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1 Introduction

Flavor Changing Neutral Current (FCNC) processes are sensitive probes of New Physics (NP)
effects since they are both loop- and CKM-suppressed in the Standard Model (SM). Over the
past several years, an enormous effort has been made at the LHC [1–11] and the B-factories [12–
15] to precisely measure decays involving a b → sℓℓ transition. However, a challenge which
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prohibits full exploitation of this data is precise knowledge of the SM predictions of the relevant
observables, which are in most cases plagued by hadronic uncertainties, see e.g. refs. [16, 17].

The main interest in studying the decays involving a b → sνν transition is that they are
theoretically cleaner than their counterparts with charged leptons [18–20]. Charm loops do not
contribute to b → sνν decays, which are, baring weak annihilation effects that we will discuss,
dominated by short-distance effects that have been precisely computed, including subleading
QCD and electroweak corrections [21–25]. The only remaining theoretical uncertainties
originate from knowledge of the CKM factor VtbV

∗
ts, which can be determined using CKM

unitarity [19], as well as the relevant local form-factors, which can be computed by means
of numerical simulations of QCD on the lattice [26]. Recently, it has also been shown
that one could probe CP -violating effects via time-dependent analysis of B0 → K0

Sνν and
B0 → K∗0νν decays [27].

Another motivation to study the b → sνν transition is its sensitivity to NP contributions.
Most importantly, b → sνν observables allow us to probe effective operators with couplings to
ντ , which are related by SU(2)L gauge invariance to operators with left-handed τ -leptons [28–
30]. These operators are poorly constrained at low-energies due to the experimental difficulty
of probing decays involving a b → sττ transition [31]. Furthermore, b → sνν observables
can be related by gauge invariance to the hints of lepton-flavor-universality violation in the
b → cτν transition, which are still to be clarified, cf. e.g. [32, 33].

Experimentally, the first evidence for the B+ → K+νν̄ decay has been found recently
by the Belle II collaboration [34] with a significance of 3.5σ. Interestingly, the measured
branching ratio B(B+ → K+νν̄) = (2.3 ± 0.7) × 10−5 exceeds the Standard Model prediction
by 2.7σ [34]. The Belle II experiment is also working on B0 → K∗0νν decays, for which
only upper limits have been obtained so far. In the future, they are expected to measure
the corresponding branching fractions with O(10%) experimental precision with 50 ab−1 of
data [35]. These measurements are particularly challenging experimentally due to the missing
energy of the neutrinos, and are consequently ideally suited to the clean environment of an
electron-positron collider. Z-boson factories such as the Future Circular Collider running at
the Z-pole (FCC-ee) offer a unique opportunity to study these decays in the future and to
significantly improve on the precision that will be achieved by Belle II.

In this paper, we perform a sensitivity study of various b → sνν decays at FCC-ee.
These include the B0 → K0

Sνν and B0 → K∗0νν modes, which are accessible at Belle II
running at the Υ(4S) resonance, but also B0

s → ϕνν and Λ0
b → Λνν which can only be

measured in a Tera-Z experiment such as FCC-ee. In this work we do not study B+ → K+νν

or B+
c → D+

s νν decays however measurements of these at the FCC-ee would certainly be
possible and can be a topic of further feasibility and detector requirement studies. The
B+ → K+νν decay mode is considerably more challenging than those we present here
because the companion K is stable and therefore has no decay vertex. This mode would
require specialised reconstruction that was considered beyond the scope for this study. The
B+

c → D+
s νν decay also requires a slightly more complicated analysis due to the wide variety

of D+
s final states, although the three-prong vertex would perhaps give a boost in the relative

precision. Furthermore the B+
c hadronisation fraction is O(100) times smaller than that of B0

mesons so will inherently be measured with much smaller precision. For the decays that are
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studied herein we employ a similar strategy to ref. [36], in which we exploit the relatively large
imbalance of missing energy between the signal hemisphere (which contains two neutrinos)
and the non-signal hemisphere. We then train a sequence of two boosted decision trees (BDTs)
to distinguish between signal-like and background-like events, the first focusing on global
event information and the second on specific candidate information. We use these two BDTs
to optimise selection cuts and thus estimate the expected sensitivity to the relevant signal.

The remainder of this paper is organized as follows. Section 2 describes SM predictions
of branching fractions and form factors in b → sνν transitions. Section 3 describes the
experimental environment of the FCC and the IDEA detector. Section 4 describes the analysis
performed and provides results for the sensitivity estimates, along with some discussion on
detector design implications. Section 5 provides the interpretation of the sensitivity estimates
in terms of SM parameters and of the relevant effective field theory Wilson coefficients.

2 SM predictions

The Weak Effective Theory (WET) Hamiltonian describing the b → sνν transition can
be written as

Hsbνν
eff = −4GF√

2
λt

∑
i

CiOi + h.c., (2.1)

where GF denotes the Fermi constant and λt = VtbV
∗

ts is the CKM factor. In the SM, the
only non-zero Wilson coefficient, CL, is associated to the operator

Oνi,νj

L = e2

16π2
(
s̄LγµbL

)(
ν̄iγ

µ(1 − γ5)νj
)
, (2.2)

where Cνi,νj

L

∣∣∣
SM

= δijCSM
L , with

CSM
L = −1.462(17)(2)

sin2 θW
, (2.3)

where NLO QCD corrections and NNLO electroweak contributions are taken into account [23–
25]. Using sin2 θW = 0.23141(4) [37], one gets CSM

L = −6.32(7), with the dominant source of
uncertainty due to higher-order QCD corrections. These uncertainties are negligible when
compared to the theory uncertainties that will be discussed below.

Several decay modes of b-hadrons can be induced by the effective Hamiltonian in eq. (2.1).
The only ones accessible at Belle II are B → Kνν̄ and B → K∗νν̄, with mesons that can
be either electrically charged or electrically neutral [35]. All the other modes cannot be
measured in any of the running and future experiments, except for FCC-ee, which, as we
will show, can additionally access Bs → ϕνν̄ and Λ0

b → Λ(∗)νν̄. In what follows, we will
limit ourselves to the decays involving neutral mesons, namely B0 → K0

Sνν, B0 → K∗0νν,
B0

s → ϕνν and Λ0
b → Λνν, collectively referred to as B → Y νν throughout this paper, for

two reasons. First, they are not affected by weak annihilation contributions [21] which makes
them theoretically cleaner. Second, they are experimentally easier to probe as the decay
vertex of the neutral hadron into charged tracks is reconstructible.
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The relevant decay rates can be written in the SM as follows [19, 38],

dB(B0 → K0
Sνν)SM

dq2 = 3 τB0 |NB0 |2|CSM
L |2|λt|2ρ

K0
S

+ , (2.4)

dB(B0 → K∗0νν)SM
dq2 = 3 τB0 |NB0 |2|CSM

L |2|λt|2(ρK∗0
A1 + ρK∗0

A12 + ρK∗0
V ) , (2.5)

dB(B0
s → ϕνν)SM

dq2 = 3 τB0
s
|NB0

s
|2|CSM

L |2|λt|2(ρϕ
A1

+ ρϕ
A12

+ ρϕ
V ) , (2.6)

dB(Λ0
b → Λνν)SM

dq2 = 3 τΛ0
b
|NΛ0

b
|2|CSM

L |2|λt|2(ρΛ
fV

⊥
+ ρΛ

fA
⊥

+ ρΛ
fV

0
+ ρΛ

fA
0

) , (2.7)

where

NBq = GF αem
16π2

√
mBq

3π
. (2.8)

In the above equations, ρi ≡ ρi(q2) are functions of the hadronic form factors defined in
appendix A,

ρ
K0

S
+ = λ3/2

2m4
B0

(
fK

+ (q2)
)2

, (2.9)

ρK∗0
V = 2 q2λ3/2

(mB0 + mK∗0)m4
B0

(
V K∗(q2)

)2
, (2.10)

ρK∗0
A1 = 2 q2λ1/2(mB0 + mK∗0)2

m4
B0

(
AK∗

1 (q2)
)2

, (2.11)

ρK∗0
A12 =

64 m2
K∗0λ1/2

m2
B0

(
AK∗

12 (q2)
)2

, (2.12)

ρΛ

f
V/A
⊥

=
32 q2λ1/2((mΛ0

b
∓ mΛ)2 − q2)

m4
Λ0

b

(
f

V/A
⊥ (q2)

)2
, (2.13)

ρΛ

f
V/A
0

=
16 λ1/2(mΛ0

b
± mΛ)2((mΛ0

b
∓ mΛ)2 − q2)

m4
Λ0

b

(
f

V/A
0 (q2)

)2
, (2.14)

where λ ≡ λ(q2, m2
1, m2

2) = (q2 − (m1 − m2)2)(q2 − (m1 + m2)2). Moreover, the expressions
for B0

s → ϕ are obtained from B0 → K∗0 via trivial replacements. An angular analysis
of these decays offers access to one additional observable for B0 → K∗0νν and B0

s → ϕνν

and two additional observables for Λ0
b → Λνν. Following refs. [18, 19, 39, 40] we define the

mesonic longitudinal polarisation fractions as

FL(B0 → K∗0νν)SM =
ρK∗0

A12

ρK∗0
A1

+ ρK∗0
A12

+ ρK∗0
V

, (2.15)

FL(B0
s → ϕνν)SM =

ρϕ
A12

ρϕ
A1

+ ρϕ
A12

+ ρϕ
V

. (2.16)
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The Λ0
b → Λνν longitudinal polarisation fractions and hadronic forward backward asymmetry

are derived from ref. [41] and read

FL(Λ0
b → Λνν)SM =

ρΛ
fV

0
+ ρΛ

fA
0

ρΛ
fV

⊥
+ ρΛ

fA
⊥

+ ρΛ
fV

0
+ ρΛ

fA
0

, (2.17)

AΛ
FB(Λ0

b → Λνν)SM = α

2
ρ̃Λ
⊥ + ρ̃Λ

0
ρΛ

fV
⊥

+ ρΛ
fA

⊥
+ ρΛ

fV
0

+ ρΛ
fA

0

, (2.18)

where α is the parity-violating decay parameter defined in ref. [41] and we used

ρ̃Λ
⊥ =

32 q2λ1/2((mΛ0
b
∓ mΛ)2 − q2)

m4
Λ0

b

fV
⊥ (q2)fA

⊥ (q2), (2.19)

ρ̃Λ
0 =

16 λ1/2(mΛ0
b
± mΛ)2((mΛ0

b
∓ mΛ)2 − q2)

m4
Λ0

b

fV
0 (q2)fA

0 (q2). (2.20)

There are two main sources of uncertainties in the prediction of these decays rates: (i) the
value of the CKM product λt and (ii) the hadronic form factors that need to be determined
non-perturbatively, which will be discussed in the following.

The usual strategy to determine λt is to use the unitarity of the CKM matrix to relate it to
|Vcb| [19]. However, the current discrepancy between the inclusive and exclusive determinations
of |Vcb| introduces an ambiguity in the values that could be taken, see e.g. ref. [20] for a
recent discussion. An alternative is to extract |λt| from the mass-difference in the Bs − Bs

system using the product fBs

√
B̂s of the Bs decay constant and bag parameter computed on

the lattice [42, 43]. However, there is currently a disagreement between the determinations
with 2 + 1 and 2 + 1 + 1 dynamical flavors [26], which leads again to an ambiguity. For
the sake of definiteness, we will consider the value |λt| = (39.3 ± 1.0) × 10−3 based on
|Vcb| = (40.0 ± 1.0) × 10−3 extracted from B → Dℓν decays, which has a relative uncertainty
of ≈ 2.5% [26]. However, it is clear that this puzzle needs to be solved by a combined
theoretical and experimental effort to match the experimental precision foreseen at FCC-ee.
In the phenomenological analysis of section 5, we will also consider a hypothetical uncertainty
of ≈ 1.5% which is quoted for exclusive |Vcb| determinations at Belle II with 50 ab−1 [35].

Regarding the hadronic form factors, the most reliable determinations are those based on
numerical simulations of QCD on the lattice (LQCD). However, these results are only available
for a few decay channels and only for large q2-values. The SM predictions of the branching
fractions thus rely on extrapolations of the form factors to the entire physical region, which are
based on specific parameterisations. An alternative method, discussed in section 5, consists of
extracting ratios of form factors directly from the data, to guide the extrapolation at low q2.

In our phenomenological analysis, performed using the open-source EOS software [44]
version v1.0.10 [45], we will consider two sets of form factors:

2023 For the mesonic modes B → K(∗) and Bs → ϕ, we follow the approach of ref. [46]
and parametrise the form factors with simplified series expansions [47]. We use the
LQCD B → K inputs of the FNAL/MILC [48] and HPQCD [49] collaborations. The
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Decay mode B/|λt|2 [10−3] B [10−6] Ref.

B0 → K0
Sνν 1.33 ± 0.04 2.02 ± 0.12 [20, 46]

B0 → K∗0νν 5.13 ± 0.51 7.93 ± 0.89 [46]
B0

s → ϕνν 6.31 ± 0.67 9.74 ± 1.15 [46]
Λ0

b → Λνν 5.55 ± 0.56 8.57 ± 0.97 [53]

Table 1. Current SM prediction for integrated decay rates summed over the three neutrino flavors.
In the second row we used the exclusive determination of |Vcb| = (40.0 ± 1.0) × 10−3, which yields
|λt| = (39.3 ± 1.0) × 10−3, as described in the text.

B → K∗ and Bs → ϕ transitions are fitted on the LQCD inputs of ref. [50] and the
Light-Cone Sum Rules (LCSR) estimations of refs. [51, 52]. For the baryonic mode we
follow ref. [53] which uses the LQCD inputs of ref. [54].
The predictions based on these inputs are quoted in table 1. The uncertainties due
to the form factors amounts to 5% for the B → K transition and 10% for the other
transitions.

Future The predictions will need to be considerably improved to match the experimental
precision foreseen at FCC-ee. This would be particularly challenging for transitions
featuring resonances, as they are notably harder to predict, especially if these resonances
are broad. For the purposes of this analysis, we assume that the uncertainties will be
reduced by a factor of ten over the coming decades. This scenario only serves as a
reference to make the phenomenological analysis realistic. The uncertainties due to the
form factors would therefore amount to less than a percent for B → K and ∼ 1% for
the other transitions.

3 Experimental environment

For our experimental analysis, we follow much of the procedure developed and outlined
in ref. [36]. Here we give a brief description of the collider and detector environment that
has been assumed for this study.

3.1 FCC-ee

The proposed Future Circular Collider (FCC) [55] is the next generation state-of-the-art
particle research facility. The ongoing FCC feasibility study is investigating the benefits and
physics reach of such a machine which would be built in a new 80 – 100 km tunnel, near CERN,
with capabilities of running in successive stages of e+e−, e-p or p-p mode. The e+e− machine
(FCC-ee) [56] would run at centre-of-mass-energies,

√
s, in the range between 91 GeV (i.e. the

Z-pole) and 365 GeV (i.e. the tt threshold). FCC-ee offers unpredecented opportunity to study
every known particle of the SM in exquisite detail. Beyond its capabilities as an electroweak
precision machine there is scope for world’s-best measurements in the beauty (b-quark), charm
(c-quark) and tau (τ -lepton) sectors with the vast statistics anticipated to be taken at the

– 6 –
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Z-pole. This so called “Tera-Z” run would produce O(1012) Z-bosons per experiment, which
have a high branching fraction to both bb (0.15) and cc (0.12) pairs [37]. In contrast with
other proposed future colliders, such as the ILC, the low-energy operation of the FCC-ee
allows for greater instantaneous luminosity by a factor of O(100). The result is FCC-ee data
samples orders of magnitude larger than could be acquired at the ILC and consequently
allows for considerably more precise measurements [57]. Another advantage of a circular, as
opposed to linear, collider layout is that collisions can be delivered to multiple interaction
regions simultaneously, which allows for a variety of different detector design choices.

3.2 Detector response

Monte-Carlo (MC) event samples are used to simulate the response of the detector to
various different physics processes. The procedure for event generation and simulation of the
detector response is identical to that described in ref. [36]. In summary, events are generated
under nominal FCC-ee conditions using Pythia [58], with unstable particles decayed using
EvtGen [59] and final-state radiation generated by Photos [60]. The detector configuration
under consideration is the Innovative Detector for Electron-positron Accelerators (IDEA)
concept. It consists of a silicon pixel vertex detector, a large-volume extremely-light short-
drift wire chamber surrounded by a layer of silicon micro-strip detectors, a thin low-mass
superconducting solenoid coil, a pre-shower, a dual-readout calorimeter, and muon chambers
within the magnet return yoke [56]. The detector response is simulated using the DELPHES
package with the configuration card in ref. [61] interfaced to the common EDM4hep data
format [62].

3.3 Simulation samples

Our study exploits various different MC simulation samples used to mimic the expected
signal and background distributions at FCC-ee. We make use of inclusive samples of Z → bb,
Z → cc and Z → qq (where q is one of the light quarks, q ∈ {u, d, s}) as proxies for the total
expected background. We then make use of dedicated exclusive samples for each of the signal
modes under study, namely the B0 → K∗0νν, B0

s → ϕνν, B0 → K0
Sνν and Λ0

b → Λνν decays.
The simulated samples contain an admixture of both b-hadron flavours i.e. charge-conjugation
is implied throughout. The K∗0 resonance is assumed to be pure vector K∗(892)0 → K+π−

and the ϕ resonance is assumed to be pure vector ϕ(1020) → K+K−.
The signal decays are simulated using the PHSP EvtGen model which generates the B

candidate decay children uniformly distributed in phase space. This does not accurately
simulate the correct momentum transfer distribution in these decays. Consequently, we
reweight our simulation samples using the MC truth invariant mass of the neutrino pair, q2,
and the model predictions provided in section 2. A comparison between the PHSP and theory
prediction (LQCD+LCSR) for the q2 distribution is shown in figure 1 along with their ratio
which is used for the reweighting of the simulation samples.

3.4 Analysis framework and implementation

We make use of the same basic analysis framework as deployed in ref. [36]. Our nominal
analysis strategy (variations on these assumptions are further discussed below) assumes:
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Figure 1. A comparison between the generated q2 distribution (orange line) and the theory prediction
provided in this paper (blue line and band) along with their ratio (green line) which is used to reweight
the simulation samples in our analysis, for the B0 → K∗0νν decay (left) and B0

s → ϕνν decay (right).

• Perfect vertex seeding. Whilst we take into account that vertex positions are not
perfectly known, via the tracking system resolution, we assume that vertices can be
perfectly seeded. In other words we always match the reconstructed vertex to the
simulated vertex. The impact of this assumption is studied further below. High precision
vertex finding will be a crucial aspect of the detector design to maximise the physics
reach for b → sνν.

• Perfect particle identification. We assume that the detector will have perfect
discrimination between kaons and pions (and indeed protons and other species). This
is particularly relevant for broader resonances that have both kaon and pions in the
final state (for example the K∗0). The impact of this assumption is studied in further
detail below in which we investigate the sensitivity at different values of the kaon-pion
separation power.

Furthermore, due to the additional complexity required in reconstructing neutral final
states, such as K0

S → π+π− and Λ → pπ−, which fly some distance in the detector before
producing charged tracks, we do not yet fully reconstruct these modes. We instead chose
to focus on the modes which decay promptly, i.e. with K∗0 → K+π− and ϕ → K+K−, and
make sensitivity projections for the modes with neutrals based on assumptions about the
neutral reconstruction. Reconstruction of neutral K0

S and Λ candidates has recently been
developed for the IDEA detector at FCC-ee but was not available in time for our studies.
A full study which includes neutral reconstruction will come at a later date.

4 Analysis

In order to obtain an estimate for the expected sensitivity to the various b → sνν decays
under consideration, we optimise a two-stage selection procedure based on Boosted Decision
Trees (BDTs). These are trained to distinguish between the signal candidates of interest and
the inclusive backgrounds from Z → bb, Z → cc and Z → qq, for q ∈ {u, d, s}.

– 8 –



J
H
E
P
0
1
(
2
0
2
4
)
1
4
4

Plane normal to thrust axis 
defines the hemispheres

Figure 2. A pictorial representation of the definition of the thrust axis and the two event hemispheres
for a B0 → K∗0νν event.

One of the key signatures of the signal decays is the presence of large missing energy in the
direction of the B meson candidate due to the two neutrinos in the final state. Consequently
a typical signal event will have a relatively large imbalance of missing energy between the
signal side of the Z → bb event and the non-signal side. For a typical Z → bb background
event any missing energy will be approximately the same on both sides. In order to determine
the imbalance between the signal-side and the non-signal-side we divide events (on a per-event
basis) into two hemispheres, each respectively corresponding to one of the two b-quarks
produced from the Z decay.

The hemispheres, pictorially represented in figure 2, are defined using the plane normal
to the thrust axis, which is defined by the unit vector, n̂, that minimises,

T =
∑

i |pi · n̂|∑
i |pi|

, (4.1)

where pi is the momentum vector of the ith reconstructed particle in the event. This thrust
axis provides a measure of the direction of the quark pair produced from the Z decay.
Reconstructed particles from each event are then assigned to either hemisphere depending on
the angle, θ, between their momentum vector and the thrust axis. A particle is considered
to be in the signal hemisphere (that which is expected to have the least total energy) if
cos(θ) > 0 and in the non-signal hemisphere if cos(θ) < 0.

Signal candidates are constructed by requiring two opposite sign tracks originating from
the same position and displaced from the primary interaction. A mass window cut, described
in table 2, is applied to the intermediate Y resonance.
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Decay Candidate Candidate Children Candidate Mass Range [GeV]

B0 → K∗0νν K∗0 K±π∓ [0.65, 1.10]
B0

s → ϕνν ϕ K+K− [1.00, 1.06]

Table 2. The children PID and candidate mass range required for constructing the candidate particle
for each signal decay.

Events are required to have at least one primary vertex, have at least one intermediate Y

candidate and the momentum of the intermediate candidate must point towards the minimum
energy hemisphere, i.e. the candidate must have cos(θ) > 0.

We train two different BDTs to isolate signal candidates from the background. The first
is designed to select based on the overall event topology and energy distribution. The second
is designed to select based on specific information related to the intermediate candidate. The
xgboost package [63] is used to train the BDTs using the k-fold cross validation method
(with k = 4) to avoid over-training and re-use of events. Separate trainings are performed
for the B0 → K∗0νν and B0

s → ϕνν modes, with dedicated signal samples. The background
training sample uses inclusive samples of Z → bb, Z → cc and Z → qq (with q ∈ {u, d, s})
appropriately weighted according to the known hadronic Z branching fractions: 0.1512
(Z → bb), 0.1203 (Z → cc) and 0.4276 (Z → qq) [37].

4.1 First-stage BDT

The first stage BDT is trained using a sample of 1 million signal events and 1 million
background events. The BDT is trained using the following input variables:

• The total reconstructed energy in each hemisphere,

• The total charged and neutral reconstructed energies of each hemisphere,

• The charged and neutral particle multiplicities in each hemisphere,

• The number of charged tracks used in the reconstruction of the primary vertex,

• The number of reconstructed vertices in the event,

• The number of candidates in the event

• The number of reconstructed vertices in each hemisphere,

• The minimum, maximum and average radial distance of all decay vertices from the
primary vertex.

Figure 3 shows the BDT response in each of the reconstructed channels and figure 4
shows the efficiency as a function of a cut on the minimum BDT response. It can be seen
that the stage 1 BDT is effective at rejecting the inclusive backgrounds, particularly from the
lighter quark species, although there is a small mis-identification rate at high BDT scores.
The integrated ROC score is 0.965 for both the B0 → K∗0νν and B0

s → ϕνν channels.
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Figure 3. First stage BDT response for the B0 → K∗0νν channel (left) and the B0
s → ϕνν channel

(right). The relevant signal mode response is shown as the orange filled histogram, the inclusive
background sample responses are shown in red, blue and green for Z → bb, Z → cc and Z → qq (for
q ∈ {u, d, s}), respectively.
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Figure 4. First stage BDT response cut efficiencies for the B0 → K∗0νν channel (left) and the
B0

s → ϕνν channel (right). The relevant signal mode response is shown as the orange line, the inclusive
background sample responses are shown in red, blue and green for Z → bb, Z → cc and Z → qq (for
q ∈ {u, d, s}), respectively.

4.2 Detailed study of background contributions

After the stage 1 BDT we introduce some loose pre-selection cuts which remove a large
fraction of the inclusive backgrounds. These cuts are on the energy difference between the
two hemispheres, Ediff > 5 GeV, and on the stage 1 BDT, BDT1 > 0.6. The stage 1 BDT
efficiency, shown in figure 4, demonstrates that the cut of BDT1 > 0.6 retains ∼ 95% of the
signal whilst rejecting ∼ 90% of the inclusive background. The distribution of Ediff is shown
in figure 5, after the loose cut of BDT1 > 0.6 is applied. By studying in detail, via use of
matching to the true MC candidates, the contributions from events which pass these loose
cuts, we investigate what sort of backgrounds would be largest in a real-life study. The results
are shown in figure 6. The dominant backgrounds are those which proceed via semi-leptonic
b → c → s transitions and semi-leptonic prompt c → s transitions. The most problematic of
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Figure 5. Distributions of the energy difference between the two hemispheres, after a loose cut on
BDT1 > 0.6, for the B0 → K∗0νν channel (left) and B0

s → ϕνν channel (right). The relevant signal
mode response is shown as the orange filled histogram, the inclusive background sample responses are
shown in red, blue and green for Z → bb, Z → cc and Z → qq (for q ∈ {u, d, s}), respectively.

these are those that contain either real resonant K∗(892)0 or ϕ(1020)0, which peak in the
relevant invariant mass. The most substantial backgrounds in both decay modes are from
B+ → D∗0ℓ+ν where D∗0 → D0π0 or D∗ → D0γ and then the D0 produces either the K∗0 or
ϕ candidate. A more detailed list of the specific exclusive background modes which contribute
most significantly, along with their expected rates, are provided in appendix B. These specific
backgrounds are not further studied in this work, although they are included as part of the
inclusive samples we use to model our background. The most dominant contributions would
require dedicated treatment for future works aiming to maximise the sensitivity.

4.3 Second-stage BDT

The second-stage BDT is trained using a sample of 1 million signal events and 1 million
background events which pass the preselection criteria of Ediff > 5 GeV and BDT1 > 0.6.
The second-stage BDT is trained using the following input variables:

• The intermediate candidate’s reconstructed mass

• The number of intermediate candidates in the event

• The intermediate candidate’s flight distance and flight distance χ2 from the primary
vertex

• The x, y and z components of the intermediate candidate’s momentum

• The scalar momentum of the intermediate candidate

• The transverse and longitudinal impact parameter of the intermediate candidate

• The minimum, maximum and average transverse and longitudinal impact parameters
of all other reconstructed decay vertices in the event

• The angle between the intermediate candidate and the thrust axis
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Figure 6. Background contributions as a function of the intermediate resonance mass, for inclusive
background events which pass the loose pre-selection, in the B0 → K∗0νν mode (left) and B0

s → ϕνν

mode (right). Contributions are summed over Z → bb, Z → cc and Z → qq with appropriate
weighting for their relative branching fractions and selection efficiencies. Each distribution contains
two non-resonant components (S-wave) in blue and orange, and two resonant components (left: vector
K∗(892)0, right: vector ϕ(1020)) in green and red. The two further distinctions are made between
decays originating from a b-hadron (blue and green), labelled Xb, and those originating from a prompt
c-hadron (orange and red), labelled Xc. All of the dominant backgrounds originating from a b-hadron
proceed via a secondary c-hadron.
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Figure 7. Second stage BDT response for the B0 → K∗0νν channel (left) and the B0
s → ϕνν channel

(right). The relevant signal mode response is shown as the orange filled histogram, the inclusive
background sample responses are shown in red, blue and green for Z → bb, Z → cc and Z → qq (for
q ∈ {u, d, s}), respectively.

• The mass of the primary vertex

• The nominal B candidate energy, defined as the Z mass minus all of the reconstructed
energy apart from the candidate children

Figure 7 shows the second-stage BDT response in each of the reconstructed channels. The
integrated ROC scores are 0.961 and 0.959 for the B0 → K∗0νν and B0

s → ϕνν channels,
respectively.
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4.4 Sensitivity estimate

In order to obtain an estimate of the overall sensitivity we need to find an optimal cut point
in both BDT scores given a particular value of the expected B → Y νν branching fraction,
where Y is the intermediate resonance, Y ∈ {K∗0, ϕ}. Given that a combination of cuts
on both BDTs is incredibly efficient at rejecting the background we cannot get an accurate
estimate of the cut efficiencies directly from the inclusive background samples, because so
little of the MC statistics remain for the inclusive backgrounds at high BDT cut values.
Consequently we build a map of the signal and inclusive background efficiencies, ϵs and ϵb,
as a function of the two BDT score cut values and then use a bi-cubic spline to interpolate
between points. We then define a figure of merit (FOM) defined as,

FOM = S√
S + B

, (4.2)

where S is the expected number of signal events and B is the expected number of background
events based on the sum of contributions from Z → bb, Z → cc and Z → qq (for q ∈ {u, d, s}).

The signal expectation is computed as,

S = 2 NZ B(Z → bb) fB B(B → Y νν)B(Y → f) ϵs
pre ϵs

BDTs, (4.3)

where NZ is the number of Z bosons produced, the factor of two accounts for the fact there
are two b-quarks, fB is the production fraction for the b-quark to hadronise into the relevant
b-hadron, B(B → Y νν) is the predicted branching fraction for the decay of interest, B(Y → f)
is the branching fraction of the intermediate resonance to the final state f , ϵs

pre is the signal
efficiency of the pre-selection (including the reconstruction and the loose cut on BDT1), and
ϵs
BDTs is the signal efficiency of the two BDT score cuts.

The background expectation is computed as,

B =
∑

f∈{bb,cc,qq}

NZ B(Z → f) ϵb
f,pre ϵb

f,BDTs, (4.4)

where B(Z → f) are the relevant branching fractions for Z → hadrons (either bb, cc or qq)
and ϵb

f,pre, ϵb
f,BDTs are the pre-selection and BDT cut efficiencies of the relevant background,

respectively.
For our study we assume the following values of the parameters in eqs. (4.3) and (4.4):

• NZ = 6 × 1012, the number of Z-bosons produced across all experiments during the
entire Tera-Z run at FCC-ee.

• The production fraction of B-mesons from Z → bb decays are fB0 = 0.43 and fB0
s

=
0.096.

• The SM predictions of the relevant decay branching fractions are provided above in
table 1, although we also scan the sensitivity as a function of these branching fractions
below (see figure 8).

• The intermediate resonance branching fractions are B(K∗0 → K+π−) = 0.9975 and
B(ϕ → K+K−) = 0.491.
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Figure 8. The expected sensitivity of the Tera-Z run at FCC-ee to the branching fraction of
B0 → K∗0νν (left) and B0

s → ϕνν (right).

Mode NS NB ϵs ϵbb ϵcc ϵqq S/B
√

S + B/S

B0 → K∗0νν 231 K 1.27 M 3.7% O(10−7) O(10−9) O(10−9) 0.17 0.53%
B0

s → ϕνν 61 K 0.48 M 7.4% O(10−7) O(10−9) O(10−9) 0.13 1.20%

Table 3. The expected number of signal and background events of the Tera-Z run at FCC-ee at the
SM predictions for the B0 → K∗0νν and B0

s → ϕνν decays. The signal and inclusive background
efficiencies of our analysis chain are also shown along with the signal-to-background ratio and the
expected sensitivity.

• The Z → hadrons branching fractions are B(Z → bb) = 0.1512, B(Z → cc) = 0.1203
and B(Z → qq) = 0.4276.

The optimal BDT cuts are then determined by maximising the value of the FOM with
respect to the BDT cut values. The sensitivity provided in units of

√
S + B/S (%), in other

words the expected relative size of the 1σ uncertainty on the measured branching fraction as
a function of the hypothesised branching fraction, is shown in figure 8. At the SM predictions
the expected sensitivities are 0.53% for B0 → K∗0νν and 1.20% for B0

s → ϕνν. The expected
number of signal and background events, along with our analysis chain efficiencies are shown in
table 3. A comparison between generated and selected signal candidates in various kinematic
distributions is provided in appendix C.

Given the excellent expected precision to the branching fractions, it would also be feasible
to fit the differential branching fractions as a function of q2, therefore allowing for direct
measurements of FL. Due to the fact that the two neutrinos are not detected, the q2 cannot
be measured directly. However, using the known beam energy, b-hadron momentum and
visible energy in both hemispheres, an approximation of the q2 can be iteratively computed
using the method described in ref. [64]. This is expected to provide a measure of the q2

with a resolution of O(2 GeV2). Based on projections made by the Belle II collaboration
for prospects in b → sνν decays [35] we expect that FL could be measured with a relative
uncertainty of ∼ 2.5% in the B0 → K∗0νν mode and ∼ 5% in the B0

s → ϕνν mode at FCC-ee.
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Figure 9. The expected sensitivity of the Tera-Z run at FCC-ee to the branching fraction of
B0 → K0

Sνν (left) and Λ0
b → Λνν (right).

4.5 Extrapolation to neutral modes

Recent studies of neutral reconstruction performance with IDEA at FCC-ee suggest that
the K0

S and Λ reconstruction efficiency is ∼ 80% in the momentum range relevant for this
analysis [65]. Based on the typical efficiencies of our analysis in the B0 → K∗0νν and
B0

s → ϕνν decays, along with an additional 80% reconstruction efficiency for the B0 → K0
Sνν

and Λ0
b → Λνν modes, we extrapolate our sensitivity estimates for the neutral modes using

eqs. (4.3) and (4.4), assuming the same background rejection rate can be achieved.
The numerical values used for the terms in eqs. (4.3) and (4.4) are fΛ0

b
= 0.037, B(K0

S →
π+π−) = 0.692 and B(Λ → pπ−) = 0.639. This results in expected sensitivities (signal-to-
background ratios), at the SM prediction, of 3.37% (0.04) for B0 → K0

Sνν and 9.86% (0.015)
for Λ0

b → Λνν. The extrapolated sensitivity as a function of the hypothesised branching
fraction for these modes is shown in figure 9.

4.6 Study of particle-identification

As mentioned above, the sensitivity estimates provided in figure 8 are based on the assumption
of perfect particle-identification performance. In other words it is assumed that all pions and
kaons can be perfectly distinguished by the detector and are thus given the correct mass
hypothesis. This assumption is checked by recomputing the signal efficiencies, ϵs

pre and ϵs
BDT

of eq. (4.3), after making random mass hypothesis swaps of kaon → pion and pion → kaon,
based on an assumed mis-identification rate, fmisid. This incorporates the effect of double
mis-identifications and in most cases will cause events to fall outside of the mass window
for the intermediate resonance, listed in table 2.

The results of this study are shown in figure 10 in terms of the kaon-pion separation
power in standard deviations, σ, vs. the expected degradation to the sensitivity. These show
that K − π separation of ∼ 2σ would have a negligible impact on the uncertainty, although
the performance rapidly degrades with worse separation.
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Figure 10. Degradation of the sensitivity to the branching fraction, with respect to the nominal
sensitivity assuming perfect PID, as a function of the kaon-pion separation power for the B0 → K∗0νν

decay (left) and B0
s → ϕνν decay (right).
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Figure 11. The correct secondary vertex association rate as a function of the expected vertex
resolution for the B0 → K∗0νν decay (left) and B0

s → ϕνν decay (right).

4.7 Study of imperfect vertex seeding

Furthermore, the sensitivity estimates provided in figure 8 assume perfect vertex seeding.
Whilst the vertex resolution of the detector itself is incorporated it is still assumed that
each vertex is correctly identified. In practise this will not always be the case and for poorly
resolved vertices and for vertices in close proximity it may be that the wrong vertex will be
chosen instead. This effect is investigated by randomly selecting the wrong vertex, based
on a value of the vertex resolution, and propagating its effect through the analysis pipeline.
The results are shown in figure 11, which gives the secondary vertex identification rate as
a function of the vertex resolution. This shows that the vertex resolution will need to be
≲ 0.2 mm in order to sufficiently mitigate vertex mis-identification. However, this is far above
the resolution requirements for vertex precision anyway, O(10µm). Consequently, we do not
expect any significant effect from vertex mis-association.
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4.8 Potential systematic effects

Our study is somewhat simplistic in that it assumes a pure counting experiment of the
signal and background rates above some set of optimised BDT cuts. In a real-life study it
is likely the sensitivity could be enhanced by fitting the BDT distributions themselves, or
indeed by fitting the invariant mass of the intermediate candidate, or by a variety of other
as yet unconsidered enhancements. However, a real-life study will also incur a variety of
systematic effects that will need to be considered.

In terms of the analysis itself, the MC tuning and sample size will be important consider-
ations, as will detailed studies of the most dominant background contributions and detector
effects. In terms of the calculation of the branching fraction from the signal yield, eq. (4.3),
there will be additional sources of systematic related to knowledge of the selection efficien-
cies, hadronisation fragmentation and production fractions, decay multiplicities, and related
branching fractions that will need to be considered. Many of these quantities remain best
measured by the LEP experiments, although with FCC-ee the precision of these measurements
will substantially improve, thus reducing the systematic impact on this analysis.

The most significant systematic impact on this analysis arises from knowledge of the
Z → bb branching fraction and the b-quark fragmentation fractions, fB . The former is already
known from LEP to 3 per mille precision [37] and with likely improvements from FCC-ee
measurements will not have a significant impact on the precision of this analysis. The latter,
however, is currently only known to ∼ 2% precision [37] meaning a potentially significant
systematic impact on this analysis if further enhancements are not performed at FCC-ee.
It is expected that FCC-ee itself will be able to improve knowledge of the fragmentation
fractions by an order of magnitude or more, reducing the systematic impact to the same
order as the statistical precision.

5 Phenomenology

In this section, we investigate the implications of measurements of the b → sνν observables
with the expected sensitivity obtained in the previous sections, namely 0.53% for B0 → K∗0νν,
1.20% for B0

s → ϕνν, 3.37% for B0 → K0
Sνν, and 9.86% Λ0

b → Λνν. We will consider the
current uncertainties for the SM predictions quoted in table 1, and we will study the impact
of an improvement on these uncertainties by more precise and accurate determinations of
the CKM factor |λt| = |VtbV

∗
ts| and the hadronic form factors.

5.1 SM implications

As discussed in section 2, the two main sources of uncertainties are the product of CKM matrix
elements |λt| and the form factors. We first assume that NP effects are absent and study how
a precise measurement of b → sνν could provide us with information about these quantities.

Extraction of CKM elements. As a first illustration of the potential of these measure-
ments at FCC-ee, we study the precision in extracting |λt|2 from these decays by using
the form factors determined from LQCD. The most convenient decay for this purpose is
B0 → K0

Sνν, for which only a single form factor is needed and is already predicted with
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Figure 12. 68% probability ranges assuming the branching ratios to be SM-like. We used the
experimental uncertainties of section 4 and the Future form factors uncertainties described in
section 2. The results are compared with the value derived from |Vcb| = (40.0 ± 1.0) × 10−3, extracted
from B → Dℓν decays [26].

a ≈ 5% precision. In this case, we can write,

|λt| = (39.3 × 10−3)
[B(B0 → K0

Sνν)exp

2.02 × 10−6

]1/2[ κ+
24.8

]−1/2
where κ+ =

∫
dq2ρ

K0
S

+ (q2). (5.1)

Equation (5.1) clearly shows that the joint effort of both the lattice and the experimental
communities will make B0 → K0

Sνν decays a major player in the extraction of |λt|. We
now extend this study to the other modes using the Future form factors uncertainties
described in section 2. The results are shown in figure 12, where the extracted values of
λt are compared to the current world average.

Extraction of hadronic form factors. Conversely, assuming accurate knowledge of the
CKM elements from other sources, the b → sνν decays allow for a simultaneous extraction of
the form factors. The dependency on CKM elements can also be lifted by considering only
the shape of the form factors [20]. Assuming the SM, an unnormalised binned likelihood
fit of the differential branching ratios provides direct access to the shape of the scalar form
factor ρK

+ and to the combination of the vector form factors ρV + ρA1 + ρA12 .
As an example, we extend the definition of the ratio rlh introduced in ref. [20] to the

other modes using

rY
lh =

B(B → Y νν̄)0<q2<q2
max/2

B(B → Y νν̄)q2
max/2<q2<q2

max

. (5.2)

Assuming the current uncertainties on the form factors, we predict

rK
lh = 1.91(6), rK∗

lh = 0.84(6), rϕ
lh = 0.96(9), rΛ

lh = 0.50(9). (5.3)

With the benchmark Future form factors we get

rK
lh = 1.91(1), rK∗

lh = 0.83(1), rϕ
lh = 0.82(1), rλ

lh = 0.49(1). (5.4)
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The interest of these ratios is clear from the reduced uncertainty one finds already with the
current form factors. The effect is even more striking when the uncertainty on the form
factors is smaller. This demonstrates that these ratios will provide valuable information
when extrapolating the form factors from high q2, where the lattice QCD results are the
most precise, to the low q2 region. This method can eventually be extended, once the
statistical power allows it, to a full unnormalised binned likelihood fit to all of the available
differential observables.

Ratio of charged and neutral leptons. Finally, we emphasize the interest of ratios
of the form

R
ℓ/ν
Y = B(B → Y ℓ+ℓ−)

B(B → Y νν̄) , (5.5)

where ℓ is a charged lepton and the branching ratio can be integrated over the full kinematical
range or, according to the experimental precision, over several bins. These ratios benefit
from numerous uncertainty cancellations, both from the experimental side (fragmentation
fraction, branching fraction of the normalization channel, experimental efficiency etc.) and
the theory side (CKM elements, local form factors etc.) [20].

Experimentally, R
µ/ν
K+ can be reconstructed using the world average measurement of

B → Kµ+µ− decays [37] and the combination of the searches and observation of B → Kνν

presented by the Belle II collaboration [34]. Assuming uncorrelated uncertainties, we obtain

R
µ/ν
K+ |2023 = 0.03 ± 0.01. (5.6)

For the other modes, only lower limits can be set. Using again world averages [37], we
get at 90% CL

R
µ/ν
K∗+ |2023 > 0.02, R

µ/ν
K∗0 |2023 > 0.07, R

µ/ν
ϕ |2023 > 2 × 10−4. (5.7)

Reliable theoretical predictions of R
ℓ/ν
M are challenged by long-range effects, dominated

by the charm loops and subject to several approaches [16, 17]. These effects give rise to a
shift to the Wilson coefficient Cℓ

9 that enters the Hamiltonian relevant to the bsℓℓ sector of
the WET. Any measurement of these ratios therefore provides invaluable information for
understanding the non-local contributions. Assuming that the neutrino mode will dominate
the experimental uncertainties, the sensitivities expected for FCC-ee will permit a direct
extraction of the shift to Cℓ

9 with an accuracy of 8.7%, 13%, 22% and 37% for the B → K,
B → K∗, Bs → ϕ and Λ0

b → Λ transition respectively.

5.2 NP implications

Assuming three massless, left-handed neutrino species below the electroweak scale, the
dimension-6 effective Hamiltonian in eq. (2.1) is augmented by only one additional contribution
from potential NP beyond the SM [39]

Oνi,νj

R = e2

16π2
(
s̄RγµbL

)(
ν̄iγ

µ(1 − γ5)νj
)
. (5.8)
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Assuming universal flavour conserving contributions only, the B-meson observables take
the simple form [39]

dB(B0 → K0
Sνν)

dq2 = 3 τB0 |NB0 |2|CL + CR|2|λt|2ρ
K0

S
+ , (5.9)

dB(B0 → K∗0νν)
dq2 = 3 τB|NB0 |2|λt|2

(
|CL − CR|2(ρK∗0

A1 + ρK∗0
A12 ) + |CL + CR|2ρK∗0

V

)
, (5.10)

dB(B0
s → ϕνν)
dq2 = 3 τBs |NB0

s
|2|λt|2

(
|CL − CR|2(ρϕ

A1
+ ρϕ

A12
) + |CL + CR|2ρϕ

V

)
, (5.11)

FL(B0 → K∗0νν) =
|CL − CR|2ρK∗0

A12

|CL − CR|2(ρK∗0
A1

+ ρK∗0
A12

) + |CL + CR|2ρK∗0
V

, (5.12)

FL(B0
s → ϕνν) =

|CL − CR|2ρϕ
A12

|CL − CR|2(ρϕ
A1

+ ρϕ
A12

) + |CL + CR|2ρϕ
V

. (5.13)

Setting the lepton masses to zero in ref. [41], we also get

dB(Λ0
b → Λνν)
dq2 = 3 τΛ0

b
|NΛ0

b
|2|λt|2

(
|CL − CR|2(ρΛ

fA
⊥

+ ρΛ
fA

0
) + |CL + CR|2(ρΛ

fV
⊥

+ ρΛ
fV

0
)
)

,

(5.14)

FL(Λ0
b → Λνν) =

|CL − CR|2ρΛ
fA

0
+ |CL + CR|2ρΛ

fV
0

|CL − CR|2(ρΛ
fA

⊥
+ ρΛ

fA
0

) + |CL + CR|2(ρΛ
fV

⊥
+ ρΛ

fV
0

)
, (5.15)

AΛ
FB(Λ0

b → Λνν) = α

2

(
|CL|2 − |CR|2

) (
ρ̃Λ
⊥ + ρ̃Λ

0

)
|CL − CR|2(ρΛ

fA
⊥

+ ρΛ
fA

0
) + |CL + CR|2(ρΛ

fV
⊥

+ ρΛ
fV

0
)
. (5.16)

Above, we assume that C
νi,νj

L ≡ δνiνj CL and C
νi,νj

R ≡ δνiνj CR. The full B-meson expressions,
including flavour violating contributions, can be found in e.g. ref. [39]. The above expressions
present a global (CL, CR) → (−CL,−CR) symmetry and another symmetry, (CL, CR) →
(CR, CL), which is only violated by AΛ

FB(Λ0
b → Λνν).

The measurement of the b → sνν branching ratio converts into lines (for B → Kνν̄)
or ellipses (for the other channels) in the (CL, CR) plane. On the other hand, longitudinal
fractions give cross-shaped constraints. Up to the 4-fold degeneracy due to the symmetries
of these two sets of observables, a BSM point can be unambiguously obtained only by a
combined measurement of several branching ratios or longitudinal fractions. This is depicted
in figure 13, where the left panel shows the interest of a such a combination in the case of
B0 → K∗0νν decays. In the right panel, we compare the estimated constraints obtained at
the end of the Tera-Z run to the current constraint derived from the experimental average
of B(B → Kνν̄) [34] (we refer to refs. [66–69] for more complete WET studies). We stress
that the Belle II measurement is performed assuming SM-like distributions. Converting
this measurement into a constraint on the Wilson coefficients therefore requires a proper
reanalysis, which is beyond the scope of this paper.
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Figure 13. Regions with 68% probability of the marginal posterior density, assuming that all
observables are SM-like. We used the experimental uncertainties of section 4 and the Future form
factors uncertainties described in section 2. Left: regions constrained by a measurement of only the
branching ratio (orange band), only the longitudinal fraction (blue band) and both (green ellipse)
in the case of B0 → K∗0νν decays. Right: comparison between the current constraint due to
B(B → Kνν̄) measurements [34] (cyan band) and the sensitivities predicted at FCC-ee in this study
(blue, orange, green and red bands).

6 Conclusion

We carry out an initial performance study on the measurement of b → sνν decays at FCC-ee
running at the Z pole. To achieve this, we produce updated SM predictions of the observables
related to the decays B0 → K0

Sνν, B0 → K∗0νν, B0
s → ϕνν and Λ0

b → Λνν, both with
current and projected theory uncertainties.

We then study the expected sensitivity to these observables, under the assumption that
6 × 1012 Z-bosons are produced in the lifetime of FCC-ee “Tera-Z” running. We find that
the uncertainty on the branching fractions, at the SM predicted values, are a relative 0.53%,
1.20%, 3.37% and 9.86% for the B0 → K∗0νν, B0

s → ϕνν, B0 → K0
Sνν and Λ0

b → Λνν

decays, respectively. The sensitivity estimates for the neutral B0 → K0
Sνν and Λ0

b → Λνν

are based on rather simplistic assumptions but a full study of these modes was considered
beyond the scope for this paper and will be revisited in future works.

In addition we investigate the impact on the sensitivity of particle identification and
vertex identification performance. For the former we find that the sensitivity is significantly
degraded if the kaon-pion separation power is less than 2σ. For the latter we find no significant
impact on vertex seeding providing the vertex resolution is below 0.2 mm.

Finally, we investigate the impact such measurements would have on SM and beyond
SM interpretations. Not only do we find that these decays have a high potential for the
extraction of CKM parameters, but we also show that they provide theoretically clean access
to the form factors that enter the equivalent decays to charged leptons. Consideration of the
ratios of the branching fraction to the charged and neutral lepton may therefore be the only
unambiguous probe of the hadronic effects that plague the interpretation of b → sℓℓ decays.

Our studies demonstrate that FCC-ee offers an unparalleled and probably unique op-
portunity to measure these incredibly rare, experimentally difficult, yet theoretically clean
observables with exquisite precision.
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A Form factors definition

The three B̄ → P̄ form factors are defined by

⟨P̄ (k)|Jµ
V |B̄(p)⟩ =

[
(p + k)µ − M2

B − M2
P

q2 qµ

]
fB→P

+ + M2
B − M2

P

q2 qµfB→P
0 , (A.1)

⟨P̄ (k)|Jµ
T |B̄(p)⟩ = ifB→P

T

MB + MP

[
q2(p + k)µ − (M2

B − M2
P )qµ

]
. (A.2)

The seven B̄ → V̄ form factors are defined by

⟨V̄ (k, η)|Jµ
V |B̄(p)⟩ = ϵµνρση∗

νpρkσ
2V B→V

MB + MV
, (A.3)

⟨V̄ (k, η)|Jµ
A|B̄(p)⟩ = iη∗

ν

[
gµν(MB + MV )AB→V

1 − (p + k)µqν AB→V
2

MB + MV

− 2MV
qµqν

q2 (AB→V
3 − AB→V

0 )
]
, (A.4)

⟨V̄ (k, η)|Jµ
T |B̄(p)⟩ = ϵµνρση∗

νpρkσ 2T B→V
1 , (A.5)

⟨V̄ (k, η)|Jµ
AT |B̄(p)⟩ = iη∗

ν

[(
gµν(M2

B − M2
V ) − (p + k)µqν

)
T B→V

2

− qν

(
qµ − q2

M2
B − M2

V

(p + k)µ

)
T B→V

3

]
, (A.6)

where η is the polarisation four-vector of the vector meson, and we abbreviate

AB→V
3 ≡ MB + MV

2 MV
AB→V

1 − MB − MV

2 MV
AB→V

2 . (A.7)
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The ten Λ̄b → Λ̄ form factors are defined by [70]

⟨Λ(k,sΛ)|sγµ b|Λb(p,sΛb
)⟩= uΛ(k,sΛ)

[
fV

t (q2)(mΛb
−mΛ)qµ

q2 (A.8)

+fV
0 (q2)mΛb

+mΛ

s+

(
pµ+kµ−(m2

Λb
−m2

Λ)qµ

q2

)

+fV
⊥ (q2)

(
γµ− 2mΛ

s+
pµ− 2mΛb

s+
kµ

)]
uΛb

(p,sΛb
) ,

⟨Λ(k,sΛ)|sγµγ5 b|Λb(p,sΛb
)⟩=−uΛ(k,sΛ)γ5

[
fA

t (q2)(mΛb
+mΛ)qµ

q2 (A.9)

+fA
0 (q2)mΛb

−mΛ

s−

(
pµ+kµ−(m2

Λb
−m2

Λ)qµ

q2

)

+fA
⊥ (q2)

(
γµ+ 2mΛ

s−
pµ− 2mΛb

s−
kµ

)]
uΛb

(pΛb
,sΛb

),

⟨Λ(k,sΛ)|siσµνqν b|Λb(p,sΛb
)⟩=−uΛ(k,sΛ)

[
fT

0 (q2) q2

s+

(
pµ+kµ−(m2

Λb
−m2

Λ)qµ

q2

)
(A.10)

+fT
⊥(q2)(mΛb

+mΛ)
(

γµ− 2mΛ

s+
pµ− 2mΛb

s+
kµ

)]
uΛb

(p,sΛb
) ,

⟨Λ(k,sΛ)|siσµνqνγ5 b|Λb(p,sΛb
)⟩=−uΛ(k,sΛ)γ5

[
fT 5

0 (q2) q2

s−

(
pµ+kµ−(m2

Λb
−m2

Λ)qµ

q2

)
(A.11)

+fT 5
⊥ (q2)(mΛb

−mΛ)
(

γµ+ 2mΛ

s−
pµ− 2mΛb

s−
kµ

)]
uΛb

(p,sΛb
) ,

where we abbreviate σµν = i
2 [γµ, γν ] and s± = (mΛb

± mΛ) − q2. The labelling of the ten
form factors follows the conventions of ref. [41].

B Individual background contributions

Below we list the dominant background sources found in the B0 → K∗0νν and B0
s → ϕνν

analysis, along with the relative size of each contribution within in each category, after the
preselection requirements are implemented. All of these may come with additional neutrals
(π0, γ, ν) in the final state.

B.1 B0 → K∗0νν backgrounds with a real K∗(892)0

Decay Relative Size
B+ → D∗0νℓ+ , D∗0 → D0π0/γ, D0 → K∗0π0/η 0.39
B0 → D∗−νℓ+ , D∗− → D0π−, D0 → K∗0π0/η 0.19
B+ → D0νℓ+, D0 → K∗0π0/η 0.11
B0 → D−νℓ+, D− → K∗0ℓ−ν 0.05
Prompt charm 0.25
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B.2 B0 → K∗0νν backgrounds with a fake K∗(892)0

Decay Relative Size
B+ → D∗0νℓ+, D∗0 → D0π0/γ, D0 → h+h−π0(π0) 0.46
B0 → D∗−νℓ+, D∗− → D0π−, D0 → h+h−π0(π0) 0.29
B+ → D0νℓ+, D0 → h+h−π0(π0) 0.17
B0 → D−νℓ+, D0 → h+h−π0(π0) 0.01
Prompt charm 0.07

B.3 B0
s → ϕνν backgrounds with a real ϕ

Decay Relative Size
B+ → D∗0νℓ+, D∗0 → D0π0/γ, D0 → ϕX 0.41
B0 → D∗−νℓ+, D∗− → D0π−, D0 → ϕX 0.18
B+ → D0νℓ+, D0 → ϕX 0.16
Prompt charm 0.25

B.4 B0
s → ϕνν backgrounds with a fake ϕ

Decay Relative Size
B+ → D∗0νℓ+, D∗0 → D0π0/γ, D0 → h+h−π0(π0) 0.50
B0 → D∗−νℓ+, D∗− → D0π−, D0 → h+h−π0(π0) 0.24
B+ → D0νℓ+, D0 → h+h−π0(π0) 0.20
Prompt charm 0.06

C Comparison between generated and selected signal candidates

A comparison between generated and selected signal candidates are shown in figures 14–17.

– 25 –



J
H
E
P
0
1
(
2
0
2
4
)
1
4
4

5 10 15 20 25 30 35 40

K∗ pT [GeV/c]

0.00

0.02

0.04

0.06

0.08

0.10

D
en

si
ty

Generated

Selected

5 10 15 20 25 30 35 40

φ pT [GeV/c]

0.00

0.02

0.04

0.06

0.08

D
en

si
ty

Generated

Selected

Figure 14. A comparison between the generated (blue) and selected (orange) transverse momentum
of K∗0 (left) and ϕ (right) signal candidates.
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Figure 15. A comparison between the generated (blue) and selected (orange) scalar momentum of
K∗0 (left) and ϕ (right) signal candidates.
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Figure 16. A comparison between the generated (blue) and selected (orange) θ angle of K∗0 (left)
and ϕ (right) signal candidates.
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Figure 17. A comparison between the generated (blue) and selected (orange) cos(θ) of K∗0 (left)
and ϕ (right) signal candidates.
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