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Abstract

b-flavored hadrons decaying into a final state containing missing energy are of key importance
to flavor physics, particularly in searches for new physics. In this context, electron-positron
colliders running at the Z peak offer key conditions to explore this type of decays due to their
clean environment and also because the initial energy is known. Given the high interest on a
future TeraZ factory at FCCee, the aim of this project is to explore the type of signals that could
be probed with 10'? Z bosons, specifically very suppressed SM decays and also BSM decays
including dark sector particles (axion-like particles, dark photons) in the final state, as well as

deeply understand the backgrounds for this measurements.
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1 Introduction
1.1 Motivation

b-flavored hadrons decaying into a final state containing missing energy are of key importance to
flavor physics. Specifically, this type of hadrons that contain at least one bottom quark have specific
properties that make them a powerful tool for probing New Physics. For example, the first limit
on the decay b — sV V, that is highly suppressed in the SM, comes from LEP [1]. More recently,
the Belle-II experiment has reported an anomalously large B" — K+ vV decay rate [2]. This is
very interesting as it could be a signal of physics BSM and may be hitting to the possibility of dark

sectors, as the signal consists of missing energy, in other words, energy that escapes detection.

In this context, electron-positron colliders running at the Z peak have the ideal conditions for
studying decays of b-flavored hadrons containing missing energy. There are two reasons behind
this statement. On the one hand, these colliders provide a very clean environment compared to
hadron colliders. As we are colliding fundamental particles, the number of particles produced in
each event is much lower than when colliding protons, which contain quarks and gluons inside
that lead to far more complex outcomes. On the other hand, the second reason has to do with the

process itself and the fact that the initial energy of the b-flavored hadron decaying is known.

Given the high interest on a future TeraZ factory at FCCee, exploring this kind of processes is
quite relevant as this collider can potentially create 6 - 10'? Z bosons. Taking into account the
branching ratio of the process Z — bb [3] we would be talking about 2 - 10! b-flavored hadrons
produced. Hence, FCCee could be very sensitive to the remarkably small branching ratios of

b-flavored decays with large missing energy, which are very much of interest for BSM physics.
1.2 Objectives

The aims of this project are two:

1) explore the types of signals which could be probed with ~ 10'? Z bosons. This will include
B — tv decays, inclusive b — s v v decays as well as BSM modes such as B — invisibles decays

containing dark sector states.

2) understand the backgrounds for such types of measurements, arising for instance, from semilep-
tonic b decays, b — clv or b — ul v, which are very probable according to SM calculations and

hence generate large quantities of missing energy [4].
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2 Methodology
2.1 Process studied

The process we have focus on consists of an electron-positron collision at the Z peak with a
subsequent decay of the Z boson in one bottom quark and one bottom anti-quark. Because of
hadronization this process is followed by the formation of different hadrons in two back-to-back
jets, from which we are interested in the b-flavored hadrons formed and its weakly decays. Events
are partitioned into two hemispheres by the plane orthogonal to the thrust (as used in LEP/ALEPH
event—shape analyses, e.g. [5]). The thrust quantifies the coherence of the group of particles result-
ing from one collision, in other words, indicates how much of a jet form a group of particles has.

‘We defined it as

Z|ﬁi'ﬁ|
Z’Pl| ’

T = max (D
where p; is the momentum of particle i and 7 is the unit vector that maximizes 7" and defines
the thrust axis [6]. Specifically, the signal we are looking for is large missing energy, more than
20 GeV at least, in one of the hemispheres of the event, which is a similar search as the one the
ALEPH collaboration performed when obtaining the branching ratios of decays as b — 7~ v; X

and constraining SM highly suppressed decays like b — sv v [7].

As mentioned, the initial energy dis-

Energy Eg sampled tribution of the weakly decaying hadron
" is known. In fact, the fragmentation of
:: the b quarks into B mesons at the Z peak
000 was studied by the ALEPH collaboration

in [8]. From Figure 5 in [8] we have ex-
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tracted the data for the initial energy, Ep,

of one of those weakly decaying mesons.

0.00 4 Specifically, we can obtain the fraction xg,

10 15 3 . .
Energy EB [GeV] which is defined as the Eg/Epeqm € [0, 1].

The Epeq at the Z pole is approximately
Figure 1: Weakly decaying meson energy distribution, obtained

45 GeV.
from ALEPH data of Figure 5 in [8].
This spectrum is key to understand the
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observed missing energy distribution pattern as it contains the fraction of the beam energy that
b-hadrons carry at the time of their weakly decay. On average, at LEP, b-hadrons decay carrying a
fraction of ~ 70% of the beam energy [9]. The ALEPH collaboration performed a dedicated study
of the fragmentation function [8] and found that the energy spectrum of the B mesons was well

described by the fragmentation function of Kartvelishvili et al. [10].

From the digitized points (x;,y;) of the scaled B-hadron energy xp, we builded a non-negative
probability distribution by linear interpolation. We integrated it on [0, 1] (trapezoidal rule) and
normalize to obtain the CDF F(x). Samples are then drawn by inverse—transform sampling and

converted to energies via Ep = xp Epeam [11]. The final distribution we obtain is shown in Figure 1.
2.2 Simulation

Our analysis is based on a Pythia simulation of the full hadronization process with the Z boson
as the starting point. On the one hand, we simulated the whole decay of the Z boson, meaning
decays to a pair of quarks, leptons and neutrinos, taking into account the SM branching ratios.
That is what ALEPH dealt with when searching for these signals of large missing energy in b-
flavored decays. On the other hand, we specified the process to just Z — bb, obtaining only events
with already our target B hadrons. In that case, we would leave in each event one B meson without
decaying. This is important as for a later BSM implementation it is necessary to have that non-
decayed particle that can be substituted, outside Pythia, with the chosen BSM products. More on

this approach it would be discussed later on.

What leaving a B meson without decaying also allows is to compare the simulated energy distri-
bution for that B meson with the ALEPH-based distribution. This is interesting as a double-check
on the simulation, even though it has to be taken into consideration that the simulated distribution
is at truth-level while ALEPH data is at detector level. This basically means there are effects com-
ing from the detector resolution, the reconstruction acceptance bias etc. affecting the data that need
to be implemented in the simulation in order to directly compare both. This has been done in the
Appendix A and found agreement enough to continue with the Pythia simulation as a a validated
baseline for BSM studies. Hence, we will now focus on the full hadronization picture of a Z decay

in order to study the SM background of our BSM signals.
2.3 ALEPH-like analysis

The ALEPH experiment at LEP performed a search for rare B meson decays with significant

missing energy aiming to select them out of their 4 million hadronic events measured between

4
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1991 and 1995 at energies at and around the Z resonance [7]. We have implemented a selection
algorithm based on the specific cuts ALEPH used in that search and we have applied them to our
Pythia simulation of the whole Z decay. The cuts that ALEPH performed and how we have applied

them are the main focus of this subsection.

Hadronic events Out of all the events, ALEPH selected those with two jets, consistent with a
Z — qq decay. The standard criteria was applied: at least five good tracks carrying at least 10 %
of the centre-of-mass energy. That exact cut was applied in our case to 6 million general Z decay
events and we correctly selected, approximately, 4 million hadronic ones, which corresponds to
the 69% value of the branching ratio of the Z decay to quarks. Note that ALEPH defines a good
track as a charged particle track reconstructed with at least four hits [7], which we implemented as

that charged particle having enough energy to leave such hits, say more than 1 GeV.

In the same reconstruction algorithm, a Gaussian smearing was applied to the visible particles
in order to mimic the ALEPH detector response [12]. The reported energy resolution of the elec-

tromagnetic calorimeter is given by

E) 0.8
o) _ 018 009, (EinGeV),
E VE

while the precision in the measurable total energy is parametrized as
6(E) =0.6VE+0.6, (EinGeV).

Accordingly, the electromagnetic calorimeter resolution is applied to electrons and photons, whereas
for hadrons and other charged particles (such as muons) the generic resolution in the energy flow
is used, as this particles do not interact with the electromagnetic calorimeter but with the hadronic
calorimeter and the muon chamber, in the muons case. As the specific resolution for this two ele-
ments is not reported by ALEPH we use the precision in the total energy that we have access to.
This smearing allows the simulation to reflect the finite energy resolution of the detector, ensuring

that the reconstructed quantities are comparable to those measured in the actual ALEPH data.

For the momentum, the ALEPH collaboration also reported a resolution, in this case of 6(p)/p =
610~ pr $©0.005 (p in GeV/c) [12]. Now, we have not included for simplicity momentum smear-
ing in this analysis. We believe that the value reported by ALEPH wouldn’t seem to have great
significance in our results but we will discussed the implications of this approximation in the con-

clusions. Hence, every result reported is done with truth-level momenta for every particle. As
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invisible particles, no smearing is applied to the neutrino energies and all the values in their four-

momenta are left untouched.

Thrust To keep only two-jet events well contained in the detector acceptance ALEPH performed
two cuts to the thrust. First, the polar angle is required to satisfy |cos 6;p,,s| < 0.7 to match the
acceptance of the vertex detector. Also, the value of the thrust must exceed 0.85. This allows
to correctly select events with two sufficiently back-to-back jets, as those are expected to have
a value of the thrust axis near 1, and neglect those close to the direction of the incident beam,
effectively avoiding signal looses. The same cuts were applied to the simulation after computing
the thrust axis and the thrust value of the event. Several algorithms were used for maximizing the
thrust value, all of them only using the momenta of visible particles to the ALEPH detector, in
other words, stable-enough particles. This list includes pions, kaons, protons, neutrons, photons,

electrons and muons and their antiparticles.

The final algorithm used takes as a unique seed the direction of the largest momentum norm
|p| and performs a 20 iterations maximization with a certain tolerance. As we are working with
hadronic events already, the thrust distribution of a sample of events has its peak very near one.
This is consistent with two quarks being generated and hence the thrust cut selects almost 90%
of events, which is a bit above what ALEPH reported, which is more in the 60% to 70% region
[13]. Combined with the more selective cut on cos 6y, 55% of events survive these two cuts.
Each event is then divided in two hemispheres, which are defined by the plane perpendicular to the

thrust axis of the event.

Hemispheres In each hemisphere, ALEPH measures the missing energy as Eniss = Epeam — Evis-
The visible energy we have calculated it summing the energies in each hemisphere of the visible
particles mentioned earlier. The beam energy is performed calculating the invariant mass in each
hemisphere, also using only information of the visible particles, which is what ALEPH had access
to, and applying four-momentum conservation. The missing energy in each hemisphere is then

calculated exactly like ALEPH.

Large missing energy The signal region of ALEPH was defined as E,;;;s > 35 GeV. In our case,
our study is focused in the high energy tail, defined as E,;;;; > 20 GeV. Hence, that cut defines our

signal hemisphere, the one with large missing energy.
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b-tagging To enhance sensitivity to Z — bb events, ALEPH applied b-tagging in the opposite
hemisphere, the one without large missing energy, to ensure that the missing energy signal ob-
served was indeed coming from a b-flavored hadron decay. This can be done because the b quark
has a relatively long lifetime and hence hadrons containing them travel a longer distance (order of
mm), compared to hadrons containing light quarks, before decaying. This gives to the event quite
a distinctive signature for identifying it: what is normally called a secondary vertex. That distance
traveled is known as the "flying" distance and can be used, as explained, to distinguish jets coming

from b-flavored hadrons from jets coming from other type of hadrons.

The b-tagging algorithm has been based as every other cut

on [7]. In order to tag the opposite hemisphere as coming e e Q
from a b quark, each good track in it has assigned a proba- b hadron
. C ) . ) I —
bility of originating from the primary interaction point. That parameter
probability is calculated from the impact parameter signifi- V-
vertex

cance of the track, where the impact parameter is defined as
the distance of closest approach of a particle to the primary % - primary vertex
vertex. Its sign is often defined using the jet/flight direction \ 7 \

so that tracks from a displaced secondary vertex tend to have

positive IP. The secondary-vertex displacement can be quan-

. . . . Fi 2: Th j ith -
tified by the decay length, which in our case was given by 1eure ree jet event with a sec

) ) _ ondary vertex, coming from a b-flavored
Pythia alongside the four-momentum and PDG of every parti-

. hadron.

cle. The confidence level "¢ that all good tracks come from

the primary interaction point is then required to be smaller than 1% in ALEPH case. Also, ALEPH
reported a certain resolution, of ¢ =25um + 95um /p (p in GeV/c) [12] on the impact parameter

measurement that has been implemented in the simulation.

Now, the algorithm has been tested on a sample of hadronic events as well as on a sample of
events coming from a b quark. The goal was to find a balance between the number of events
that survive in the inclusive sample, that should be ideally around a 15% (the branching ratio of
Z — bb [3]) and the ones that survive in the only b quarks sampled, which ideally should be
around a 100%. Of course, there are several aspects to consider. First, that a ¢ quark does also
have a "flying" distance of the order of mm, and hence events coming from this type of hadron can
be tagged as coming from a b incorrectly. Secondly, being very strict with the tag can cause that

truly b quark events are lost. Finally, the method we follow is the ALEPH one explained with a
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slight modification of the specific parameters for the selection that maximizes the efficiency of it.
For example, we are more strict with the value of o,,,; than ALEPH was and also with the allowed
missing energy in the opposite hemisphere, reducing it from 25 GeV TO 20 GeV, but we maintain
the number of good tracks in the tag-hemisphere in 7 [7]. Our best result is approximately a 65%

selection in b, b events and a 20% selection in inclusive hadronic ones.

Semi-leptonic veto Events containing moderately energetic electrons or muons are rejected to
suppress backgrounds from semi-leptonic decays such as b — ¢vX, which have a large branching
fraction and produce significant amounts of missing energy. In our analysis, events with leptons
in the signal hemisphere with momentum above 2 GeV are discarded. This threshold is slightly
stricter than the 1 GeV cut typically used in ALEPH analyses [12]. We would discuss later the

implications of this difference.
2.4 BSM implementation

The next step in the analysis is to implement the BSM decay chosen to study in the sample of
b, b events. As mentioned, one B meson in each event is left undecayed so its four-momentum
can be replace by the four-momenta of the products of the corresponding BSM decay. Hence, a
study of two-body and three-body decay kinematics is needed. We have considered a b-flavored
hadron decaying to two or three generic particles, one or more of which can be then treated as
being invisible. Examples of this are the two-body decay B; — p a, where an axion-like particle
is involved, or the FCNC (flavour changing nuclear current) decay B — X; v v, where the two

neutrinos would be the source of missing energy.

2.4.1 Two-body decay

We first consider a generic two-body decay of a B hadron to two particles, B — 1 +2.

Rest-frame of the B hadron When considering the rest-frame of the B hadron and applying
simple relativistic kinematics we can obtain both particles energy in this frame (Equation 2 and
Equation 3) as well as the magnitude of their momenta (Equation 4). Because of being in the

rest-frame of the decaying particle both particles are created with opposite direction momenta.

2 2 2
gy =BT @)

ZmB
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2 2 2
mp—ms5+m
By= =P 3)
\/(m% —l—m% — m%)2 — 4m%m§
P1=p2= 4)

ZmB

LAB-frame of the B hadron The results in the rest-frame of the B hadron can be boosted to
the LAB frame considering that the particle is moving with a velocity vp in the x direction and

performing the corresponding Lorentz transformation, given by Equation 5, in which y = % and

VB:ﬁ:JIE)_Z'

E™MB = y(E —vppy) (5)

Hence, the resulting energies in the LAB frame for particle 1 and 2 are the following:

ro2 2.2 7

EILAB:}/ W_chosﬁ (6)
L 2mB ]
ro2 2 2 7
mp—ms+m

EZLAB:}/ B—“+va1cosz9 @)
L 2m3 ]

where 0 is the angle between the particle 1 in the rest frame and the direction of the boost, which
in this case and without loose of generality has been chosen to be the x direction. It is easy to

notice that EM8 + EI48 = Ep = mpy as it should because of energy conservation.

2.4.2 Three-body decay

We now consider the decay of a b-flavored hadron to three particles, namely 1, 2 and 3. In order
to simplify the problem we can define P;; = P, + P; using the four-momenta P; where i = 1,2,3
and consequently the Lorentz invariant masses of two particles s;; = mlzj = Pl% (i< j)[14]. Ttis
forward to prove that m%z + m%3 + m%3 = m% + m% + m% + m% where m; is the mass of the particle

i. Hence, the defined invariant masses are not independent of each other.

Rest-frame of the B hadron Our approach in order to solve the three-body decay problem,
which has a total of 5 degrees of freedom, is to consider an effective two-body decay in the rest-

frame of the decaying B meson. Hence, we will first solve the decay B — 1+ (2 + 3) and later

9
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solve the decay 23 — 2+ 3 in its own rest-frame and boost our results back to the rest-frame of
the b-flavored hadron. Then, by fixing s,3, the energy and momentum of particle 1 come from the

results from a two-body decay and can be written as:

E = my —mi + 523 (8)
2m3
l(mé,m%,szg)
p1= )

2mB
where we have used the Killén function, defined as A (a,b,c) = a® + b* + ¢* — 2ab — 2ac — 2bc.

Considering now the decay 23 — 2+ 3 in its own frame we can similarly calculate the energies

and momenta of particles 2 and 3 as in a two-body decay:

523 — m2 + m3

E; 10
27 23 (10
Ei= w (11)

24/523

1(523,m%,m%)
Pr=p3= (12)

2./523

We finally boost these last results back to the rest-frame of B with the following parameters

Y3 = \/ﬁ and ﬁ )3 = Zg = E23 where p; = pi(cos @,0,sina). The angle « is the angle between
the direction of the boost to the LAB-frame of the hadron decaying, which we choose to be the x
axis in its rest-frame, and the momentum p7. By choosing the component y of p to be null we are
simplifying the problem to the xz plane. The equations for a boost in a general direction are the

following:

-

E'=y(E+Bp) (13)
p=p+ (13_2 (B >+yE)B (14)
By substituting E7, E3, ﬁ; = p5(cos 0,0,sin6), 1;3 =— ﬁ; and the corresponding parameters for

this specific boost we can solve the three-body decay problem in the rest-frame of the b-flavored

10
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hadron. Note that the angle 6 is the angle in the 23 rest-frame between the 23 particle boost

direction and the particle 3 momentum.

LAB-frame of the B hadron Solving the three-body decay in the LAB-frame is conceptually
easy as it simply consists in boosting the results for the rest-frame of B, using Equation 13 and
Equation 14. The parameters of this boost are yp = % and fp = (]’;—‘Z,0,0), where Ep and pp are

the known energy and momentum of the decaying hadron.

3 Results

We have accomplished two main results. Firstly, the comparison between the ALEPH data and
our Pythia simulation after the cuts described in subsection 2.3 in the high missing energy tail,
defined as mentioned as E,,;ss > 20 GeV. Secondly, a constraint on the branching ratio of the decay
B; — p a, which involves an axion-like particle, based on the events observed by ALEPH, the
events of the SM predicted by the simulation and the events with BSM implementation, also in

that high missing energy tail.

3.1 Pythia simulation and ALEPH data on the high-E,; tail

Missing energy distribution

Simulation
=—— Signal hemispheres
104 ESM with BR = 1
& ALEPH (data)
!
103 i
=>
Q [
] §
:; 1 . o
o |3
c =)
= . &
L
10t i
[] 4
=
I
1
107
0 5 0 35 0 %5

Emiss [GEV]

Figure 3: ALEPH data and simulated events that survive on our signal region of E,;, > 20 Gev. We have also
indicated the ALEPH signal region, E,;;s > 35 GeV, and the selected bins, in blue, that in our simulation survive in

that region. Finally, in gray, we observe the BSM events for a branching ratio for B; — p a of 1%.

11
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ALEPH reported on [7] their main results for the specific search we have reproduced, which we
have summarize in Table 1. Following ALEPH, we use five exclusive bins in the missing-energy
tail, [20,25], [25,30], [30,35], [35,40], [40,45] GeV and we use our selecting algorithm to obtain
the number of counts in each event, with a starting sample of approximately 4 million hadronic
events, a number that mimics the sample ALEPH worked with. Our result can be found also in

Table 1.

Table 1: Observed ALEPH counts and the Standard Model (SM) expectation from the simulation, after identical

selections.

bin [GeV] \ 20-25 25-30 30-35 35-40 40-45
NPbs 420 113 31 1 1
NM 839 245 51 12 0

1

We find an appreciable difference in the number of events selected in each bin compared to what
ALEPH reported [7]. This can be properly observed in Figure 3, where we are showing the high
missing energy tail we are interested in. The discrepancy is specially notable in the region of 35
GeV onward, where ALEPH reported 2 events and we find 12. This difference cannot be justified

by Poisson fluctuations and hence has to do with the selection process.

By studying the number of events discarded and selected by each cut we have detected this
discrepancy with ALEPH results is likely due to the fact that the cut in the value of the thrust is
looser than what ALEPH reported and that the algorithm used for b-tagging is also looser than
it should be in this high missing energy tail. This two discrepancies are probably leading to the
observed behavior. Also, we applied a slightly higher lepton veto than ALEPH in order to have a
closer result, which wouldn’t be necessary if both the thrust and the b-tag cuts had an efficiency
more similar to the one ALEPH reported. Hence, a combination of this three aspects is what more

likely is causing the discrepancy in the missing energy distribution that we observed.

However, acknowledging this discrepancy and considering its effect allows for continuing the
study, as the SM simulated background needed has been built. As mentioned, we have focus on

the BSM decay B; — p a due to being a two-body decay that is still unconstrained experimentally.
3.2 Limit on BR(B; — p a) from the high-FE,; tail

The BSM template is built by forcing B; — pa decays for every B, in the sample of Z —

b b events (the other b hadron in the event has been left SM). This basically means that we are

12
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implementing the BSM decay with a branching ratio of 1%. The implementation is done using the
two-body decay equations from subsection 2.4 and considering the p later decays to £ 7, which
the SM model predicts to be the only decay of this neutral meson [4]. Also, in this whole analysis

the ALP a is considered to be massless, so we fix m, = 0 GeV.

Because in the simulation other type of B hadrons are also left undecayed, events containing
B* and By are discarded. As a consequence, out of a simulation of 103 events, we are left with a
initial number of BSM B, decays of Ni‘Z = 490,249. This number agrees with fg, = 0.407£0.007
[15], which is the probability of a b-quark hadronizing and leading to a weakly decaying B, in
Z decays. Applying the same selection explained in subsection 2.3 to this BSM template we can

form absolute per-B, selection probabilities:

sel

pi = lin = {0.022105, 0.018305, 0.012985, 0.004987, 0.000447},
By

with Nisel the number of counts per bin i that survive the cuts. Because }; p; < 1, these numbers

already include the total selection efficiency.

Both ALEPH data and our SM sample correspond to approximately 4 million hadronic Z events.
In the simulation case the exact number is Np,q = 4176778, but ALEPH number is also of that

order. For a test value 4 = BR(B; — pa) the expected signal in bin i is

v§ig(“) — Nb‘upi, N, = NhadBR(Z — bB) X 2, (15)

1

with BR(Z — bb) = 0.151 [3]. We omit an explicit B; fragmentation factor here because it has

been already indirectly applied in the B;-only injection used in the analysis.

Assuming independent Poisson fluctuations per bin, the likelihood for u is
Z(w) = [TPois(NY™ [mi(w)),  pulp) = NM+v;% (). (16)
i
We scan u on a logarithmic grid (including p = 0) and use the bounded profile-likelihood ratio
gu = —2InA (1) = 2[InZ2(R) ~n.Z(k)] >0,

which vanishes at the best fit . Under Wilks’ theorem, g, is asymptotically distributed as a x?
variable with one degree of freedom [16]. The one-sided 90% CL upper limit is then defined as the
first u for which g, =2.71 [17].

13
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By— pa

10

Expected +20
Expected 1o
= Observed: —24InC
Asimov expected
=== 80% CL (}*=2.71)
----- Exp. UL = 4 41e-04
----- Obs. UL = 9 26e-05

» Bestfit i=2 54e-05

x2=—-2AIng

-

10 10 102

BR(Ba— pa)

Figure 4: Observed and Asimov expected curves for the decay B; — p a. We have marked the best fit for the
branching ratio as well as the 90% confidence level upper limit, for both observed and expected. The £10 and +£20¢

expected bands are also plotted.

The expected sensitivity is first estimated using the Asimov dataset, defined by setting Nl-"bS =
NiSM, which gives the median expectation in the asymptotic approximation [17]. To quantify the
statistical spread around this median, we generate Nyoys = 3000 pseudo—experiments in which each
bin is fluctuated according to a Poisson distribution with mean NiSM. For each toy dataset the upper
limit is determined, and the central 68% and 95% intervals of the resulting distribution are quoted

as the 10 and 20 expected bands.

From the likelihood fit we obtain a bestfit signal strength fi ~ 2.54 x 107> The observed 90%
CL upper limit is
HOYS =9.26 x 1077,

For comparison, the expected limit from the Asimov dataset is ,LL{I}3 ~4.53 x 10~*, while the median
of the toy experiments is iy, ~ 4.41 x 10~*; both numbers agreeing quite well. The toy distribution

also yields the expected one— and two—sigma bands:

+10: [2.55,7.56] x 107, +20: [1.71 x107%,1.00 x 1073].

The observed upper limit and the expected median one as well as the =10 and +20 expected

bands are plotted in Figure 4.

14
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The observed upper limit is noticeably stronger than the median expected one. This is because
the ALEPH data contains fewer events than predicted by the Standard Model simulation in the
highest missing—energy bins, which are the most sensitive to a potential signal. Such a deficit dis-
favors the presence of any additional positive contribution, and the likelihood fit therefore prefers
a smaller signal strength. Now, we should recognize that the Standard Model prediction from the
simulation does not perfectly reproduce the ALEPH distributions, mainly due to the limitations
in our selection algorithm discussed earlier. Hence, this mismatch contributes to the discrepancy
between the observed and expected limits, and underlines that the present result should be regarded
as preliminary.

Nevertheless, it is instructive to compare with previous bounds in the literature. In particular,
[18] derived limits from a recast of the ALEPH analysis targeting partially invisible B decays into

an axion. For a massless axion they report
Br(B — pa) <3.9x107* (90% CL).

However, their analysis combines both B™ and B, contributions to the pa final state, so the effective

bound relevant for comparison is closer to
Br(B — pa) <9.75 x 1074,

where we are considering the probability of fragmentation to B; mentioned earlier. Our present
study therefore provides complementary sensitivity, though the systematic uncertainties and back-

ground mismodelling must be further refined before a robust comparison can be established.

4 Conclusion

We can conclude from the results discussed several key ideas. Firstly, we have implemented a
machinery that reproduces to a certain extent ALEPH results on their search of b-flavored hadron
decays with large missing energy. There are still improvements to do to it, mainly to the algorithm
that finds the thrust axis of each event as well as to the b-tagging algorithm, which, combined, is
what is probably causing the main disagreements. Also, it would be very interesting to consider
the momentum resolution of the ALEPH detector, as for example the thrust is quite dependent on
the momenta values. Secondly, that machinery has allowed us to obtain a constraint on the BSM
decay B; — p a, knowing is only a preliminary result until the SM prediction can be improve to
be closer to what ALEPH observed.
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Hence, what is next to do is pretty straightforward. The SM prediction needs to be refine so
an improved result can be obtained for the specific decay considered in this analysis, but also for
others. A full B — invisible decay could be considered, as in [18], but also a FCNC decay as
B — X, v V or a decay involving a dark matter particle like B — p y. Moreover, there has been
going on an effort at CERN to recast the ALEPH data to a modern format. This means this whole
analysis, with the pertinent improvements, could be applied to real data, which is quite a promising
possibility.

A final note is that every code discussed in this report is available on GitHub.
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Appendices

Appendix A: Pythia and ALEPH comparison on the energy distribution of B mesons

Since the ALEPH collaboration only considers non-strange B mesons, the data in the Pythia

distribution was selected to include only the mesons consider by ALEPH, B° and B*. In order

to make a physical comparison a simplified detector reconstruction model was implemented and

tuned directly to the ALEPH measured spectrum.

The tuning procedure was designed to account for two main effects: (i) the smearing of the true
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hadron energy due to the finite detector resolution, and (ii) the acceptance bias introduced by the

event reconstruction, which disfavors high-energy B hadrons.

The smearing was modeled by applying an event—by—event Gaussian fluctuation to the visible
energy fraction, parametrized by a mean visible fraction [i,is and a constant fractional resolution

term Oyis. The detector resolution was further modeled as

6 (Evis) = \/A2+ (B Evis>2, (17)

where A and B are energy—independent and energy—dependent resolution parameters, respectively.

The reconstruction acceptance was described by a logistic function

1 —ep;
8(Ereco) = €min T Emm N’ (18)
1 + eXp ( rect;v_ 0)

where enin, Ep and w control the low—energy plateau, the inflection point and the slope of the

turn—on.

B-hadron energy spectrum

—— ALEPH digitized
PYTHIA truth (BO,B=+)
0.06 1 —— PYTHIA reco-model (tuned)

0.07 A

0.05 A

0.04 ~

0.03 A

Normalized count

0.02 ~

0.01 ~

0.00

0 10 20 30 40
Eg [GeV]

Figure 5: b-flavored hadron energy distribution comparison between the ALEPH digitized data, the Pythia data only
including the mesons considered by ALEPH and the model for that Pythia data when including the effects coming

from the finite detector resolution and the event reconstruction

The parameters [iyis, A and ep;, have been tuned iteratively so that the reconstructed PYTHIA 8
spectrum for non-strange B mesons (B and B*) matched three key observables of the ALEPH
distribution: the peak position (Epeak), the RMS width, and the fraction of events in the high-
energy tail (Ep > 38 GeV). The final tuned values, u,;s = 0.984, A = 0.205, and ey, = 0.83,
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reproduce the ALEPH peak exactly and match the width and tail fraction within AE ~ 0.1 GeV
and |Af| < 0.01, respectively.

From this analysis we can conclude that the tuned, minimal reconstruction model reproduces
the ALEPH weakly decaying B hadron energy spectrum very well: the peak position matches
exactly, the width differs by ~0.1 GeV, and the high—energy tail fraction agrees within ~0.01.
The largest residual discrepancy appears at low Ep. Given these uncertainties, we consider the

agreement sufficient for the use of our simulation as a validated baseline for BSM studies.
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