑB:

k⊥|Bs rest = k⊥|lab
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Strategy

dB
dq2

kinematics−−−−−→ dBth

dk⊥
detector response−−−−−−−−−→ dBdet

dk⊥
fit−→ form-factor information

▶ Derive the map from q2 to k⊥.

▶ Build an approximate response matrix from public LHCb efficiency and
resolution information.

▶ Use the binned k⊥ rate in an independent phenomenological fit.
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The LHCb 2020 measurement
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▶ Simultaneous 2D fit in
(mcorr, k⊥) to B̄0

s → D(∗)+
s µ−ν̄,

extracting |Vcb| and Bs → D(∗)
s

form factors [2001.03225]

▶ We use three inputs:
[cds.cern.ch/record/2706102]

▶ Binned k⊥ spectrum (Fig. 6a)
▶ Efficiency ε(k⊥) (Fig. 7a, supp.)
▶ Resolution r(kth

⊥ − kdet
⊥ )

(Fig. 7c, supp.)

▶ Hereafter: LHCb 2020.
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Theory description

For B̄0
s (p) → D+

s (k)µ−(qµ)ν̄(qν), theory predictions are usually written in terms of

q2 = (qµ + qν)
2.

In the SM, schematically,
dB
dq2 ∝ |Vcb|2 | f+(q2)|2 × phase space.

The form factor is parametrised in a simplified series expansion (SSE),

f+(q2) =
1

1 − q2/M2
B∗

s

2

∑
k=0

α
(+)
k

[
z(q2)− z(0)

]k.

▶ f+(q2) contains the hadronic information
▶ |Vcb| controls the normalisation
▶ The problem is to express this prediction in terms of k⊥. 6



Kinematic relation

In the B̄0
s rest frame,

k2
⊥ =

λ(M2
Bs

, M2
Ds

, q2)

4M2
Bs

sin2 θB.

λ(a, b, c) = a2 + b2 + c2 − 2ab − 2ac − 2bc.

▶ k⊥ is strongly correlated with q2.

▶ But the map is not one-to-one because of θB.

▶ We therefore need a distribution-level transformation.
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Isotropy supplies the missing information

The parent B̄0
s is a pseudoscalar, so the decay orientation is isotropic:

d2B
dq2 d cos θB

=
1
2

dB
dq2 .

▶ The unobserved angle θB is not fitted event by event.

▶ Instead, it is integrated over at the distribution level.

▶ This is what makes a clean forward prediction possible.
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The q2 → k⊥ map

dB
dk2

⊥
=

1
2

∫ +1

−1
d cos θB

∣∣∣∣ ∂(q2, cos θB)

∂(k2
⊥, cos θB)

∣∣∣∣ dB
dq2 Θ(q2 − m2

ℓ)

∣∣∣∣∣
q2=q2(k2

⊥,cos θB)

q2(k2
⊥, cos θB) = M2

Bs
+ M2

Ds
− 2MBs

√
M2

Ds
+

k2
⊥

1 − cos2 θB

dB
dk⊥

= 2k⊥
dB
dk2

⊥
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The q2 → k⊥ map
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The q2 → k⊥ map

dB
dk2

⊥
=

1
2

∫ +1

−1
d cos θB
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⊥
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Consequence: forward modelling, not unfolding

dB
dq2 −→ dBth

dk⊥

▶ The map is an integral projection over an inaccessible angle.
▶ A k⊥ spectrum cannot be analytically inverted into a unique q2 spectrum.
▶ The natural strategy is therefore to push theory forward into the measured

variable.

Compare at detector level, not at theory level.
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theory-level prediction is not detector-level data
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LHCb 2020 ▶ theory-level prediction after the

q2 → k⊥ map.

▶ LHCb binned measurement.

▶ This is not yet a like-for-like
comparison.

Need detector response.
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Forward model

density at detector level

Pdet(kdet
⊥ ) =

∫
dkth

⊥ A(kth
⊥ , kth

⊥ − kdet
⊥ )Pth(kth

⊥)

acceptance
A(kth

⊥ , kth
⊥ − kdet

⊥ ) = ϵ(kth
⊥) r(kth

⊥ − kdet
⊥ )

▶ ϵ(kth
⊥): efficiency

▶ r(kth
⊥ − kdet

⊥ ): resolution model
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Efficiency and resolution inputs

Efficiency shape
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▶ Efficiency fitted with Legendre polynomials.

▶ Resolution fitted with a double-sided Crystal Ball shape.

▶ Both are approximated from public LHCb supplementary material. 13



Approximate response matrix

Since the measurement is binned in k⊥, define

Pdet
m =

∫
bin m

dkdet
⊥ Pdet(kdet

⊥ ), Pth
n =

∫
bin n

dkth
⊥ Pth(kth

⊥).

Introduce a response matrix through

Pdet
m = ∑

n
RmnPth

n .

Can be determined from binned detector-level and theory-level densities

Rmn =
Pdet

m
∣∣
n

Pth
n

, Pdet
m

∣∣
n =

∫
bin m

dkdet
⊥

∫
bin n

dkth
⊥ A(kth

⊥ , kth
⊥ − kdet

⊥ )Pth(kth
⊥).
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After applying the response matrix
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LHCb 2020 ▶ theory-level k⊥ prediction

▶ response-folded prediction

▶ LHCb detector-level data.

dBth

dkth
⊥

−→ dBdet

dkdet
⊥
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Response stability against signal-model variation
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▶ Rflat: built using a flat
distribution in q2

▶ R: built using the
signal-model spectrum

▶ The resulting
detector-level predictions
are nearly identical.

Eigenvalues agree to within

< 0.4%.
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What is the fit actually testing?

dB
dq2

q2→k⊥−−−−→ dBth

dkth
⊥

Rmn−−→ dBdet

dkdet
⊥

LHCb data−−−−−−→ parameter constraints

▶ The normalisation is sensitive to |Vcb|.
▶ The shape is sensitive to Bs → Ds form factors.

▶ For this talk, the main question is whether the k⊥ spectrum carries reusable
shape information.

aims are method and shape information, not a competitive |Vcb| determination
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Fit results

Fit quality

χ2 = 8.77 / 19 dof

p ≈ 97%

The forward model gives an excellent

description of the LHCb data.

CKM extraction

|Vcb| =
(
38.60 +0.81

−0.80
)
× 10−3

Compatible with the LHCb result at 2σ.

This extraction is dominated by the

normalisation uncertainty and is not the

primary result.
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Shape information in the k⊥ spectrum

▶ The k⊥ distribution is correlated with the underlying q2 spectrum.

▶ Changes in f+(q2) therefore change the detector-level k⊥ shape.

▶ In the current public data, sensitivity is visible mainly in the lower-order shape
direction.

α
(+)
1 /α

(+)
0 is mildly constrained by the k⊥ distribution.

α
(+)
2 /α

(+)
0 remains poorly constrained.

19



Projected sensitivity
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α

(+)
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α
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)
2
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(+
)
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α

(+)
2 /α

(+)
0

LQCD
projection

▶ Projection: rescale the
covariance matrix by 1/10.

▶ Motivated by expected larger
LHCb samples after Run 3.

▶ Projected k⊥ data begins to
become competitive for
α
(+)
1 /α

(+)
0 .

▶ Constraints are complementary
to lattice QCD.
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What is needed for an independent phenomenological analysis?

For independent phenomenology, the required public objects are:

▶ binned k⊥ spectra with full covariance matrices;

▶ efficiency and resolution information, or preferably a response matrix;

▶ validation of response stability under form-factor reweighting;

▶ clear normalisation conventions.

Then k⊥ spectra can be included directly in global semileptonic fits.
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Conclusions

▶ k⊥ is visible at LHCb and correlated with the underlying q2 dynamics.

▶ The q2 → k⊥ map lets standard theory predictions be used.

▶ Detector effects must be handled by forward modelling.

▶ The strongest result is methodological: k⊥ spectra can become reusable
inputs for form-factor and global-fit analyses.

k⊥ spectra are experimentally visible and phenomenologically reusable.
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Backup slides



Statistical Model and Likelihood

Form factor parametrisation [1503.05534]]

f+(q2) =
1

1 − q2/M2
B∗

s

2

∑
k=0

α
(+)
k

[
z(q2)− z(0)

]k

f0(q2) =
1

1 − q2/M2
Bs,0

2

∑
k=0

α
(0)
k

[
z(q2)− z(0)

]k

z(q2) ≡
√

t+ − q2 −
√

t+ − t0√
t+ − q2 +

√
t+ − t0

t± = (MBs ± MDs )
2,

t0 = t+
(
1 −

√
1 − t−/t+

)

Parameters and priors

▶ Apply f+(0) = f0(0) to eliminate
α
(0)
0 ⇒ 5 hadronic parameters.

▶ |Vcb|: uniform prior

▶ α
(+)
k , α

(0)
k : uniform priors.

Likelihood

▶ HPQCD LQCD: 5D Gaussian in f+
(3 points) and f0 (2 points).

▶ LHCb 2020: 20 bins of k⊥ with
diagonal covariance

▶ ⟨ε⟩ already absorbed into the
published normalisation.



Efficiency: Model and Fit
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Model Legendre polynomials

ε(k⊥) =
dζ

dk⊥

3

∑
n=0

εnPn(ζ), ζ ≡
2(k⊥ − kmin

⊥ )

kmax
⊥ − kmin

⊥
− 1

Best-fit parameters
ε0 = 5.53 × 10−4 ε1 = 4.90 × 10−4

ε2 = 1.58 × 10−4 ε3 = 9.74 × 10−5

Fit quality χ2 = 19.35, p = 19.8%
(15 dof)

Normalised efficiency

ε̂(k⊥) =
1
2

[
1 +

3

∑
n=1

εn

ε0
Pn(ζ)

]
⟨ε⟩ already absorbed into the published

normalisation.



Resolution: Model and Fit
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Best-fit parameters
µ = −0.08 × 10−2 σ = 4.27 × 10−2

αL = 0.665 nL = 7.590
αR = 0.718 nR = 6.558

Model Double-sided Crystal Ball

DSCB(∆k⊥) =


aL

(
bL − ∆k⊥−µ

σ

)−nL ∆k⊥−µ
σ ≤ −αL

exp
(
− (∆k⊥−µ)2

2σ2

)
|∆k⊥−µ

σ | < αR

aR

(
bR + ∆k⊥−µ

σ

)−nR ∆k⊥−µ
σ ≥ αR

Fit quality χ2 = 67.25, p = 9% (53 dof)
Bin uncertainties approximated as

√
ri (Poisson); one

zero-content bin excluded.



Generalisation to further variables fails

ẑB

D+
sk

k⊥

ẑW

q1⊥

ℓ−

q1

ν̄ℓ

q2

θB

ϕB

q2
1⊥ =

q2

4
(1 − cos2 θℓ) cos2 θB

+
1
4

(
|⃗k| − cos θℓ

√
|⃗k|2 + q2

)2

sin2 θB

+

√
q2

2

(
|⃗k| − cos θℓ

√
|⃗k|2 + q2

)√
1 − cos2 θℓ sin θB cos θB

▶ q2
1⊥ depends nonlinearly on

cos θℓ, unlike k2
⊥ which depends

only on q2 and sin2 θB.

▶ Inverting for cos θℓ yields four
analytic branches — none
correct over the full domain.

▶ The q2 → k⊥ approach cannot be
generalised to q1⊥.

▶ Same conclusion holds for k1⊥,
the projection of k1 onto the B̄0

s

flight direction in
B̄0

s → D∗+
s (→ D+

s (k1)γ(k2))µ−ν̄

decays.
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