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Why Now?

2

 evidence for  decays using an inclusive tagging. 
This rate is  larger than the SM prediction.
3.5σ B+ → K+ν̄ν

2.7σ
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Belle II [2311.14647] 

This would be evidence for a  transition and thus 
 could be a key channel to help in the interpretation.

In particular because 

b → sν̄ν
Bs → ν̄ν

BR(Bs → ν̄ν) |SM ∝ (mν /mB)2 ≃ 0

However : Bause, Gisbert & Hiller
2309.00075

(simply because Bs are not produced in the )Υ(4S)

Then:
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The first limit on invisible decays of Bs mesons comes from LEP
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Motivated by the recent evidence for B+ ! K+⌫̄⌫ decays at Belle II, we point out that fully
invisible Bd and Bs meson decays are strongly constrained by LEP. A reinterpretation of an old
inclusive ALEPH search for b-hadron decays with large missing energy allows us to place the limits
Br(Bd ! invisible) < 1.4 ⇥ 10�4 and Br(Bs ! invisible) < 5.9 ⇥ 10�4, both at 90% CL. The Bd

limit is only a factor of 6 looser than the world-leading one provided by the BaBar collaboration,
while the Bs one is the first limit in the literature on this decay mode. These results are relevant
in the context of new light states coupled to quarks and exemplify the power of a future Tera-Z
factory at FCC-ee to look for B meson decays containing missing energy.

I. INTRODUCTION

Rare decays of b-flavored mesons are a promising av-
enue to look for new physics. The b ! s flavor-changing
neutral currents, which are strongly suppressed in the
Standard Model (SM), have gathered a lot of attention
in the past few years. The transition involving neutrinos,
b ! s⌫̄⌫, is theoretically well-suited to test the consis-
tency of the Standard Model [1–5] and o↵ers a window
to weakly-coupled light new physics [6–17]. However, the
associated B meson decay modes are challenging to test
experimentally due to the presence of missing energy in
the final state, and until recently only upper limits on
the B ! K⌫̄⌫ channels existed [18–21].

The experimental situation has very recently been up-
ended by the 3.6� detection of Br(B+ ! K+⌫̄⌫) =
(2.4 ± 0.7) ⇥ 10�5 by the Belle II collaboration [22, 23].
This rate is 2.9� larger than the Standard Model expec-
tation [24], which has prompted ample discussion [25–30].
Of particular interest is the interplay with the other chan-
nels triggered by the b ! s⌫̄⌫ transition, Bd ! K(?)0⌫̄⌫
and Bs ! ⌫̄⌫. Current upper limits on the former
mode [20] are only a factor of ⇠ 2 away from the SM
prediction [24], but up to now no bounds exist on the
invisible Bs decay rate. This is a critical channel since
an enhanced rate above the extremely suppressed SM
prediction [31–33] would constitute a smoking gun signal
of the presence of light new physics in b ! s transi-
tions [25, 28]. It is therefore very timely to explore the
extent to which existing and upcoming experiments can
look for fully invisible decays of neutral B mesons. In
this study, we argue that e+e� colliders running at the
Z pole are excellently positioned to carry out this task.

The ALEPH collaboration at LEP performed a set of
inclusive searches for b-quark decays involving large miss-
ing energy. In particular, the collaboration was able to
make the first measurement of b ! ⌧�⌫̄⌧X [34], and set

⇤
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†
miguel.escudero@cern.ch; ORCID: 0000-0002-4487-8742

world record limits (at the time) on B� ! ⌧�⌫̄⌧ [35].
Around the time when these analyses were performed,
Grossman, Ligeti & Nardi [2] pointed out that these types
of searches could also be used to constrain inclusive b !
s⌫̄⌫ decays. In fact, a subsequent dedicated analysis by
ALEPH [36] lead to the still-standing most stringent up-
per limit on this decay mode: Br(b ! s⌫̄⌫) < 6.4⇥ 10�4

at 90% CL, see also [37]. The strategy behind these
searches at ALEPH is simple [34–36]: to look for hadronic
Z decays with bb̄ quarks in the final state where one of
these b’s produces large amounts of missing energy in its
decay. The only prerequisite for the selected events is the
presence of two jets in opposite hemispheres. Once a jet
is tagged as arising from a b quark, the missing energy is
reconstructed in the opposite one simply by subtracting
the energy deposited in the various calorimeters to the
known initial beam energy. This renders the search com-
pletely inclusive: any event with a b quark producing a
large amount of missing energy in its decay falls into the
signal region. Since there is no possible decay mode that
leads to more missing energy than a fully invisible Bs or
Bd decay, the ALEPH strategy is extremely powerful to
test such channels.

In this letter, we reinterpret the results of the ALEPH
search [36] to, for the first time, place a limit on Br(Bs !
invisibles). As a side product, we also derive a bound
on Br(Bd ! invisibles) that is only a factor of ⇠ 6
weaker than the current best limit derived with a ded-
icated search at BaBar [38]. The power of the search
strategy at ALEPH is manifested by the fact that the
LEP data set contains less than one million Z bosons de-
caying into bb̄ versus the 471 million BB̄ pairs contained
in the BaBar sample.

It is also worth pointing out that other B decay modes
involving dark matter particles and other light neutral
states can also be searched for using the ALEPH data
sample. We refer to [39] for an analysis of some of these
modes and to [9, 14] for scenarios where these types of
searches could cover yet uncharted parameter space.
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Motivated by the recent evidence for B+ ! K+⌫̄⌫ decays at Belle II, we point out that fully
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limit is only a factor of 6 looser than the world-leading one provided by the BaBar collaboration,
while the Bs one is the first limit in the literature on this decay mode. These results are relevant
in the context of new light states coupled to quarks and exemplify the power of a future Tera-Z
factory at FCC-ee to look for B meson decays containing missing energy.

I. INTRODUCTION

Rare decays of b-flavored mesons are a promising av-
enue to look for new physics. The b ! s flavor-changing
neutral currents, which are strongly suppressed in the
Standard Model (SM), have gathered a lot of attention
in the past few years. The transition involving neutrinos,
b ! s⌫̄⌫, is theoretically well-suited to test the consis-
tency of the Standard Model [1–5] and o↵ers a window
to weakly-coupled light new physics [6–17]. However, the
associated B meson decay modes are challenging to test
experimentally due to the presence of missing energy in
the final state, and until recently only upper limits on
the B ! K⌫̄⌫ channels existed [18–21].

The experimental situation has very recently been up-
ended by the 3.6� detection of Br(B+ ! K+⌫̄⌫) =
(2.4 ± 0.7) ⇥ 10�5 by the Belle II collaboration [22, 23].
This rate is 2.9� larger than the Standard Model expec-
tation [24], which has prompted ample discussion [25–30].
Of particular interest is the interplay with the other chan-
nels triggered by the b ! s⌫̄⌫ transition, Bd ! K(?)0⌫̄⌫
and Bs ! ⌫̄⌫. Current upper limits on the former
mode [20] are only a factor of ⇠ 2 away from the SM
prediction [24], but up to now no bounds exist on the
invisible Bs decay rate. This is a critical channel since
an enhanced rate above the extremely suppressed SM
prediction [31–33] would constitute a smoking gun signal
of the presence of light new physics in b ! s transi-
tions [25, 28]. It is therefore very timely to explore the
extent to which existing and upcoming experiments can
look for fully invisible decays of neutral B mesons. In
this study, we argue that e+e� colliders running at the
Z pole are excellently positioned to carry out this task.

The ALEPH collaboration at LEP performed a set of
inclusive searches for b-quark decays involving large miss-
ing energy. In particular, the collaboration was able to
make the first measurement of b ! ⌧�⌫̄⌧X [34], and set
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world record limits (at the time) on B� ! ⌧�⌫̄⌧ [35].
Around the time when these analyses were performed,
Grossman, Ligeti & Nardi [2] pointed out that these types
of searches could also be used to constrain inclusive b !
s⌫̄⌫ decays. In fact, a subsequent dedicated analysis by
ALEPH [36] lead to the still-standing most stringent up-
per limit on this decay mode: Br(b ! s⌫̄⌫) < 6.4⇥ 10�4

at 90% CL, see also [37]. The strategy behind these
searches at ALEPH is simple [34–36]: to look for hadronic
Z decays with bb̄ quarks in the final state where one of
these b’s produces large amounts of missing energy in its
decay. The only prerequisite for the selected events is the
presence of two jets in opposite hemispheres. Once a jet
is tagged as arising from a b quark, the missing energy is
reconstructed in the opposite one simply by subtracting
the energy deposited in the various calorimeters to the
known initial beam energy. This renders the search com-
pletely inclusive: any event with a b quark producing a
large amount of missing energy in its decay falls into the
signal region. Since there is no possible decay mode that
leads to more missing energy than a fully invisible Bs or
Bd decay, the ALEPH strategy is extremely powerful to
test such channels.

In this letter, we reinterpret the results of the ALEPH
search [36] to, for the first time, place a limit on Br(Bs !
invisibles). As a side product, we also derive a bound
on Br(Bd ! invisibles) that is only a factor of ⇠ 6
weaker than the current best limit derived with a ded-
icated search at BaBar [38]. The power of the search
strategy at ALEPH is manifested by the fact that the
LEP data set contains less than one million Z bosons de-
caying into bb̄ versus the 471 million BB̄ pairs contained
in the BaBar sample.

It is also worth pointing out that other B decay modes
involving dark matter particles and other light neutral
states can also be searched for using the ALEPH data
sample. We refer to [39] for an analysis of some of these
modes and to [9, 14] for scenarios where these types of
searches could cover yet uncharted parameter space.
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BR(Bs → ν̄ν) < 6 × 10−4 2310.13043recast of an old 
ALEPH analysis:

https://arxiv.org/abs/2310.13043
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Outline

3

  at FCCee: Lessons learned from LEPB → invisibles

Implications for other scenarios*:

B-Mesogenesis

Flavorful Axions

Searches for b decays with large missing energy at LEP

The basic elements of the analysis 

Results

Status of  transitions and interpretationB → Kν̄ν
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Belle II results

4

Belle II [2311.14647] has recently reported  evidence for 
 decays using an inclusive tagging. What is intriguing 

is that the rate appears to be  larger than the SM prediction. 

3.5σ
B+ → K+ν̄ν

2.7σ

This mode at B-factories: B̄B( → Kν̄ν)
a) Hadronic Tag

B̄ → hadrons
eff ∼ 0.4 %

b) Semileptonic Tag
B̄ → νℓ+X
eff ∼ 1.6 %

c) Inclusive Tag
B̄ → anything

eff ∼ 8 %

23

FIG. 21. Signal strength µ determined in the ITA (left) and HTA (right) for independent data samples divided into approximate
halves by various criteria. The vertical lines show the result obtained on the full data set. The horizontal bars (and dot-dashed
lines) represent total one standard deviation uncertainties.

FIG. 22. Distribution of q2rec for ITA events in the pion-
enriched sample and populating the ⌘(BDT2) > 0.92 bins.
The yields of simulated background and signal components
are normalized based on the fit results to determine the
branching fraction of the B+ ! ⇡+K0 decay. The pull dis-
tribution is shown in the bottom panel.

f
+� = 0.5 compared to the one adopted here. However,

due to the large statistical uncertainties, minor di↵er-
ences in the correction factors have a small impact on

FIG. 23. Branching-fraction values measured by Belle II,
measured by previous experiments [9–13], and predicted by
the SM [4]. The Belle analyses reported upper limits; the val-
ues shown here are computed based on the quoted observed
number of events, e�ciency, and f+� = 0.516. The BaBar
results are taken directly from the publications, and they use
f+� = 0.5. The weighted average is computed assuming sym-
metrized and uncorrelated uncertainties, excluding the super-
seded measurement of Belle II (63 fb�1, Inclusive) [13] and
the uncombined results of Belle II shown as open data points.

Belle II [2311.14647] 
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Belle II : Inclusive Analysis

5

Series of boosted decision trees on 
global properties of the event:

Analysis strategy

● Two analyses: more sensitive inclusive (total efficiency: 8%) and conventional hadronic 
tagging (total efficiency: 0.4%)

● Use event properties to suppress background with multiple variables combined
● Use classifier output as (one of) the fit variable(s), use simulation for signal and 

background templates
● Use multiple control channels to validate simulation with data  

13

Classifier output

20

FIG. 18. Distributions of ⌘(BDT2), q
2

rec, beam-constrained mass of the ROE Mbc,ROE, �EROE, Fox-Wolfram R2, and modified
Fox-Wolfram Hso

m,2 in data (points with error bars) and simulation (filled histograms) shown individually for the B+ ! K+⌫⌫̄
signal, neutral and charged B-meson decays, and the sum of the five continuum categories in the ITA. Events in the most
signal-rich region, with ⌘(BDT2) > 0.98, are shown. Data and simulation are normalized to an integrated luminosity of 362
fb�1. The pull distributions are shown in the bottom panels.

q2
rec = E2

B + m2
K − 2EBEK

2.7σ
larger

BR(B+ → K+ν̄ν) = (2.3 ± 0.7) × 10−5Combined Result:

BR(B+ → K+ν̄ν) |SM = (0.51 ± 0.03) × 10−5Standard Model:
Bečirević, Piazza & 
Sumensari 2301.06990 
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Belle II BSM interpretations

6

1) Heavy New Physics:

2) Light New Physics:

2309.02246 Allwicher, Bečirević, Piazza, Rosauro-Alcaraz & Sumensari
2309.00075 Bause, Gisbert & Hiller

Models face the strong constraint of BR(B → K⋆ν̄ν) < 1.8 BR(B → K⋆ν̄ν) |SM

2311.14629 Altmannshofer, Crivellin, Haigh, Inguglia & Martin Camalich
2312.12507 Fridell, Ghosh, Okui & Tobioka
2312.00982 McKeen, Ng & Tuckler

This requires right handed couplings to quarks which imply non-minimal 
BSM sectors which need to be balanced to avoid flavor constraints

e.g., 2 
leptoquarks

Decays of the type  or  could explain even better the Belle II spectrumB → KX B → Kχχ
Belle II [2311.14647] 20

FIG. 18. Distributions of ⌘(BDT2), q
2

rec, beam-constrained mass of the ROE Mbc,ROE, �EROE, Fox-Wolfram R2, and modified
Fox-Wolfram Hso

m,2 in data (points with error bars) and simulation (filled histograms) shown individually for the B+ ! K+⌫⌫̄
signal, neutral and charged B-meson decays, and the sum of the five continuum categories in the ITA. Events in the most
signal-rich region, with ⌘(BDT2) > 0.98, are shown. Data and simulation are normalized to an integrated luminosity of 362
fb�1. The pull distributions are shown in the bottom panels.

2309.02940 Felkl, Giri, Mohanta & Schmidt

This means that  decays are key to elucidate the situationBs → invisibles BR ∼ 10−4

6

FIG. 4: BaBar data and simulated MC [54], showing B+ ! K+⌫⌫̄ (left) and B0 ! K0⌫⌫̄ (right), provided in bins of
SB = q2/m2

B . The distribution of the fitted resonance is shown in green.

FIG. 5: Best fit and associated 1� errors for Br[B ! K(⇤)X]
as a function of mX , for the fit to the BaBar distributions
(green), the Belle II distribution (blue) and the combined fit
to all data (red).

inal search is not optimized for such a case, and a dedi-
cated experimental analysis will provide a better sensitiv-
ity. However, we hope that our work motivates dedicated
analyses by the B factories.

Appendix A: Details on the fit

We perform maximum likelihood fits to the BaBar [54]
and Belle II [14] data using the pyhf software pack-
age [63]. For this, we include the essential estimated

experimental systematic uncertainties, based on those
quoted in the Belle II analysis, as nuisance parame-
ters. The signal is fit to data using binned templates of
the q2 distributions, derived from post-fit Monte Carlo
(MC) distributions, including individual contributions
from BB̄ and continuum SM background and the pre-
dictions of the SM contribution to B ! K(⇤)⌫⌫. The
corresponding templates are shown in Fig. 3 (left) for the
Belle II analysis. They contain 12 bins in total: Three
q2 bins which are repeated in four bins of the signal dis-
criminator output. These are constructed such that the
expected signal e�ciency is a constant 2% in the four
regions.

For each of the four fit templates shown on the left
in Fig. 3, we include an overall normalization uncer-
tainty of 10% and the associated statistical uncertainty
obtained from the measured number of events. The con-
tinuum background template has an additional uncer-
tainty of 10% from shape systematics, which we allow for
each bin to fluctuate individually.[82] To validate these
choices, a fit including only the SM contribution, and
no injected NP signal, is first conducted. From this,
Br[B+ ! K+⌫⌫̄] = (2.8 ± 0.7) ⇥ 10�5 is found, which
is in good agreement with the result of the Belle II anal-
ysis.

The BaBar data are provided in bins of SB = q2/m2
B

and the distributions are shown in Fig. 4 with contribu-
tions from the background, the SM to B ! K⌫⌫ and
the NP signal. The associated signal e�ciency in each
bin is provided and considered in the fit via scaling of
the resonance template. Only statistical uncertainties
are accounted for in templates of the BaBar fit. In the
case of the simultaneous fit to the Belle and BaBar data,
the normalisation of the B ! K⌫⌫ templates are fixed
by the SM expectations to the channels.

The NP signal is modelled with a Gaussian distribu-
tion, with the initial pre-fit yield of the template defined
as the number of excess events observed in the Belle II
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FIG. 3. The upper panel shows 2D plots of �2 � �
2
min in the B-mNP plane for di↵erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di↵erent NP scenarios: on the left panel is the 2-body scenario B

+ ! K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ! K

+
��, mNP = m� mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ! K

+
�̄R⌫L,mNP = m�, where ⌫L is a SM neutrino.

FIG. 4. Normalized distributions for B
+ ! K

+
�1�2 via

scalar, vector, and tensor operators as functions of q
2 for

massless �1,2 (solid lines) as well as massive �1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e�ciency into account.

also contribute to B ! K⇤ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

! K⇤⌫⌫) < 1.8⇥ 10�5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e↵ects
on B ! K⇤:

1. Scalar operator: the interaction is given by

L �
1

⇤2
S

(b̄s)(�̄1�2), (7)

where ⇤S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄�5s as
that would contribute only to B ! K⇤ and not
to B ! K, while the scalar case contributes only

to B ! K and not to B ! K⇤. In our work, we
consider the case where �1 = ⌫L, which is massless
for our purpose, and �2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

! ⇡+⌫⌫ implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via �L = 2
odd mass-dimension operators. We consider the
possibility of �2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ✏ijLiNQjd [24].

2. Vector operator: the interaction is given by

L �
1

⇤2
V

(b̄�µs)(�̄1�µ�2) , (8)

where ⇤V is a heavy scale. �1 and �2 may be a
pair of SM ⌫L⌫L or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di↵erent from a SM-
like V�A current. As shown in Fig. 2 of [15], an
additional V�A contribution that fits the B ! K
excess would be severely excluded by the absence
of a corresponding excess in B ! K⇤, while the
pure vector case has the least impact on B ! K⇤

and is still allowed by data. Therefore, for our
interest in identifying the best scenarios, we do
not consider any axial-vector component in the
quark bilinear.

3. Tensor operator: the interaction is given by

L �
1

⇤2
T

(b̄�µ⌫s)(�̄1�µ⌫�2) , (9)
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Missing Energy was a key observable in many b-quark physics 
analysis at the LEP experiments: 
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Fig. 1. Typical decay topology of the events used for the B ° 
lifetime measurement. 

B o __~ D T t + u  
I , K*OK- 

L__~ K+ n -  

where the lepton is an identif ied electron or a muon 
and is required to have a momentum greater than 
3 GeV/c .  The 7t- and the K -  coming directly from 
the D s  decay are referred to as 'bachelor '  particles to 
distinguish them from those of  the K *° and ~b decays. 

A total of  889 000 hadronic Z decays recorded in 
1991 and 1992 are used in this analysis. The DT~ + 
selection is similar to that used in a previous letter [ 5 ] 
with the addi t ion of  requirements on the track quality 
and vertexing needed for the decay length measure- 
ment. 

Each event is d iv ided into two hemispheres sepa- 
rated by the plane perpendicular  to the thrust axis. 
Candidates  for decay of  the D7 into ~brt- or K*°K - 
are formed by combining three charged tracks with 
momenta  above 1 GeV/c  in the same hemisphere. As 
backgrounds are higher in the l)7 --+ K ' K -  case, the 
bachelor kaon momentum is required to be greater 
than 2 GeV/c .  Out of  these three tracks, a neutral 
pair  is required to be consistent with a ~b or a K *° 
by demanding either the K + K -  mass to be within 
+9 MeV/c  2 of  the ~b mass or the K + n  - mass to be 
within ±50  MeV/c  2 of  the K *° (892) mass. The ~b or 
K *° momentum has to be greater than 4 GeV/c  and 
the 197 energy greater than 15% of  the beam energy. 

In addi t ion the K K n l  mass is required to be greater 
than 3 GeV/c  2. These requirements reduce the combi- 
natorial  background from low-momentum fragmenta- 
t ion tracks, reduce physics backgrounds from non-B ° 
sources and restrict the candidate tracks to a momen- 
tum range where the n /K-separa t ion  from the TPC 
d E / d x  measurement is at the two s tandard deviat ion 
level. When ionization information is available, kaon 
candidates are required to fulfilxtc < 1 - Z  2, where Z n 
is the difference between the measured and expected 
ionizat ion expressed in terms of  s tandard deviat ions 
for mass hypothesis H. Compared  to the usual two 
s tandard deviat ion cut on Zr  this cut improves the 
pion rejection by a factor 1.5 with only a 4% loss of  ef- 
ficiency. For  the bachelor kaon from the K* K -  decay 
the combinat ion is rejected if  ionizat ion information 
is not available (18% of  the cases). 

Fur ther  background reduction is obtained by us- 
ing the angular distr ibutions in the subsequent decay 
chain. As the D s  is spinless, its decay is expected to be 
isotropic, whereas the background, consisting of  more 
asymmetric  random track combinations,  gives a decay 
angular dis tr ibut ion peaking in the forward and back- 
ward directions. The cosine of  the decay angle in the 
D7 centre-of-mass frame I cos 0* (~b)[ or I cos 0* (K*)1 
is thus required to be less than 0.8. As the D s  de- 
cays to a vector (~b or K *°) and a pseudoscalar ( n -  or 
K -  ), the subsequent decay of  the vector to two pseu- 
doscalars ( KK  or K n )  will have a cos22 * distribu- 
tion, where 2" is the centre-of-mass decay angle of  the 
vector particle relative to its line of  flight. In contrast, 
the background measured in data is observed to be 
uniform. A cut at I cos2* ( K / ~ )  I and I cos2* (K/K*)I  
greater than 0.5 is 88% efficient for the signal, while 
removing half  of  the background. 

In order to ensure good vertex reconstruction and 
to reduce the non-Gaussian tails in the decay-length 
measurement,  the lepton track and at least two of  the 
tracks from the 1)7 decay are required to have one 
or more associated vertex detector hits. The Z 2 prob- 
abili ty of  the three tracks forming the Ds-- candidate 
to come from a single three-dimensional  vertex is re- 
quired to be greater than 1%. The same requirement  
is also made on the Z 2 probabil i ty of  the Ds-- and the 
lepton to form a single vertex. 

Fig. 2 shows the histogram of  the K K n  effective 
mass for the opposite-sign and same-sign Dsg correla- 
tions summed over the ~b~z- and K*°K - channels. A 
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Table 1 
Signal and background estimates within -4-15 MeV/c 2 of the 
D7 mass. 

Component Number of events 

observed events 47 
combinatorial background 11.9 + 0.9 
DsD background 3.8 + 0.6 
reflection background 0.5 4- 0.2 
total background 16.2 4- 1.1 
signal 30.8 4- 6.9 

information of  the tracks by projecting them onto the 
plane perpendicular  to the je t  to which they belong 
and combines this with the envelope of  the luminous 
region. The centre of  the luminous region is periodi-  
cally determined from hadronic events reconstructed 
and analysed over 75 successive events. Using this al- 
gorithm on simulated bb  events the average resolu- 
t ion on the posit ion of  the interaction point  projected 
along the sphericity axis of  the event is 85 / tm.  

The posi t ion of  the B ° vertex is measured in three 
dimensions by first vertexing the three charged tracks 
from the decay of  the Ds-- and then extrapolating the 
D7 track to its intersection with the lepton as shown 
in fig. 1. The resolutions along the direction of  flight 
obtained in simulated events are 320/~m for the D~- 
vertex and 210/~m for the B ° vertex. 

The error on the decay length is calculated for each 
event from the tracking and vertexing errors. To deter- 
mine how well this error and thus the proper  t ime un- 
certainty is estimated, a resolution function is formed 
using the Monte Carlo simulation by fitting with a 
Gaussian the dis tr ibut ion of  the difference between 
the reconstructed and true decay length divided by the 
uncertainty on the reconstructed decay length. This 
distr ibution is centred at zero and is well represented 
by a single Gaussian of  sigma S = 1.21 ± 0.05, indi- 
cating that the decay length uncertainty is underesti-  
mated. To take this into account in the lifetime fit, 
the calculated decay length error is scaled by S. Possi- 
ble differences between Monte Carlo and real data  for 
this quanti ty are considered in the systematic error. 

The B ° momentum is calculated as 

p~, = (ED, + Et + E,,)2 _ m2 , 

where Eos and Et are the measured energies of  the 

D~ and the lepton respectively. The neutrino energy 
(E~) is est imated using a missing energy technique. 
It is given by 

E ,  = E t o t -  E,is, 

where Etot and Evis are the total and visible energies 
in the same hemisphere as the B ° candidate.  The vis- 
ible energy is obtained by summing the energies of  
the charged particles measured by the tracking detec- 
tors and the photons measured by the electromagnetic 
calorimeter.  The small contr ibution from the neutral 
hadronic energy, which has a large measurement  un- 
certainty, is not included. Using four-momentum con- 
servation the total energy in the hemisphere is given 
by 

Etot = Ebeam + m2me -- m°2pp, 
4Ebeam 

where Ebeam is the beam energy and the hemisphere 
masses on the same side (msame) and opposite side 
(movp) of  the B ° candidate are calculated using the 
momenta  of  the photons and charged tracks measured 
in the appropria te  hemisphere. Monte Carlo simula- 
tion shows that the addi t ion of  the hemisphere mass 
correction term to the beam energy improves the res- 
olution on Etot from 2.5 GeV to 1.3 GeV and yields 
a resolution on the neutrino energy of  2.8 GeV. 

The final resolution obtained for the B ° momentum 
using this method is displayed in fig. 3 which shows 
the distr ibution of  the ratio (x)  of  the reconstructed 
B ° momentum divided by the true B ° momentum for 
simulated B ° events. The presence of  Dj- originating 
from a D ; -  with the emission of  a soft photon is in- 
cluded in Monte Carlo simulation assuming a value of  
3.0 for the ratio BR(Bs ~ Dslu) /BR(Bs  --, Dslu). 
The mean of  the x distr ibution is 1.05 and the r.m.s is 
11.5% with about 85% of  the events contained within 
a Gaussian core of  sigma 5%. To correct for the shift 
from 1.0 and the non-Gaussian tail in this distr ibu- 
tion, mainly due to energy losses, the x distr ibution 
is used in the fitting procedure. 

5. Fitting procedure 

The B ° lifetime and the proper- t ime structure of  the 
combinatorial  background are fitted simultaneously 
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Number of entries in tail of Emiss spectrum. 

Source Missing energy ( GeV) 
30 < Emis. < 35 35 < Emiss < 40 4o < Emisv 

data 14 1 0 
B- + r-07 (1%) 35.8 Jo 3.2 17.6 f 2.3 4.8 f 1.2 
b-r-ii,X 3.3 zt 1.2 2.0 f 0.9 0 
b,Z + e-fp-VX 8.3 zk 1.9 1.4 f 0.8 0 
D; -+ T-& 0 0 0 
residual background 0.4 f 0.4 0 0 

event-half using light quark tagged events (to mini- 
mize the effect of semileptonic decays). Negligible 
difference was seen between data and Monte Carlo, 
and this result was used in estimating the system- 
atic error arising from this source. 

- The performance of the 66 tag was measured by 
comparing the number of events in which one/both 
event-halves were tagged. Details may be found in 
[ 93. The efficiencies for tagging bii, CC and light 
quark events were found to be higher in data than in 
Monte Carlo, by factors of 1.03 * 0.01, 1 .OO 7 0.05 
and 1.16 k 0.13 respectively. 

4. Upper limit on B- + ~-i;7 (exclusive) 

The analysis method for B- 4 ~-fi’, is essentially 
identical to that for b --+ r-FTX, except that event- 
halves with larger E,,,jss are searched for. 

Two minor cuts did, however, need replacing. In 
the inclusive analysis, non-q4 events were rejected by 
cutting on the charged multiplicity and missing en- 
ergy of the entire event. However, when searching for 
event-halves with extremely large EtiSS, these cuts re- 
sult in correlations between the event-halves. For the 
exclusive analysis, they were therefore replaced by 
the requirement that the event-half opposite to that in 
which EmiSS was being measured should have at least 
six charged tracks and a missing energy of less than 
25 GeV. This change reduced the efficiency by 5%. 

The resulting Emiss spectrum is shown for data and 
Monte Carlo in Fig. 4. Also shown is the expected 
contribution from B- + 7-V7, assuming a branching 
ratio of 1%. This is clearly inconsistent with the data. 
The numbers of entries in the region EkSS > 30 GeV 
of this figure are given in Table 3. 

> 
0” 105 . noto 

ALEPH 
$ 

MaIlk Carlo: 

Emiss (Cd) 

Fig. 4. Emiss spectrum for B- -+ 7-0, exclusive analysis. 

An upper limit was placed on the B- + T-V, 
branching ratio by comparing data and Monte Carlo in 
the signal region EkSS > EC,,. To be conservative, no 
background subtraction was performed. The optimum 
choice of Ecut was determined from Monte Carlo to 
be 35 GeV, using the optimization method described 
in [ 181. There are two significant sources of system- 
atic error affecting the number of B- -+ T-Y, decays 
which are found: 

i) Uncertainty in the b fragmentation func- 
tion. Varying this in accordance with the 
ALEPH measurement of (Q,) = (Eb)/Ebea,,, = 
0.714 i 0.012 [ 123, alters the efficiency for 
detecting B- + 7-1/, by, for example, f8% 
for Emis,q > 35 GeV. 

ii) Uncertainty in the fraction of weakly decaying 
b hadrons which are B*. This is assumed to be 
37i3% [19]. 

These were taken into account by convoluting a Pois- 
son distribution with a Gaussian when calculating the 
upper limit. This leads to the following upper limit on 
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In fact: the first limit on  comes from LEP:b → sν̄ν
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Abstract 

The inclusive B ---+ X.~ u P decay rate, on which no experimental bound exists to date, can be 
constrained by searching for large missing energy events in B decays. Carefully examining the 
experimental and theoretical aspects of such an analysis, we argue that the published ALEPH limit 
on BR(B ~ r~)) implies, conservatively, the bound BR(B ~ X, v P) < 3.9 x 10 -4, which is less 
than one order of magnitude above the standard model prediction. The LEP collaborations could 
significantly improve this bound by a dedicated experimental analysis. We study the constraints 
this new limit imposes on various extensions of the standard model. We derive new bounds on the 
couplings of third generation fermions in models with leptoquarks, and in supersymmetric models 
without R-parity. We also constrain models where new gauge bosons are coupled dominantly to 
the third generation, such as TopColor models and models based on horizontal gauge symmetries. 
For models which predict an enhanced effective bsZ vertex, the constraint from B --+ X~ v ~ is 
competitive with the limits from inclusive and exclusive B ---, Xs g+g- decays. 

I.  Introduct ion 

Recent progress in experiment and theory has made flavor changing neutral current 
(FCNC) B decays a stringent test of the Standard Model (SM) and a powerful probe of 
New Physics (NP).  The CLEO Collaboration observed the exclusive decay B --+ K* 3/ 
[ 1] as well as the inclusive decay B --~ X s y  [2].  The UA1 upper limit on the inclusive 
decay B --* Xs IZ+l x -  [3] ,  and the recent CLEO [4] and CDF [5] upper limits on the 
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hep-ph/9510378

Br(b → sν̄ν) |SM = (2.7 ± 0.2) × 10−5 0902.0160: 
Altmannshofer, Buras, 
Straub & Wick

Also Grossman, Ligeti and Nardi (hep-ph/9607473)  B → ττ B → ννγ

Our study: Br(Bs → invisibles) < 5.9 × 10−4 at 90% CL

Subsequent analysis by ALEPH (hep-ex/0010022) lead to:

Br(b → sν̄ν) < 6.4 × 10−4 at 90% CL

There is no b-decay that can lead to more ME than !B → invisibles
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1) Look at 2-jet events, :  and Z → q̄q T > 0.85 |cos θ | < 0.7

4) Only use opposite hemispheres with  and  6 charged tracksEmiss < 25 GeV ≥

2) Separate events in two hemispheres defined by the thrust axis

8.2. JETS AND OTHER OBSERVABLES 167

(a) (b)

Figure 8.12: Comparison of kt (a) and CONE (b) algorithms. Legend: —parton level,
· · · calorimeter level. The fraction of two-jet events with 2, 3, 4, and 5 sub-jets is given as
a function of ycut or r2. The data is generated by HERWIG Monte Carlo simulations at
ECM = 1.8TeV with 75GeV < Et(jet 2) < 100GeV.

An example for an event shape variable is the di2erential two-jet rate. The definition goes
as follows: Apply the DURHAM algorithm until exactly three jets are left (in contrast
to the possibility to run the algorithm until a certain resolution is reached). Then take
the minimal distance yij of all pairs (i, j) and call it y23 (or y3): min(i,j) yij = y23 = y3.
This gives one value for each event. The distribution of these values for all events is an
“event-shape distribution”. Therefore, one can plot the diFerential cross section as in
Fig. 8.13. There is one histogram entry for each event. The data come from hadronic Z
decays at LEP. Observe that two-jet events are more likely than three-jet events. The
perturbative regime is limited to high gluon energies. Hadronization eFects that have to
be phenomenologically modeled spoil the perturbative calculations at low y3 values.

As another example for an event-shape variable, let us consider thrust. It was invented
around 1978 and first used at PETRA. The idea is to select the axis that maximizes the
sum of the longitudinal momentum components:

The thrust of an event is then defined as

T = max
#»n

�
i |

#»p i · #»n |�
i |

#»p i|

where | #»n | = 1 and the sum runs over the three-momenta of all final states. The thrust
axis is defined by the vector #»nT for which the maximum is obtained. This definition
means that for T = 1 the event is perfectly back-to-back while for T = 1/2 the event is
spherically symmetric:
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As another example for an event-shape variable, let us consider thrust. It was invented
around 1978 and first used at PETRA. The idea is to select the axis that maximizes the
sum of the longitudinal momentum components:

The thrust of an event is then defined as

T = max
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where | #»n | = 1 and the sum runs over the three-momenta of all final states. The thrust
axis is defined by the vector #»nT for which the maximum is obtained. This definition
means that for T = 1 the event is perfectly back-to-back while for T = 1/2 the event is
spherically symmetric:6) Use  rejection algorithms to remove  eventse/μ b, c̄ → ℓνX

3) Measure missing energy as Emiss ≃ MZ /2 − Evis

The ALEPH Collaboration: Measurements of BR(b → τ−ν̄τX) and BR(b → τ−ν̄τD∗±X) 223

Emiss (GeV)

En
tr

ie
s/

G
eV Data

b → τνX

b,c → lνX

Background

B- → τ- ντ
b→Xsνν

ALEPH

Fig. 6. Missing-energy distributions in the B− → τ−ν̄τ and
b → sνν̄ final state selection, for the data (dots) and for
the simulated background (full histogram). Also indicated are
the contributions of the B− → τ−ν̄τ (dashed histogram) and
b → sνν̄ (dotted histogram) processes with a branching ratio
of 1%. The arrow shows the region in which the two limits are
calculated

Table 5. Numbers of events observed in the data in three dif-
ferent Emiss intervals. Also indicated are the events expected
from the various background and signal processes. For the lat-
ter, a branching ratio of 1% was assumed

Emiss interval [30, 35] GeV [35, 40] GeV > 40 GeV

Data

Selected hemispheres 31 1 1

Simulation

Expected hemispheres 37.0±2.7 2.5 ± 1.6 < 1
Background (detail)

b → τ−ν̄τX 7.2 1.4 –
b, c with leptonic decay 28.9 1.1 –
Other Backgrounds 0.9 – –

Signal (BR=1%)
B− → τ−ν̄τ 76.9 53.1 12.7
b → sνν̄ 91.0 78.6 6.6

cut on the missing energy at 35 GeV. The latter cut was
optimized so as to maximize the expected 90% C.L. upper
limit, evaluated with simple event counting and in the ab-
sence of new physics [30], on the B− → τ−ν̄τ and b → sνν̄
branching ratios. The numbers of events, observed in the
data and expected from background and signal, are dis-
played in Table 5 in three missing-energy intervals. Two
events with a missing energy in excess of 35 GeV were
observed, with 2.5 ± 1.6 events expected from all back-
ground processes. In absence of any systematic uncer-
tainty, the 90% C.L. upper limits on the B− → τ−ν̄τ and
b → sνν̄ branching fractions are found to be 8.1 × 10−4

and 6.2 × 10−4, respectively.
However, these limits are affected by the uncertainty

on the expected fraction of B− → τ−ν̄τ and b → sνν̄

events with such a large missing energy or, almost equiv-
alently, with such a large value of xb. (Most of these
events are characterized by a value of xb in excess of
0.9.) This fraction was determined [31] to be 0.146+0.025

−0.021,
which translates to an uncertainty of 15% on the num-
ber of events expected. In addition, the fraction of B− in
Z → bb̄ events is known [32] to be (38.9 ± 1.3)%. The lat-
ter uncertainty of 3% on the number of events expected
affects only the limit on the B− → τ−ν̄τ branching ratio.
These two uncertainties were taken into account following
the method of [33], yielding the limits

BR(B− → τ−ν̄τ ) < 8.3 × 10−4,

BR(b → sνν̄) < 6.4 × 10−4,

at the 90% confidence level.

7 Measurement of BR(b → τ−ν̄τX)
with di-leptons

An alternative method of measuring BR(b → τ−ν̄τX) was
developed with events where both the τ and the accom-
panying D decay to e or µ. Hence, the signature used to
tag the signal events is a pair of leptons (e, µ) of op-
posite sign in a jet. The background, originating from
b → cℓ−ν̄ℓ followed by c → qℓ+νℓ, is about 20 times larger
than the signal. Signal and background are therefore sep-
arated on the basis of their different kinematic properties.
Although this method is statistically less powerful than
that based on missing energy, it represents an interest-
ing cross-check since it is based on a complementary sam-
ple of events and sources of systematic uncertainties are
largely different. Indeed, the main contribution to the sys-
tematic error comes from the uncertainty on the product
BR(b → ℓν̄ℓc, c → ℓνℓq) and on the double charm decay
rates, B → DsD(X) and B → D0D(X).

The presence of three neutrinos in the decay chain of
signal events is the main difference between signal and
background. As a consequence, b → τ−ν̄τX decays give
larger missing energy, softer lepton spectrum and smaller
charged multiplicity to the jet containing the lepton candi-
dates. These different kinematic properties of the various
categories of events are used to separate the signal from
the background. A multivariate analysis technique with a
multilayered neural network (NN) is used to obtain the
best discriminating power.

7.1 Event selection

Electron and muon identification follows the standard cri-
teria [17], with two refinements for muons. Firstly, the
muon momentum cut is lowered from 3 GeV/c to
2.2 GeV/c to increase the acceptance for the signal
(2.2 GeV/c is the minimum momentum for a muon to
reach the muon chambers) and secondly, any track “shad-
owed” by another track is rejected in the di-lepton selec-
tion. Two tracks are said to be shadowing if they share

Result:
hep-ex/0010022

Signal region

5) Apply b-tagging in the hemisphere without large missing energy
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1) What is the fraction of the beam 
energy carried out by the ?Bs

2) Hadronization fractions [HFLAV]

2

II. ALEPH SEARCH FOR B DECAYS WITH
LARGE MISSING ENERGY

In what follows we give explicit details about our recast
of the latest ALEPH search for b-quark decays with large
missing energy at the Z peak [36].

Event Sample, Cuts and E�ciencies: The event sam-
ple contains approximately 4 million hadronically decay-
ing Z bosons. Explicitly, according to Table 1.2 of [40],
the number of hadronically Z decays used in the legacy
analysis is

N(Z ! hadrons) = 4.07⇥ 106 . (1)

For the analysis [36], a tagging method is used to select
signal-like events with rather high e�ciency. Events are
divided into two hemispheres defined by the plane per-
pendicular to the thrust axis. Candidate hemispheres
with large missing energy are kept only if there is a pos-
itive b tag in the other hemisphere. Cuts are also per-
formed on the value of the thrust to ensure that events
are dijet-like and also on the direction of the thrust axis
to ensure that they are well contained in the detector.
Events containing a moderately energetic light lepton
(e/µ) in hemispheres with large missing energy are re-
moved. This is done to e�ciently reject semileptonic
b ! `⌫̄`X decays, which have a large branching fraction
and produce significant amounts of missing energy.

After considering all the cuts and e�ciency selections,
the ALEPH collaboration reports the following signal ef-
ficiencies for their target signal modes:

e�ciency(B� ! ⌧�⌫̄⌧ ) = 8.1% , (2)

e�ciency(b ! s⌫̄⌫) = 8.8% . (3)

Simulating the precise signal e�ciency for the completely
invisible Bd/s decays that we are interested in is beyond
the scope of this work. However, since the events that
we target have more missing energy in the signal region
than the ones in Eqs. (2) and (3), we expect the associ-
ated e�ciency to be higher than the ones quoted above.
Nevertheless and in order to remain as conservative as
possible, in what follows we take

e�ciency(Bd/s ! invisibles) = 8% , (4)

for the decay modes of interest in this work.

Fragmentation Function: To understand the observed
missing energy distribution pattern, it is key to have a
handle on the fraction of the beam energy that b-hadrons
carry at the time of their decay. This fraction is always
smaller than one as a result of the hadronization process.
On average, at LEP, b-hadrons decay carrying a fraction
of ⇠ 70% of the beam energy [41]. The ALEPH collab-
oration performed a dedicated study of the fragmenta-
tion function [42] and found that the energy spectra of
B mesons was well described by the fragmentation func-
tion of Kartvelishvili et al. [43]. In what follows, we use

the values of EB/Ebeam resulting from the fit to the data
displayed in Figure 5 of [42] using the Kartvelishvili et
al. function.

Data Processing and Signal Region: In the ALEPH
search, each bb̄ dijet event is divided into two hemi-
spheres defined by the plane perpendicular to the thrust
axis. After the various cuts and event selections were
made, events were listed in histograms of Emiss de-
fined as approximately Emiss ' Ebeam � Evisible, where
Ebeam =

p
s/2 and Evisible is the measured energy in the

given hemisphere. The correction factor to this formula
is small, see page 282 of [44], and the missing energy
spectrum resolution is expected to be ⇠ 2.8GeV. Al-
though the ALEPH data set was taken at slightly di↵er-
ent energies around and at the Z peak (see [42]), we takep
s = 91.2GeV for all the events. This is justified not

only because at least ⇠ 50% of the events were recorded
at that energy, but also because data taking was roughly
symmetrical around the Z peak. We thus do not expect
this simplification to have any significant impact on our
results.

The signal region used by the ALEPH collaboration
consists of events with Emiss > 35GeV. The observed
and expected background events in the relevant bins are
given in Table 5 of [36] and displayed in Figure 1. Fol-
lowing the original analysis, for our recast we use a single
inclusive bin with

Nobserved
E>35GeV = 2 , (5)

N expected
E>35GeV = 2.5± 1.6 . (6)

Although the observed number of events is slightly below
the expected background predictions, the global agree-
ment between them is fairly good. This allows to place
robust bounds on new physics signals.

Fragmentation Ratios: In order to derive bounds on Bd

and Bs decays, we need to account for the probability of
a b-quark hadronizing and leading to a weakly-decaying
Bd or Bs in Z decays. This has been extensively studied
using a combination of measurements of the LEP exper-
iments. The latest averages from HFLAV are [45, 46]:

fBs = 0.101± 0.008 , (7)

fBd/B± = 0.407± 0.007 , (8)

fb�baryons = 0.085± 0.011 . (9)

Again, to be as conservative as possible, we use fBs =
0.101� 0.008 and fBd = 0.407� 0.007 for our analysis.

Simulation and Analysis: We simulate the missing en-
ergy spectrum of B ! invisibles decays by folding in
the b-quark fragmentation function taken from [42] and
associating as missing energy all the energy carried by
the given B meson. We find that approximately ⇠45%
of the invisible B decay events fall in the signal region.
We then calculate the total number of events with large
missing energy based on the number of hadronic Z de-
cays in Eq. (1), taking into account that Br(Z ! b̄b) =

31
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Bx
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Figure 13: Comparison between the various measurements of the b-quark fragmentation distribution
versus xweak

B .

6.1 Combined fit to fragmentation distributions

Each of the four measurements of the b-quark fragmentation distribution is given
with a different choice of binning and has a different number of effective degrees of
freedom. In order to obtain a combined distribution, a global fit has been done, using
the smooth parameterisation of Equation (18). The χ2 minimised in the fit is the sum
of χ2 for the different experiments, computed by comparing, in each bin, the integral of
the parameterisation to the measured bin content. The number of degrees of freedom
for ALEPH, DELPHI and OPAL are 7, 7 and 5, respectively. When one more degree of
freedom is used for one of the three experiments, fits show a large increase in the χ2 value.
For SLD, the diagonal error matrix of the 22 bin values has been used, as the full error
matrix was not detailed in [29]. A comparison of the sources of systematic uncertainties
between the different analyses shows that, due to the various methods which have been
used [27–29], their origins are very different12. As a result, systematic uncertainties
from the different experiments have been supposed to be uncorrelated. The fit has been
done using both the xweak

B and xweak
p distributions. For 36 degrees of freedom, the fit

of xweak
B yields a χ2 of 55.8 (probability of 2%), and the one for xweak

p yields a χ2 of
67.7 (probability of 0.1%). The large χ2 values are not likely to originate from the
smooth function itself, as this function gives a good fit quality to all the individual
distributions. The minimum χ2 probability obtained in these fits is 31%. This marginal
compatibility comes rather from the dispersion of the results mainly between ALEPH
and SLD measurements which are respectively peaked on the high and low sides of the

12The correlated and the total systematic uncertainties are ±0.0012 and (+0.0038, − 0.0033) for OPAL; and ±0.0009
and ±0.0027 respectively for SLD. The ALEPH measurement uses B-meson semileptonic decays and there is almost no
correlation with the other three results.

DELPHI 1102.4748

EB/Ebeam

3) Number of events:
Br(Z → bb̄)/Br(Z → hadrons) ≃ 22 %
N(Z → hadrons) = 4 × 106

4) The efficiency after all of the cuts are performed is : 8 %
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Simulating the precise signal e�ciency for the completely
invisible Bd/s decays that we are interested in is beyond
the scope of this work. However, since the events that
we target have more missing energy in the signal region
than the ones in Eqs. (2) and (3), we expect the associ-
ated e�ciency to be higher than the ones quoted above.
Nevertheless and in order to remain as conservative as
possible, in what follows we take

e�ciency(Bd/s ! invisibles) = 8% , (4)

for the decay modes of interest in this work.

Fragmentation Function: To understand the observed
missing energy distribution pattern, it is key to have a
handle on the fraction of the beam energy that b-hadrons
carry at the time of their decay. This fraction is always
smaller than one as a result of the hadronization process.
On average, at LEP, b-hadrons decay carrying a fraction
of ⇠ 70% of the beam energy [41]. The ALEPH collab-
oration performed a dedicated study of the fragmenta-
tion function [42] and found that the energy spectra of
B mesons was well described by the fragmentation func-
tion of Kartvelishvili et al. [43]. In what follows, we use

the values of EB/Ebeam resulting from the fit to the data
displayed in Figure 5 of [42] using the Kartvelishvili et
al. function.

Data Processing and Signal Region: In the ALEPH
search, each bb̄ dijet event is divided into two hemi-
spheres defined by the plane perpendicular to the thrust
axis. After the various cuts and event selections were
made, events were listed in histograms of Emiss de-
fined as approximately Emiss ' Ebeam � Evisible, where
Ebeam =

p
s/2 and Evisible is the measured energy in the

given hemisphere. The correction factor to this formula
is small, see page 282 of [44], and the missing energy
spectrum resolution is expected to be ⇠ 2.8GeV. Al-
though the ALEPH data set was taken at slightly di↵er-
ent energies around and at the Z peak (see [42]), we takep
s = 91.2GeV for all the events. This is justified not

only because at least ⇠ 50% of the events were recorded
at that energy, but also because data taking was roughly
symmetrical around the Z peak. We thus do not expect
this simplification to have any significant impact on our
results.

The signal region used by the ALEPH collaboration
consists of events with Emiss > 35GeV. The observed
and expected background events in the relevant bins are
given in Table 5 of [36] and displayed in Figure 1. Fol-
lowing the original analysis, for our recast we use a single
inclusive bin with

Nobserved
E>35GeV = 2 , (5)

N expected
E>35GeV = 2.5± 1.6 . (6)

Although the observed number of events is slightly below
the expected background predictions, the global agree-
ment between them is fairly good. This allows to place
robust bounds on new physics signals.

Fragmentation Ratios: In order to derive bounds on Bd

and Bs decays, we need to account for the probability of
a b-quark hadronizing and leading to a weakly-decaying
Bd or Bs in Z decays. This has been extensively studied
using a combination of measurements of the LEP exper-
iments. The latest averages from HFLAV are [45, 46]:

fBs = 0.101± 0.008 , (7)

fBd/B± = 0.407± 0.007 , (8)

fb�baryons = 0.085± 0.011 . (9)

Again, to be as conservative as possible, we use fBs =
0.101� 0.008 and fBd = 0.407� 0.007 for our analysis.

Simulation and Analysis: We simulate the missing en-
ergy spectrum of B ! invisibles decays by folding in
the b-quark fragmentation function taken from [42] and
associating as missing energy all the energy carried by
the given B meson. We find that approximately ⇠45%
of the invisible B decay events fall in the signal region.
We then calculate the total number of events with large
missing energy based on the number of hadronic Z de-
cays in Eq. (1), taking into account that Br(Z ! b̄b) =

~ 70%
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Br(Bs → invisibles) < 5.9 × 10−4 at 90% CL

Br(Bd → invisibles) < 1.4 × 10−4 at 90% CL

NZ = 4 × 106
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Power of the searches and outlook
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BaBar: Br(Bd → invisibles) < 2.4 × 10−5

1206.2543
471 M

Br(Bd → invisibles) < 1.4 × 10−4LEP:

Nbb̄

0.9 M
Limit at 90% CL

Ideal place to look at these decays: FCCee 

Belle II with  at the  resonance:ℒ = 5 ab−1 Υ(5S)
Br(Bs → invisibles) < 10−5 1808.10567 and improve our limit 

by a factor of 40!

Sensitivity beyond  dependent 
upon further tagging methods since, e.g. 

.

∼ 10−5

Br(b → sν̄ν) |SM = (2.7 ± 0.2) × 10−5

see Amhis et al.  2105.13330, 2309.11353 
and Fedele et al. 2305.02998

and talk this morning by Matthew Kenzie
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FCCee: lessons learned
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see: CDS-link '94

Muon and electron detection 
efficiencies are key to reduce 
background. In particular, muon 
efficiencies at low momentum

There were considerable 
systematics arising from 
inaccurate neutral energy 
deposition modeling in the 
HCAL. In particular by high 
energy neutrons & KL 

https://cds.cern.ch/record/806041
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Revisited and old search for b-decays with large missing energy 
at LEP. Found the first constraint on Bs → invisibles

Br(Bs → invisibles) < 5.9 × 10−4 90% CL

Not yet able to test the parameter space of light BSM models capable 
of explaining the Belle II signal, but we thought it was interesting
As a search strategy it is really powerful as shown by comparison 
with dedicated BaBar search for Bd → invisibles
Something 
interesting 
to do: 

Actual full reanalysis of the old data
see talk by Marcello Maggi on Tuesday

What can FCC-ee do? A sensitivity analysis is still missing but:
1) Have as good as possible  ID, particularly at low momentae/μ
2) Be mindful of MC simulations of neutral energy deposition (n, KL) 
3) Probably have a very good understanding of the b fragmentation function will 
be useful as well
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Thank you!
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Gonzalo Alonso-Álvarez, U. Toronto

Questions, Comments and Criticism 
are most welcome!

ν̄
Bs

ν
miguel.escudero@cern.ch gonzalo.alonso@utoronto.ca

mailto:miguel.escudero@cern.ch
mailto:gonzalo.alonso@utoronto.ca
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B-mesons decay into 
Dark Matter and hadrons

Dark Matter

Baryon

(anti-Baryon)

B

⇤

 

Br (B !  + B +M)
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B-Mesogenesis: Baryogenesis and Dark Matter from B-Mesons
Elor, M.E.A., Nelson 1810.00880
Alonso-Álvarez, Elor, M.E.A., 2101.02706

see also: Aitken, McKee, Neder, Nelson 1708.01259
Nelson & Xiao 1901.08141, Alonso-Álvarez, Elor, Nelson, Xiao 1907.10612 

Key Prediction: Br(B → ψ + Baryon + X) > 10−4
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4 Flavourful variations exist*:

Bd !  + ⇤ (usd)
Bs !  + ⌅0 (uss)
B+ !  + ⌃+ (uus)
⇤b !  ̄ +K0

Bd !  + n (udd)
Bs !  + ⇤ (uds)
B+ !  + p (duu)
⇤b !  ̄ + ⇡0

Bd !  + ⌅0
c (csd)

Bs !  + ⌦c (css)
B+ !  + ⌅+

c (csu)
⇤b !  ̄ +D� +K+

Bd !  + ⇤c + ⇡� (cdd)
Bs !  + ⌅0

c (cds)
B+ !  + ⇤c (dcu)
⇤b !  ̄ +D

0

 b u s  b u d  b c s  b c d

(All work equally well for Baryogenesis)

𝒪[ψbus] 𝒪[ψbcs]
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Light new scalars

20

Light new scalars coupled to quarks can also lead to 
Missing Energy in B decays:

2002.04623 Martin Camalich, Pospelov, Hoa Vuong, Ziegler & Zupan
2201.06580 Ferber, Filimonova, Schafer & Westhoff 
2306.09508 Ovchynnikov, Schmidt & Schwetz

B → Ka
Strategy employed is to recast the old searches by BaBar:
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FIG. 5: (color online) The sB distribution for (from top
to bottom) B+

→ K+νν, B0
→ K0νν, B+

→ K∗+νν,
and B0

→ K∗0νν events after applying the full signal selec-
tion. The expected combinatorial (shaded) plus mES-peaking
(solid) background contributions are overlaid on the data
(points). The signal MC distributions (dashed) are normal-
ized to branching fractions of 20× 10−5 for B+

→ K+νν and
50×10−5 for the other channels. Events to the left of the ver-
tical lines are selected to obtain SM-sensitive limits, while the
full spectra are used to determine partial branching fractions.

over the full sB spectrum. Tables IV and V summa-
rize the number of observed data events within the sB
signal region (0 < sB < 0.3), expected backgrounds,
B → K(∗)νν signal efficiencies, branching fraction cen-
tral values, and branching fraction limits at the 90% CL.
Combining the signal channels, we determine upper lim-
its of B(B → Kνν) < 3.2 × 10−5 and B(B → K∗νν) <
7.9×10−5. Since we see a small excess over the expected
background in the K+ channel, we report a two-sided
90% confidence interval. However, the probability of ob-
serving such an excess within the signal region, given
the uncertainty on the background, is 8.4% which cor-
responds to a one-sided Gaussian significance of about
1.4 σ. Therefore, this excess is not considered significant.

Using the same procedure as when combining signal
decay channels, the B → Kνν branching fraction cen-
tral values are combined with a previous semileptonic-tag
BABAR analysis that searched within a statistically inde-
pendent data sample [15]. We obtain combined BABAR

upper limits at the 90% CL of

B(B+ → K+νν) < 1.6× 10−5,

B(B0 → K0νν) < 4.9× 10−5, and

B(B → Kνν) < 1.7× 10−5.

(4)

The combined central value is B(B → Kνν) =
(0.8+0.7

−0.6) × 10−5, where the uncertainty includes both
statistical and systematic uncertainties. These combined
results reweight the sB distribution to that of the ABSW
theoretical model (dashed curve in Fig. 5), which de-
creases the signal efficiencies published in Ref. [15] by
approximately 10%. The B → K∗νν central values also
can be combined with the semileptonic-tag results from
a previous BABAR search [16]. In order to obtain approxi-
mate frequentist intervals, the likelihood functions in the
previous search are extended to include possibly negative
signals. We obtain combined BABAR upper limits at the
90% CL of

B(B+ → K∗+νν) < 6.4× 10−5,

B(B0 → K∗0νν) < 12 × 10−5, and

B(B → K∗νν) < 7.6× 10−5.

(5)

The combined central value is B(B → K∗νν) =
(3.8+2.9

−2.6)× 10−5.
Since certain new-physics models suggest that en-

hancements are possible at high sB values, we also
report model-independent partial branching fractions
(∆Bi) over the full sB spectrum by removing the low-sB
requirement. The ∆Bi values are calculated in intervals
of sB = 0.1, using Eq. (3) (with the Nobs

i , Npeak
i , N comb

i ,

and εsigi values found within the given interval) multiplied
by the fraction of the signal efficiency distribution inside
that interval. Figure 6 shows the partial branching frac-
tions. The signal efficiency distributions are relatively
independent of sB, which are also illustrated in Fig. 6.
To compute model-specific values from these results, one
can sum the central values within the model’s dominant
interval(s) (with uncertainties added in quadrature) and
divide the sum by the fraction of the model’s distribu-
tion that is expected to lie within the same sB intervals.
These partial branching fractions provide branching frac-
tion upper limits for several new-physics scenarios at the
level of 10−5.
The B → K(∗)νν decays are also sensitive to the short-

distance Wilson coefficients |Cν
L,R| for the left- and right-

handed weak currents, respectively. These couple two
quarks to two neutrinos via an effective field theory point
interaction [33]. Although |Cν

R| = 0 within the SM, right-
handed currents from new physics, such as non-SM Z0

penguin couplings, could produce non-zero values. Using
the parameterization from Ref. [1],

ϵ ≡
√

|Cν
L|2 + |Cν

R|2

|Cν
L,SM|

, η ≡
−Re(Cν

LC
ν∗
R )

|Cν
L|2 + |Cν

R|2
, (6)

NB ∼ 4.7 × 108

efficiency ∼ 10−3

Br(B → Ka) ≲ 10−5

To be compared with:
1303.7465


