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ABSTRACT: At colliders, neutral long-lived particles can be detected through displaced
decay products or as missing energy. Which search strategy is better depends on the par-
ticle’s decay length just as on the detector properties. We investigate the complementarity
of displaced and invisible signatures for the Belle II experiment. Focusing on axion-like
particles a produced from meson decays, we present a new search strategy for two-body
decays BY — K*a,a — F with missing energy J. With 50 ab—! of data, Belle II can probe
light invisible resonances with branching ratio B(BT — K*a) > 1077 and decay length
ct, 2 1m. For axion-like particles, we expect the sensitivity of BY — KTJ to small
couplings to improve by up to two orders of magnitude compared to previous searches
at collider and fixed-target experiments. For sub-GeV particles, Bt — KT at Belle II
and searches at beam-dump experiments are most sensitive; for heavier particles, searches
for displaced vertices at Belle II, long-lived particle experiments at the LHC, and future
fixed-target experiments can probe the smallest couplings.
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1 Introduction

The lifetime of a particle is a matter of fact; its detection is a matter of perspective. At
colliders, a long-lived particle (LLP) may decay within the detector and leave traces of
displaced decay products. Or it may traverse the detector and only be reconstructed as
missing energy from the remainder of the event. In either case, the sensitivity depends
on the particle’s source and kinematics just as much as on the experimental setup and
detector properties. To determine the discovery potential at an experiment, we have to
consider case by case: which search strategy is most sensitive — displaced or invisible?
Particle physics experiments are sensitive to LLPs within a huge range of masses and
lifetimes [1, 2]. Collider experiments with a small detector coverage around the collision
point, like LHCb [5] and FASER [6], mostly rely on displaced decays within the detector.
Similarly, fixed-target experiments with a directional source are often designed to detect
visible final states [35, 38, 39], but can also be sensitive to signatures with missing en-
ergy [32, 33]. At these experiments, the search strategy for LLPs is usually determined
by the geometrical setup. On the other hand, collider experiments with a large detector
coverage like ATLAS, CMS and Belle II can perform searches for both displaced ver-
tices [7, 44, 45] and for missing energy [8-10, 48]. Here the optimal search strategy is much



less predictable, especially for particles with decay lengths that are comparable with the
scales of the detector.

In this work we compare displaced and invisible signatures at the Belle IT experiment.
For concreteness, we focus on axion-like particles (ALPs) which can be resonantly produced
in B meson decays. Belle II is perfectly suited to search for ALPs ¢ in B — Ka, a —
(T4~ decays with displaced leptons, as well as in B — K} decays with missing energy.
This versatility is mostly due to the large angular detector coverage and an excellent
reconstruction efficiency for charged particles. Previously, BaBar has performed searches
for light resonances X in B — KX, X — ¢T¢~ with displaced leptons [26] and a search for
a leptophilic scalar ¢ in ete™ — 7777 ¢, ¢ — €74~ with displaced leptons [27]. Belle has
searched for long-lived heavy neutral leptons v}, in B — X/{uvy,, v, — £~ 7" with displaced
leptons and pions [28]. For Belle II, new searches with visible final states from LLP decays
produced in B meson decays [66-68], T decays [49, 69], or directly from eTe™ collisions [44,
45] have been proposed.

Searches for B — K} with missing energy, on the contrary, have so far only been
performed in the context of neutrinos in B — Kvv [22, 25, 48]. These analyses have been
optimized for three-body decay kinematics, and some of them even reject two-body decays
to suppress background. While the BaBar search for B — Kvv [22] provides a new physics
interpretation, it is not optimised for new physics searches. We will see that the BaBar
results explore only small regions of the ALP parameter space that is not covered by other
searches. The benefits of a dedicated two-body analysis at Belle II for new physics searches
have been stressed in ref. [56].

We propose a new dedicated search strategy for invisible ALPs in two-body decays
Bt — K*a, a — F at Belle II. To optimize the sensitivity, we perform a detailed analysis
of the dominant background processes and identify selection criteria for a low-background
region. With such a search, Belle IT can probe ALPs with very small couplings that have
not been explored in existing experiments. Our strategy can also be used more generally
to search for light neutral scalars or pseudo-scalars produced from meson decays. To assess
the complementarity of displaced and invisible searches, we compare our predictions for
B — K F with existing predictions for B — KX, X — T/~ decays at Belle II [66].

This article is organized as follows. In section 2, we introduce a model for the pro-
duction and decay of long-lived ALPs in meson decays. In section 3, we discuss existing
bounds on the ALP parameter space from searches at flavor and fixed-target experiments.
In section 4, we present our new search strategy for invisible ALPs with B — K J decays
at Belle IT and determine the projected sensitivity to light resonances. In section 5, we
compare these projections with the search potential for displaced B — Ka, a — £7¢~ de-
cays at Belle II. We conclude in section 6 with an outlook on complementary ALP searches
with displaced and invisible signatures at future experiments.

2 ALP model and benchmarks

Axion-like particles are new pseudo-scalars whose interactions with Standard Model (SM)
particles preserve a global shift symmetry a — a + ¢, where a is the ALP field and ¢



is a constant. Originally, axions were proposed as a solution to the strong CP problem
in QCD [11-14]. More generally, axion-like particles can be predicted in many theories
with spontaneously broken symmetries as pseudo Nambu-Goldstone bosons. At colliders,
light pseudo-scalars can be produced in rare meson decays M; — Maa [15-21, 51, 52, 55].
Meson decays via flavor-changing neutral currents are suppressed in the Standard Model,
but can be strongly enhanced if the ALP is resonantly produced. In this work, we are
mostly concerned with B — Ka decays which probe ALPs with masses m, < mp — mx.
At energy scales p above the weak scale, p,,, the relevant ALP couplings are described by
an effective Lagrangian [60]!
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The ALP can be interpreted as the Goldstone boson of a spontaneously broken global chiral
symmetry, broken at the cutoff scale A = 47 f, of the effective theory. In QCD, f, is closely
related to the axion decay constant. In our analysis we set f, = 1TeV. Furthermore, c‘g
and c - denote the ALP coupling to SM fermions f;, f; from generations ¢,j = 1,2,3 in
the mass basis. In general, the flavor and chiral structure of ALP couplings to fermions is
arbitrary, with the only restriction that flavor-diagonal vector couplings ¢}, are absent due
to the shift symmetry. Once a UV completion of the ALP is specified, the flavor structure
of the ALP couplings is fixed. In this work, we assume that the fermion couplings are

flavor-diagonal and flavor-universal at the cutoff scale, setting

cpp(A) = ey (M) = egp(A) = eiz(A),  c(A) = c(A) =0 (i # j). (2.2)

Finally, cyy with V = {G, W, B} is the ALP coupling to gauge bosons with field strength
tensor V), and dual V,,, = %ewngp", normalized to the respective gauge couplings. The
sum over gauge indices is implicit.

Below the weak scale, the relevant terms of the effective Lagrangian read
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Here « is the fine-structure constant and ¢y, = cww + cpp is the ALP coupling to pho-
tons with field strength tensor F),,. The Wilson coefficient Cyq (1) describes the effective
ALP interaction with left-handed down-type quarks dd’ = {sb,ds} below the weak scale,
generated through loops of virtual top quarks and electroweak bosons. At the weak scale,

We adopt the notation from ref. [63], but express the fermion fields above and below the weak scale in
terms of their mass eigenstates f.



it is well approximated by [63]
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where ay = y?/4m and x; = m?/m¥,. The function
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describes the RG evolution of the ALP coupling to top quarks, ¢y, from the cutoff scale
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A down to the weak scale p,,. Due to our assumption of flavor-universal ALP couplings
crf, see (2.1), we identify ¢y (A) = cr¢(A) in what follows. Below the weak scale, the RG
evolution of Cyz(p) is moderate, so that Cg(my) &~ Cap(piew) and Cys(ms) ~ Cys(piw)-?
Due to our assumption of flavor-universal ALP-fermion couplings, the Wilson coefficients
are related by Cg, = ViiVip/(V,5Vis) Cds. In scenarios with flavor-changing ALP-fermion
couplings at the scale A, s — b and d — s couplings are in general independent parameters.

To make predictions for flavor observables, we evolve the coupling cs¢(A) in (2.1) down
to the bottom mass scale i, = my, via the renormalization group (RG) [53, 56, 63, 64].> To
perform the RG evolution and matching at the weak scale p,, = mz, we have used a code?
that is based on the results of ref. [63]. The gauge couplings ¢y are not renormalized and
therefore constant above the weak scale.

The production rate for an ALP from B — Ka decays is

2 2\ 2
I'pka= ZCSb[E;nb) f(? (mz) mp (1 - :Zé;) )‘I/Q(sz7m%(7m2) ) (2.6)
with the kinematic function A(a,b,c) = a? 4+ b* + ¢ — 2(ab + ac + be). The scalar form
factor fo (m2) parametrizes hadronic effects in B — K transitions at momentum transfer
q®> = m2. We implement the predictions for the scalar form factor fo (m?2) from ref. [57).

Expressed in terms of the three parameters cyy, cyyw and mg, the branching ratio for
Bt — Kta from (2.6) reads

_ crr(A) cww (M) \? fa(m2) \V/2(m%, m3, m?)
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using fp(0) = 0.329 [57]. The decay modes of the ALP vary strongly with the ALP mass.
For m, < 2m., the ALP can only decay into two photons at a rate

(2.7)
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2In our numerical analysis we include RG effects below the weak scale.
3In general, the ALP couplings of left- and right-handed fermions evolve differently, with small effects

2
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on the flavor-diagonal couplings. For simplicity, we express the ALP-fermion couplings in terms of mass
eigenstates f in (2.1), but include the full evolution in our numerical analysis.
4We thank Sebastian Bruggisser and Lara Grabitz for sharing their code with us.



with the effective coupling

() = eww () + O( 1= cr7). (2.9)

For 2m. < m, < 3m, the ALP decays mostly into pairs of electrons or muons [61, 63],

2
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with the effective coupling®
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For masses m, > 3m,, the ALP can decay into hadrons. Below the scale of QCD con-
finement, the rate can be calculated in chiral perturbation theory; at high energies a per-
turbative treatment is possible. In the intermediate range around p ~ 1 GeV, predictions
of hadronic ALP decays are affected by large hadronic uncertainties and should be used
with caution. For more details on our treatment of hadronic decays and a compendium of
analytic expressions for all partial decay widths, we refer to appendix A.

Besides decays into SM particles, ALPs may also have exotic decay channels. In
particular, an ALP could serve as a mediator to a dark sector and decay into invisible final
states at a rate [';_iny. Assuming that no other decay channels exist, the total width of
the ALP is given by

To=Tamsyy+ Y, Tulyii©(ma —2my) + Tasshad O(ma — 3ma) + Lasyiny - (2.12)
ZZ@HU’T

The decay width of the ALP determines the lifetime 7, = I';!. In our analysis, we focus
on ALP decays into leptons and photons. Hadronic decays enter the phenomenology only
through the lifetime.

For our analysis we define two benchmark scenarios:

[13 b

e’ ALP coupling to fermions crr(A) #0,  eww(A) =0, (2.13)

[43 9

0
cww” ALP coupling to gauge bosons  cww (A) # 0, crr(A)=0

The corresponding branching ratios of the ALP into the various final states are shown
in figure 1. ALP decays to invisible final states are absent in these scenarios, so that
Fysiny = 0 in (2.12).

In the cy; scenario, the partial decay rates of the ALP scale as

(6%
Taset % €55(ma) s Loy & - p(ma). (2.14)

"Even if fermion couplings are absent at the cutoff scale, c;f(A) = 0, the ALP can still decay into leptons
through loop effects of the gauge couplings. These decays are strongly suppressed by the electromagnetic
coupling, they are not relevant for our analysis.
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Figure 1. Branching ratios for ALP decays a — X in the ¢y scenario (left) and the cyw scenario
(right). The ALP couplings are fixed to cf¢(A) = 1 and cww (A) = 1 at the cutoff scale A = 47 TeV.
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Figure 2. ALP decay length cr, as a function of the ALP mass m,, for the two benchmark
scenarios with c¢fr(A) =1 (blue) and eyww (A) =1 (orange) with A = 47 TeV.

For masses 2m, < m, < 3m;, the ALP decays mostly into leptons. Decays into photons
are loop-suppressed and dominate only for m, < 2m..

In the cyw scenario, the ALP decays according to

4
[0
Fa—%g X <47r> C%/I/W(ma)a Fa—wfy X C%{/W(ma) . (215)

Here the ALP decays mostly into photons, while decays into leptons are loop-suppressed.

In figure 2, we display the proper decay length c7, of the ALP as a function of its mass
mg in the two benchmark scenarios with fixed couplings cff(A) = 1 and cww(A) = 1,
respectively. In the cyw scenario, the lifetime of the ALP is larger because ALP decays
through gauge couplings are rare compared to decays through fermion couplings. For small
ALP masses and/or small couplings, the decay length is macroscopic and the ALP tends
to decay at a distance from the production point.



3 Bounds from flavor and fixed-target experiments

The search strategy for ALPs at flavor experiments depends on the lifetime and decay
modes of the ALP. At short lifetimes, the ALP decays within the detector and may be ob-
served in B — KX or K — 7X decays with detectable final states X = {uTu~",eTe™,yv}.
At long lifetimes, the ALP can be stable at detector scales and leave signatures with miss-
ing energy I, such as B — KJ or K — mf. For ALPs with intermediate lifetimes, it is a
priori not clear whether searches with visible or invisible final states are most sensitive.

The expected event rate in the detector scales with the decay probability of the ALP.
The probability to find an ALP with boost factor 5+ at a distance r from its production
point is given by

Pu(rlpy) = e (<) da=Brem, (3.1)

a
where d, is the ALP’s decay length, defined in the laboratory frame. To obtain the average
probability (IP,) for an ALP to decay outside the detector in a sample of N events, we sum
over all trajectories inside the detector volume and take into account the respective boost,

(Pa) = 3 Pulril ). (32)
k=1

Here 7} is the distance between the ALP production point and the point where it leaves
the detector. If the ALP is produced in meson decays, the expected event rate for ALP
decays inside the detector is given by

No(B = KX) = NgB(B — Ka) x B(a = X) x (1 — (P,)), (3.3)

where Np is the number of B mesons produced in an experiment. For invisible ALPs, the
event rate is

Nu(B = KE) = Ng B(B = Ka) x (Bla = X) x (P,) + B(a — inv)).  (3.4)

Here X refers to visible final states. Analogous expressions apply for K — 7 decays.

In this section we investigate the interplay of visible and invisible ALPs at flavor and
fixed-target experiments. We derive bounds from existing searches for rare meson decays
that can be interpreted in terms of ALPs. In section 3.1, we focus on signatures with
displaced leptons, most notably a search by LHCb for light resonances in B — Kpu*pu~
decays with displaced muon pairs [30]. In section 3.2, we discuss signatures with photons
in the final state, in particular the recent search for ALPs in B — K~~ by BaBar [23].
In section 3.3, we investigate searches with missing energy. We reinterpret a search for
B — Kvv decays by BaBar [22] for invisible ALPs and derive bounds from a recent search
for KT — 7t X, X — inv at NA62 [32, 33]. In figure 3 we summarize the strongest bounds
on ALPs in the two benchmark scenarios from (2.13). All bounds apply for the effective
ALP couplings cs(A) and cyw (A) at the cutoff scale A = 47 TeV. To derive these bounds
from the measured observables, we have RG-evolved the coupling cs¢(x) in our predictions
from pu = A down to the relevant scales for B and K decays, u = mp or 4 = msg, as
described in section 2. The coupling cyyw = cyww (A) is constant above the weak scale and
little affected by the RG evolution at lower scales.
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Figure 3. Bounds on the effective ALP coupling to fermions, csr(A)/fo (left), and weak gauge
bosons, cww(A)/fo (right), as a function of the ALP mass m,. Shown are bounds obtained from
searches for BT — KTwvu at 90% C.L. by BaBar [22] (yellow), KT — 77X at 90% C.L. by
NA62 [32, 33] (orange), BT — Kt~y at 90% by BaBar [23], for di-photon signals at 90% C.L.
at beam-dump experiments [43], notably at NuCal [36], CHARM [83] and E137 [82] (blue), and
searches for B — KX, X — pu*pu~ with prompt and displaced muons at 95% C.L. by LHCb [29, 30]
and CHARM [54] (green). Only one ALP coupling is present at A = 4w TeV; all other couplings
are set to zero. Some of the bounds apply more generally in other scenarios, see the discussion in
section 3.4.

3.1 ALP decays to leptons

ALPs that decay into leptons ¢ = {e,u} within the detector volume can be probed in
B — K¢¢~ and K — w¢*¢~ decays. The LHCb collaboration has performed searches for
a light resonance X in B —+ KX, X — pu*u~ decays with prompt [29] and displaced [30]
muon pairs, as well as an inclusive search for di-muon vertices [31]. We reinterpret the
search with displaced muons [30], which is most sensitive to ALPs with long decay lengths.
Based on 3fb~! of LHC data, LHCD has derived upper limits on the product of branching
ratios, B(B* — KTX)B(X — ptu™). The results are reported for di-muon invariant
masses in the range 250 MeV < m,,,, < 4700 MeV and lifetimes of X ranging from 0.1 to
1000 ps. Our reinterpretation of these limits for ALPs with masses mg = m,, is shown in
figure 3. At the upper end of the excluded mass region (lower green area), m, ~ 1 GeV, the
decay into muons is strongly suppressed by hadronic decays and the search loses sensitivity.
The bounds on the coupling in the cs¢ scenario (left panel) are stronger than in the ¢y
scenario (right panel), due to the larger production rate (2.7) and branching ratio (2.15)
into muons.

Larger ALP couplings are excluded by a similar search with less displaced di-muons
(upper green area) [29], which is sensitive to ALPs with lifetimes 7, < 0.2s. A previous
inclusive search for displaced vertices by BaBar [26] is not competitive with LHCb in the
considered mass range [66].

Small couplings can also be constrained with the CHARM experiment. In ref. [54],
the authors have reinterpreted a search for sterile neutrinos at CHARM [83]. They report



model-independent bounds on B(BT — KT X)B(X — ptp™) as a function of the lifetime
7x for four fixed ALP masses. We interpolate between the provided mass benchmarks and
show the resulting excluded regions in the ALP parameter space in figure 3 (green). The
search is only sensitive to the cys scenario, where the ALP-lepton coupling is generated at
tree level. In principle, CHARM could also search for lighter ALPs in K — wa,a — {70~
decays. However, as explained in ref. [46], most kaons are absorbed in the target, which
drastically reduces the sensitivity to ALP decays in the far detector. We do not expect
bounds from CHARM beyond the reach of missing energy searches at NA62 and BaBar,
see section 3.3.

ALPs with masses below the di-muon threshold can be probed with rare kaon decays.
The NA48/2 experiment at CERN has measured the rare decays K™ — 7" p™p~ [41] and
K* — mrete™ [42]. The measurement focuses on the SM topology, selecting three-track
vertices from kaon decays. Due to this selection criterion the measurement cannot be
reinterpreted for ALPs with long decay lengths, where the pion and di-lepton momenta do
not point back to the same vertex. For ALPs with short decay lengths, the parameter region
for mq > 2m,, has been excluded by LHCb [29]. For lighter ALPs with large couplings,
K+ — nteTe™ can set bounds in the range 140 MeV < m, < 354 MeV. In section 3.3, we
will see that this parameter region has been excluded by a recent search for K+ — 7 [ at
NA62 [32]. We therefore do not attempt to reinterpret the K™ — 77 ¢" ¢~ measurements.

3.2 ALP decays to photons

While ALP signatures with leptons mostly probe the fermion coupling c;y, final-state
photons are sensitive to the gauge coupling cyw. Here we derive bounds on cyyy from
searches for ALPs with photons at colliders and fixed-target experiments; for previous
similar analyses see for instance refs. [38, 43].

Recently the BaBar collaboration has performed a dedicated search for ALPs in BT —
K"~y decays [23]. They report direct bounds on B(BT — K*a)B(a — vv) for ALPs with
masses of 175 MeV < m, < 4.78 GeV and decay lengths ¢, < 1 mm, and for 175 MeV <
mg < 2.5 GeV for longer decay lengths up to ¢, = 100 mm. We show the resulting bounds
in blue in figure 3.

In figure 3, we show the resulting bounds in the two ALP scenarios (blue area). In the
cww scenario, the ALP decays to photons at tree level and the search by BaBar is very
sensitive to small couplings. The bound is determined by the decreasing production rate,
B(B* — K*a) ~ ¢y, except for small ALP masses, where the decay length exceeds
¢, = 100mm. In the cyy scenario, the ALP decay into photons is loop-induced. The
branching ratio B(a — ~7) is strongly suppressed, see (2.14), because the decay length
of the ALP is dominated by the decay into fermions. The bounds on cyy are therefore
relatively weak and the sensitivity is limited by the rate, rather than the lifetime, except
for the smallest accessible ALP masses. Nevertheless, it is remarkable that a photon search
is sensitive to ALP couplings to fermions through quantum effects alone.

Searches for rare kaon decays are sensitive to ALPs with smaller masses. The fixed-
target experiment E949 has searched for Kt — 7ty decays in a phase-space region
corresponding to di-photon invariant masses m., < 108 MeV [40]. The search targets the



three-body decay topology; kinematic selections have been applied to reduce background,
which limit the sensitivity to two-body kaon decays. Due to the lack of information on
these selections and knowing that NA62's KT — 7" [ search (see section 3.3) is more
sensitive to long-lived ALPs, we do not attempt to reinterpret the E949 analysis.

At eTe™ colliders, searches for di-photon resonances from direct ALP production via

et

e~ — ~va, a — vy are an interesting alternative to meson decays. The Belle II collabo-
ration has performed such a search and derived bounds on the ALP coupling to photons
for masses 200 MeV < m, < 9.7GeV [47]. With the current sensitivity, the reach is com-
parable with similar searches at LEP II and ATLAS [4], but is expected to improve with
more data.

Long-baseline experiments are sensitive to ALPs with even smaller couplings, because
the predicted production rate is high and the long baseline allows to probe long decay
lengths. The currently strongest bounds on the ALP-photon coupling arise from a combi-
nation of the proton beam-dump experiments NuCal, CHARM and E137 [36-38, 82, 83].
ALPs can be produced from bremsstrahlung photons® or via Primakoff conversion in the
target, vZ — aZ.

For NuCal, CHARM and E137, we interpret the bounds from ref. [38] in the cyw
scenario. The bound cannot be directly translated to the cyy scenario; however, due to
loop-suppressed ALP decays to photons we expect a lower sensitivity than in missing
energy searches at BaBar and NA62. In figure 3, we see that NuCal, CHARM and E137
probe ALPs with masses m, < 500 MeV; the lower cutoff at m, = 200 MeV was set by the
experimental analysis. In the excluded region the decay length of the ALP matches the
baseline and beam energy of the experiments. For the electron beam experiment NA64, we
have checked that the bounds on cyw /f, obtained for m, < 60MeV by the collaboration

in ref. [35] do not exceed the reach of B — KF at BaBar.

3.3 Invisible ALP decays

ALPs that escape the detector can be caught in signatures with missing energy, notably in
the rare meson decays B — KJ and K — 7.

Both BaBar [22] and Belle [25] have searched for the rare decays B — K *)vw with SM
neutrinos in the final state. The analysis by Belle has been optimized for three-body final
states, explicitly removing events with two-body decay kinematics. The search is therefore
insensitive to ALPs produced in B — Ka decays.

BaBar’s search for B — Kvv [22] reports differential distributions of the momentum
transfer sp = ¢2/ mQB in B — K transitions, which allows us to derive bounds on invisible
ALPs produced via B — Ka. The analysis employs hadronic B tagging, so that the B —
KF decay kinematics can be fully reconstructed. The results based on Ngz = 471 x 10°
BB pairs produced at the Y(45) resonance are presented in bins of width Asg = 0.1
for B — KJF decays with charged and neutral kaons. We reinterpret the results from
charged BT — K™ decays, which yield the strongest bounds obtained from an individual

5 At proton beam dumps, another source of photons are meson decays.
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channel.” An ALP with mass m, would increase the event rate AB in the bin containing
sp = m2/m% by

_ AN,(BY - KTF)
~ 0514Nzp

AB, (3.5)
with Nu(B — KF) from (3.4). The factor 0.514 accounts for the different production rates
of Bt and B° mesons in the BB sample. We require the sum of ALPs and neutrinos to
fall within 1.64 ¢ of the observed event rate in this bin,®

AB(B* = K*wi) + AB, < (14 1.640) AB(B* — KT E) | (3.6)

which corresponds to a confidence level of 90% assuming Gaussian uncertainties. The
neutrino background is very small, AB (BT — Ktvi) = 7.3-1077 for s < 0.1, which
corresponds to m, < 1.6 GeV. The resulting bounds on our ALP benchmarks are shown
in figure 3 (yellow area).

The bounds on the ALP coupling in the c;y scenario are generally stronger than in
the cyw scenario, due to the different production rates B(B — Ka), see (2.7). The
variation of the bounds with the ALP mass m, is related to its decay length. For small
masses, the ALP has a macroscopic decay length, see figure 2, and decays mostly outside
the detector. In this region the search for B¥ — Kta, a — F is most effective. For larger
masses, the ALP tends to decay close to its production point. Here the sensitivity is set
by the detector acceptance, i.e., by the probability for the ALP decay products to miss the
detector region. In either regime, the sensitivity is largely insensitive to the ALP mass.
The small dip around m, = 1.6 GeV is due to a slightly higher experimental sensitivity of
BaBar for sg > 0.1.

The sensitivity jump between light and heavy ALPs is explained by the interplay of
production rate and decay length: when decreasing the coupling ¢/ f, of an ALP with a fixed
mass, the production rate decreases as B(B — Ka) ~ (c/f.)?, while the probability not
to decay inside the detector increases as exp(—(c/f,)~2). The compensation of these two
effects is very sensitive to the coupling, which explains the height of the sensitivity jump. In
the ¢y scenario, the jump occurs close to the muon threshold m, ~ 2m,,, where the ALP
decay length decreases abruptly as the decay into muons opens. Searches for K+ — 7t
decays are sensitive to invisible ALPs with masses m, < mg — m;. We calculate the
branching ratio for K™ — 7"a in analogy to BT — KTa in section 2 and obtain

cww(A)>2 A2 (i, m3, my)

3 , (3.7

A
B(K+ — nta) = 4.12 x 10~ (Cff() —0.0016 ;
My — Mz

fa [TeV] fa [TeV]
where crp(A) = ci(A), as in (2.7). The scalar form factor fi(¢?) has been computed
in lattice QCD [59]. For simplicity, we set fi(¢?) = 1 in our analysis, which slightly
overestimates the ALP production rate.

"In ref. [56], the analysis has been interpreted including charged and neutral kaons, which leads to a
somewhat stronger bound compared with our result.

8We have verified that the detector acceptance for kaons from B — Kvv and from B — Ka decays is
nearly identical and does not affect the interpretation.
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At the NA62 experiment, kaons are produced from a high-energetic proton beam
impinging on a beryllium target. The decay products can be observed in a 60 m long fiducial
volume. Recently the collaboration has interpreted their measurement of K™ — 7t
decays for two-body decays KT — 7+ X with a long-lived new particle X [32, 33]. They
report limits on the branching ratio B(Kt — 77 X) as a function of the X’s mass for
lifetimes 7x > 100 ps. We show the reinterpreted bounds in figure 3 (orange area). In both
scenarios, Kt — 77 [ at NA62 is sensitive to smaller ALP couplings than BT — K*tvi.

NA62’s measurement of K™ — 7w vi is not sensitive to ALPs with masses m, ~ m o,
due to a large background from Kt — 7770 decays. This region has been explored
by NA62 in a dedicated analysis of invisible 70 decays, which has been reinterpreted for
K™ — 7t X decays with 7x > 100ps [34]. The resulting bounds are shown in figure 3
(yellow).

The KOTO experiment has searched for invisible particles X in K9 — 79X decays [50].
However, KOTO’s bound on B(K9 — 79X) assumes that all particles X are invisible in the
experiment. An interpretation of the analysis for ALPs with a finite decay width would
require a dedicated simulation and recast, which goes beyond the scope and purpose of
this work.

Existing searches for visible and invisible ALP signatures complement each other in
their sensitivity. For masses below the di-muon threshold, searches with missing energy at
BaBar and NA62, as well as displaced photons at beam dumps lead the sensitivity to small
ALP couplings. For heavier ALPs, searches for displaced di-muons at LHCb and CHARM,
and a new search with displaced photons by Belle IT dominate the bounds. Taken together,
current searches set mass-dependent upper bounds on the ALP couplings

crf(N)/fa S0 =107H) TV, epw(A)/fo S (1072 —1)TeV !, (3.8)
up to a few gaps in the parameter space, see figure 3.

3.4 Generalization beyond the benchmark scenarios

The bounds discussed in this section and displayed in figure 3 apply for two specific ALP
scenarios. Some of these bounds can be translated to more general scenarios. ALP pro-
duction at BaBar, LHCb and CHARM happens through B decays; all other searches rely
on kaon decays. For NA62 [32, 33], the lower bounds on cfy and cyw apply generally
to invisibly decaying ALPs with a non-zero Cys coupling. In such scenarios, the bounds
on cf¢ or cyw can be translated into a bound on Cys using eq. (2.4), which allows for
a direct interpretation for ALPs with flavor-changing couplings at the scale A. Similarly,
the bounds from the BaBar search for BY — KTvi [22] at low (high) ALP masses apply
for invisible (promptly decaying) ALPs. Also here, the bounds on c¢s¢ or cyw can be
translated to Cy, using eq. (2.4). Similarly, the ¢y bound from B — KX, X — pp~ at
LHCD [29] and the cyw bound from BT — KT~ at BaBar [23] can be translated into
bounds on Cy, for promptly decaying ALPs. For all remaining searches, the production
and decay of the ALP are correlated when fixing c;y or cyy, which prevents a direct
interpretation of the results in other scenarios.
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3.5 Comments on bounds from cosmology and astrophysics

Complementary bounds on ALP couplings can arise from astrophysical and cosmological
searches. Most analyses derive constraints on the effective ALP-photon coupling Cﬁg,
and therefore on cyyy, see (2.9). In figure 3, right, bounds on ALP emission during the
explosion of the supernova SN 1987A constrain the lower left corner of the parameter space
for my < 200 MeV [84-86], assuming ALP production through the Primakoff process in the
core of the supernova. However, these bounds depend on the explosion mechanism and
other astrophysical aspects, see for instance [87].

Similar regions of parameter space are also constrained by modifications of the cosmic
history in the presence of light ALPs [89-91]. Most of these bounds constrain the lifetime of
the ALP; the translation to its couplings is model-dependent. Even smaller ALP-photon
couplings, going beyond figure 3, right, are constrained by supernova bounds on ALP
decays to photons [88].

In a similar way, cosmology and astrophysics also constrain ALP couplings to matter
particles, which translate into bounds on cyy. For a recent summary on sub-MeV ALPs,
see ref. [92]. At larger ALP masses, SN1987A constrains couplings to nucleons [93] and to
electrons [94], which translate into bounds of csy in the lower left corner of figure 3, left.

Some of the bounds mentioned above are compiled in ref. [21] for ALPs with pure
photon couplings or pure electron couplings. In the parameter region that can be probed
at Belle II with missing energy searches, see figure 12, supernova bounds predominate.
Since these bounds are affected by large uncertainties, as discussed above, we prefer not to
include them in figure 3 and figure 12.

4 Search strategy for invisible ALPs at Belle 11

In what follows, we will explore the potential of Belle II to improve the sensitivity to
long-lived ALPs with searches for missing energy or displaced vertices.

The search for BT — Kta, a — F is experimentally similar to the search for the SM
process BT — KTvi, where Belle II recently pioneered an inclusive tagging approach to
increase the signal efficiency [48]. This approach is in contrast with the exclusive method,
where one B meson is completely reconstructed in a hadronic final state before recon-
structing the signal-side B meson in the rest of the event [22]. In the text, we only refer to
BT — K™Ta decays; charge-conjugate channels are implied in what follows. In contrast to
BT — KTvi, Bt — K'a is a two-body decay with very specific event kinematics. The
signal hence consists of a single charged kaon that can be reconstructed in the tracking
detectors, and missing momentum. Final states with neutral kaons could be included in a
future analysis.

We study the Belle II sensitivity for a dataset corresponding to an integrated luminosity
of 0.5ab™!, roughly equivalent to the full BaBar dataset, and a luminosity of 50ab™!,
corresponding to the expected final dataset of Belle I1. We generate events using the Belle I1
Analysis Software Framework [70, 71]. We do not simulate the detector response, but
approximate efficiencies and acceptance as explained below. We expect the effect of such
simplifications on triggers and resolution to be rather small. We also do not include effects
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of beam-induced backgrounds, which however will reduce the missing energy resolution in
the real experiment.

4.1 Signal and background simulation

We generate the events in the eTe™ centre-of-mass frame with the nominal Belle II collision
energy of /s = 10.58 GeV, then boost and rotate them to the Belle II laboratory frame.
The Belle IT beam parameters are E(e™) = 4.002GeV and E(e”) = 7.004 GeV with a
41.5mrad crossing angle between the beams and the z-axis. In the laboratory frame the
z-axis is oriented along the bisector of the angle between the direction of the electron beam
and the reverse direction of the positron beam. All selections below refer to parameters in
the lab frame unless noted otherwise.

To produce signal events we generate events for T(4S) — BT B~ followed by decays
of one B through BT — KTa and the other B decaying generically. The decays of the
charged B mesons are simulated using the EVTGEN generator [72]: the signal-side B meson
decay is using the EVTGEN phase space model PHSP, while the generic B meson decay is
using all available B meson decay modes of the Belle II decay descriptions. For each ALP
mass benchmark we generate 10k events.’

To produce background events we generate Y(4S) — BtB~ and YT(45) — BB
using EVTGEN. In addition we generate continuum backgrounds from ete™ — wu(vy),
dd(v), s5(7), ce(y), using KKMC [73], simulate the hadronization of the quarks with
PYTHIAR.2 [75], and model the decays of generated mesons with EVTGEN. We also
include background from ete™ — 7777, using KKMC and TAUOLA to generate and
decay the tau leptons [74]. For each background channel, we generate 10 million events

and use the following cross sections [79] to normalize their rates: 1.61nb (uu), 0.40nb (dd),
0.38nb (s5), 1.301b (c€), 0.919nb (77), 0.54nb (BTB~), and 0.51nb (B°BY).

For our analysis we only consider final-state charged particles (e, u, m, K, p) with trans-
verse momenta pr > 0.2 GeV and photons with energies £ > 0.05GeV. For both charged
particles and photons, we require that they are in the acceptance of the central drift
chamber of Belle II with polar angles 17° < § < 150°. Neutrons, KV, and neutrinos are
counted as invisible. Short-lived resonances like Kg and 70 are decayed promptly and are
included via their final-state decay products. We do not simulate the detector response
for the generated particles, but we include an 80% kaon identification efficiency and a 5%
pion misidentification rate [77] for both signal and background. In addition, we assume a
track-finding efficiency of 99% [76] per charged particle, and we approximate the photon
detection efficiency with 100%. We assume normal distributions for the relative momentum
resolution of charged particles, Ap/p = 0.5% [80], and for the relative energy resolutions
for photons, AE/E = 5% [79].

9We have simulated 12 ALP benchmarks with the masses me= 5MeV, 50 MeV, 70 MeV, 100 MeV,
200 MeV, 250 MeV, 300 MeV, 500 MeV, 1GeV, 2GeV, 3GeV, and 4 GeV. For clarity, we only show 4 rep-
resentative masses in figure 4, but we use all benchmark masses for constructing the bounds in figure 10
and 11.
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4.2 Event selection

Signal B meson candidates contain one reconstructed kaon and missing momentum. All
remaining final-state charged particles and photons are hence associated with the decay of
the tag-side B meson. We reconstruct a missing-momentum vector pmiss = (Emiss, Pmiss)
defined as the total momentum needed to balance the sum of momenta of all detected
charged particles and photons, and the well-known initial state in the eTe™ collision.

For background rejection we construct the following three kinematic variables, defined
in the lab frame:

o pr(K) is the transverse momentum of the kaon with the highest transverse momen-
tum in the event, in the following called the leading kaon,

. M% = (Bumiss + Frc)? — (Pmiss + P )? is the reconstructed mass of the signal B meson
candidate, i.e., the invariant mass of the leading kaon and missing momenta,

* OKpm 18 the angle between the leading kaon and the missing momentum vector,
calculated using the four-vectors of all final-state particles and the incoming beams.

Choosing the leading kaon for pp(K') ensures that only one signal candidate per event
exists, but also introduces background from wrongly reconstructed signal candidates with
kaons that belong to the tag-side B meson. We label these events as [misrec.] when we
illustrate our results.

In figure 4 we show the kinematic distributions of the signal events before further
kinematic selections for four different ALP mass benchmarks. Kinematic distributions
for the various backgrounds and a signal with a fixed mass m, = 300 MeV are shown for
comparison in figures 5 and 6.

We point out several relevant features: the two-body kinematics of the signal B decay
results in a peaking pp(K) distribution of the leading kaon in the lab frame. The spec-
trum for the signal kaon is generally harder than for the background, resulting in a high
selection purity. The angular distribution ¢, . . peaks at large angles, as expected from
a two-body decay of a slow B meson. The distribution is broadened for heavier ALPs.
The reconstruction of Mé is dominated by the tag-side B meson and hence is largely in-
dependent of the ALP mass. The tail of the signal M3 distribution comes from neutrinos
and other missed particles produced from tag-side B decays. For ALP masses below a few
hundred MeV all kinematic distributions look identical to the m, = 5 MeV benchmark.

For signal events, the variables pr(K) and ¢xp,,.. exhibit a rather strong correlation.
We also observe a strong, but different correlation of pr(K) and ¢xp,,.. for misrecon-
structed signal events, as well as a strong correlation of ¢xp, ... and MJQB Background
events show strong correlations in all combinations of the three variable. We exploit the
different correlations for signal and background events and the characteristic shapes of the
distributions to optimize our event selection.

To enhance the signal-to-background ratio, we study ALP mass dependent selection
criteria using the aforementioned three variables. All selection criteria are chosen to max-
imize the Punzi figure of merit for a 5o discovery [78]. For ALP masses m, < 1GeV, we
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Figure 4. Kinematic distributions of ALPs produced from Bt — K¥a for benchmarks of fixed

ALP masses m,. Top left: reconstructed B meson mass, M%; top right: opening angle of the leading

kaon against the missing momentum, ¢g, .. ; bottom left: transverse momentum of the leading

kaon, pr(K). All variables are defined in the lab frame. Shown are signal events (solid curves) and

misreconstructed signal events (dotted curves). The number of events is given in arbitrary units.
The dotted vertical lines indicate selection cuts; the arrows point toward the signal region.

find that the optimal selections vary little with the ALP mass. We therefore apply one
single set of selections to all considered mass benchmarks:

1.75 < pp(K) < 2.75GeV, (4.1)

pr(K) >3.2GeV — 0.01 GeV/° - dkpies

1 .
K) > 3.0GeV — 0.0165 —— - M2
pr(K) = © GeV B

130° < Prpyie < 160°,
27 < M3 < 60 GeV?,
M% > 105GeV? — 0.55 GeV2/° - drcppies

M3 < —100 GeV2 + 0.992 GeV2/® - prcp..
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Figure 5. Kinematic distributions of ALPs produced from Bt — K%ta for a fixed ALP mass
mg = 300 MeV and various backgrounds before selections. Top left: reconstructed B meson mass,
M%; top right: opening angle of the leading kaon against the missing momentum, ¢x,, ,..; bottom
left: transverse momentum of the leading kaon, pr(K). Signal and misreconstructed signal events
are normalised arbitrarily to one tenth of the number of background events. Background events are
normalised to the total production rates with 50ab~! of data luminosity at Belle II. The dotted
vertical lines indicate selection cuts; the arrows point toward the signal region. Figure 7 shows the
same distributions after selections.

In figures 7 and 8 we show the kinematic distributions of the signal for m, = 300 MeV
and the remaining backgrounds after applying these selection cuts. We veto events if
the ALP decay vertex is within the geometric acceptance of the tracking detectors or the
electromagnetic calorimeter, as illustrated in figure 9.

After applying the selection cuts from (4.1) and including the detector acceptance, the
signal efficiency € = Ngel/Ngen ranges around 10%. Here Ngep is the number of generated
signal events and N is the number of events after selection. In table 1, we show the
number of signal and misreconstructed signal events before and after the selection.

After selection, we have 39 BT B~ and 28 BYRO background events left, while no back-
ground from 777~ and continuum events remains in generated samples of 10M events per
background source. We finally scale these numbers to the event rates corresponding to the
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Figure 6. Two-dimensional distributions of the signal (orange points), misreconstructed signal (yel-
low points), and background (black histograms). Shown are projections of the three-dimensional
space of the kinematic variables pr(K), ¢xpo., and Mfg The number of background events cor-
responds to the full simulated sample of 10 M events per channel. While the shown background
distribution looks well-localised, the tails of the distribution extend into most of the shown param-
eter space, but at much smaller rates. Signal events correspond to a sample of 10k, which we use
here for illustration. The dotted lines indicate selections; the arrows point toward the signal region.
Figure 8 shows the same distributions after selections.

before selection after selection
Mg [GEV] N, signal N, misrec. N, signal N, misrec.

0.005 7802 1442 1091 0
0.3 7823 1453 1022 0
1 7737 1460 770 0

3 7568 1649 0 0

Table 1. Number of signal and misreconstructed signal events before and after applying the selec-
tion cuts from (4.1) for various ALP mass benchmarks. The numbers are based on 10k generated
signal events. The difference between the number of generated events, Ngen, and the sum of signal
and misreconstructed events, Ngignal + Nmisrec., is due to kaons that are out of acceptance or not
identified as kaons.
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Figure 7. Kinematic distributions of ALPs produced from Bt — K%ta for a fixed ALP mass
mg = 300 MeV (orange) and various backgrounds (blue) after selections. Selection cuts have been
applied to the respective two variables not shown in the distribution. The dotted lines and arrows
denote these selections applied in the direction of the errors. No misreconstructed signal and con-
tinuum background events in our respective samples are left after cuts. Signal events are normalised
arbitrarily to five times the number of background events. Background events are normalised to
the total production rates with 50ab~! of data luminosity at Belle II. Figure 5 shows the same
distributions after selections.

respective integrated luminosity. This procedure potentially underestimates background
from 777~ and continuum events due to our limited background statistics. Based on our
studies we assume that the dominant background comes from BT B~ and B°B events.

4.3 Projected sensitivity

For each ALP mass scenario, we derive an expected 90% C.L. upper limit on the observed
number of signal events, Ng, based on the expected number of background events, Np.
Here Np is the number of simulated background events after our selection procedure, scaled
to the respective integrated luminosity. In each ALP mass scenario, the 90% C.L. upper
limit on the signal rate, Ng, is determined iteratively, such that the Poisson probability of
observing N events when predicting Ng + Np events is 0.1. Here N is the integer closest
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Figure 8. Two-dimensional phase-space distributions of the signal (orange points) and background
(black histograms) after selections. Shown are projections of the three-dimensional space of the
kinematic variables pr(K), ¢xp...,, and J\Zf?g Selection cuts have been applied to the respective
third variable not shown in the panel. The dotted lines indicate the selection cuts; the arrows point
toward the signal region. No misreconstructed signal events are left after selections. In each plot,
the background is normalised to the number of events left over after cuts, so that the gray levels
correspond to different rates in each plot in this figure and in figure 6. Signal events correspond to
a sample of 10k for illustration. Figure 6 shows the corresponding distributions before selections.

to the number of expected background events Np. In this way, we derive upper bounds on
the branching ratio B(B* — K™a) by requiring

Ng > Ngg-B(BT — KTa) - (P,). (4.2)

The projected upper limits on B(BT — K'a) are shown as a function of the ALP decay
length c7, in figure 10. We interpret these bounds in terms of the couplings cyy and cyw;
the results are shown in figure 11. To obtain the bound as a function of the ALP mass and
couplings, we use the root-finding algorithm scipy.optimize.fsolve [81] and show an
additional, optimistic, projected limit for the case that the background is reduced to zero.
All curves feature a mass-dependent kink. For ALP masses below this kink, the ALP can
be considered stable at the scale of the Belle II vertex detector. For ALP masses above the
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Figure 9. Schematic drawing of the Belle II detector used to select invisible ALP decays. The
displayed geometry includes the central drift chamber and the calorimeter, as specified in the text.
The detector is assumed to be symmetric around the beam axis z.
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Figure 10. Projected 90% C.L. upper limits on the branching ratio B(B™ — K'a) of an invisibly
decaying ALP or similar (pseudo-)scalar resonance a from Bt — K*ta, a — F at Belle II. The
projected limits are shown for fixed ALP masses as a function of the ALP decay length c7,, for
0.5ab™! (dashed) and 50ab™" (solid) of data.

kink, the decay length of the ALP is shorter than the detector radius, but the ALP can
still appear invisible due to the limited acceptance and reconstruction efficiency. In this
way, searches for BT — KT J are sensitive to even short-lived light resonances, which have
a statistical probability to decay close to the production point, but outside the angular
acceptance of the detector.

The sensitivity to heavy, short-lived ALPs in figure 10 is thus due to the detector
geometry and applies for all ALPs that do not decay to neutrinos and/or invisible new

particles.
We finally show our projected sensitivity for B — K+ together with existing bounds

from other searches in figure 12.
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Figure 11. Projected 90% C.L. upper limits on the couplings c¢s (left) and cyw (right) in our
two scenarios. The solid lines denote the full Belle IT luminosity of 50 ab™! and dashed lines denote
the current integrated luminosity 0.5ab™ !, both with the full background considered. The dotted
line shows the limit with full 50ab™! luminosity for the case that the background is reduced to
zero. The shaded regions show the BaBar bound from BT — K Tvi for comparison.

5 Displaced ALP decays at Belle 11

As discussed in section 3, current bounds show a complementarity of invisible and displaced
searches when scanning the ALP parameter space, see figure 3. Indeed, for a fixed coupling,
light ALPs are produced with a large boost and tend to decay outside of a detector, leaving
signatures with missing momentum. Heavier ALPs, on the other hand, are more likely to
decay within the detector volume and can be detected through displaced decay products.

To complement our analysis of invisible ALPs at Belle II from section 4, we assess the
reach of displaced signatures at Belle II. We build our analysis on a recent study of dark
scalars S in BT — K*S, S — X [66] for leptonic final states X = {eTe™, u"p~}. Since
both the dark scalar and the ALP are bosons with spin zero, their kinematic distributions
in the relevant decay chains are the same. This allows us to rerun the analysis for ALPs,
using the production rate, lifetime and decay branching ratios from section 2. Following
the procedure of section IV in ref. [66], we calculate the number of displaced lepton pairs
from ALP decays within the Belle II tracking detector for the two ALP scenarios.

In figure 12, we show contours of 2.3 expected signal events from BT — Kta, a —
{ete™, utp~} decays at Belle II in 50ab~! of data. The regions inside the contours
would be excluded at the 90% C.L. by a non-observation of ALP decays, assuming zero
background. For a given ALP mass, the sensitivity to larger couplings is limited by the
minimum radial displacement required for the ALP decay products to be d > 0.9cm. The
sensitivity to small couplings is limited by the ALP production rate. In the cs; scenario,
the sudden changes in sensitivity at m, ~ 0.2 GeV and 1 GeV are due to changes in the
ALP branching ratios, see figure 1. The sensitivity cutoff at mg, ~ 1GeV for electrons
and mg, ~ 2.5GeV for muons are also largely due to drops in the ALP branching ratios.
In the cyy scenario the sensitivity to displaced leptons is expected to dominate due to
the large branching ratio into leptons; for the ¢y scenario the sensitivity to photons is
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Figure 12. Projections for Belle II’s sensitivity to ALPs with effective couplings to fermions,
crr(A)/fa (top), and weak gauge bosons, cyww (A)/f, (bottom), as a function of the ALP mass
mg. Shown are contours of N = 2.3 events expected in 50ab~! of data from Bt — K*a, a -+ X
decays with X = eTe™ (blue) and u™pu~ (green). The area enclosed by the contours could be
excluded at the 90% C.L., assuming zero background. The region above the orange dashed curve
(cf. figure 11) could be excluded at 90% C.L. with the search for Bt — K*a, a — inv. proposed in
section 4, assuming zero background. For comparison, we also show the existing bounds on ALPs
from figure 3.
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more promising. Searches for BT — K%a,a — ~7 at Belle II can be interesting probes of
long-lived ALPs with dominant electroweak couplings. A recent such search by BaBar [23],
shown in blue in figure 12, suggests that Belle II has good potential to explore photon final
states. For a realistic prediction of the reach, however, the reconstruction efficiency for
photon pairs and the background in displaced di-photon searches have to be assessed.

To compare the reach of displaced and invisible signatures at Belle II, we also show the
projections for BT — K'a, a — inv. from figure 11 for zero background (orange dotted
curves). For a fixed coupling, displaced searches are most sensitive at high ALP masses,
while invisible searches appear to be much more sensitive to lighter ALPs with m, < 1 GeV.
For a more accurate comparison of the two searches, a detailed study of backgrounds for
the displaced ALP signatures would be required.

In combination, displaced and invisible signatures at Belle II can set mass-dependent
upper bounds on the ALP couplings

crp(A) 107 eww(A) _ 107!
fo © TeV’ fo ° TeV’

improving the current reach by up to two orders of magnitude, see (3.8), and covering

(5.1)

unexplored parameter space at larger couplings. Due to the high projected sensitivity to
BT — K*a, a — inv. even at moderate ALP lifetimes, signatures with missing energy play
an important role in probing such feeble interactions. In the case of an observed excess
in B — KJF decays, searches for displaced visible ALP decays will provide a valuable
independent test of the underlying model.

6 Conclusions

The purpose of this paper was to assess Belle II’s sensitivity to displaced versus invisibly
decaying light resonances produced from meson decays. To this end, we have developed a
new search strategy for invisibly decaying ALPs in meson decays Bt — K*a, a — F.

The search for Bt — K1J is optimized for two-body decays and is inclusive in
the decay modes of the second B meson from BB pairs produced at Belle II. We have
performed a detailed analysis of the signal and background kinematics and identified three
variables as very sensitive to BT — KTJ: the reconstructed B meson mass squared,
M%; the transverse momentum of the kaon, pr(K); and the angle between the kaon and
the missing momentum, ¢g,,...., the latter being reconstructed indirectly from the visible
decay products. With suitable selections based on three kinematic variables, we were able
to determine a signal region that is largely free from SM background and misreconstructed
Bt — K*ta decays.

For ALPs with decay lengths c¢7, = 1cm, we find that Belle II can probe rates of
B(BT — K%a) 2 1077 with 50ab~! of data. Remarkably, the search is also sensitive to
short-lived ALPs, which might escape the detector due to the limited angular coverage.
For ALPs with decay lengths c7, < 1cm, we expect Belle IT to be sensitive to B(B*t —
K*a) 2 107% with 50ab~!. The sensitivity can be further enhanced with a multi-variate
analysis. With the 0.5ab™! of data expected in 2022, Belle II can already probe ALPs with
smaller production rates than our reinterpretation of a search for BT — K+vi by BaBar.
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To compare our predictions for Bt — KT with searches for displaced particles at
Belle II, we have estimated the reach of BT — K*a, a — X with X = {ete™,uTpu~} for
two specific scenarios with ALPs coupling to fermions and weak gauge bosons, respectively.
For ALPs with masses below about 1 GeV, the search for invisible decays BT — Kt can
probe couplings up to several orders of magnitude smaller than searches for displaced decays
in BT — KTX. For heavier ALPs, we expect that searches for displaced decays can be
more sensitive.

Compared with existing collider searches for displaced and invisible light resonances,
Belle II can significantly improve the sensitivity to small ALP couplings, see figure 12.
For sub-GeV ALPs, the sensitivity of BT — KT J even exceeds the reach of long-baseline
experiments like NA62 and CHARM and is competitive with high-intensity beam-dump
experiments like NuCal and E137.

For ALPs with predominant couplings to photons, we expect a significantly improved
sensitivity also from approved experiments like FASER, NA62-dump, and NAG64e in the
near future [2]. An even better sensitivity may be reached by the proposed experiments
SHiP, FASER2, or ultimately at a Gamma Factory in the far future. For ALPs with
predominant couplings to fermions, the proposed beam-dump experiment SHADOWS (3]
might reach the best sensitivity, while ultimate sensitivity can be reached by the proposed
experiments KLEVER (low mass) and MATHUSLA (high mass) [2].

Our predictions for BY — K+ J and BT — Kt X at Belle II apply in a very similar
way to other light pseudo-scalar or scalar resonances. Belle IT has just started to exploit its
discovery potential for light new particles with signatures of displaced vertices or missing
energy. We hope that this analysis will be used as a guideline for future searches.
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A ALP decay widths

For convenience, we summarize the partial decay widths of the ALP in terms of its mass
mg and couplings ¢;;. All couplings are defined at the ALP mass scale, ¢;; = ¢;i(mg). In
large parts, the formulas below correspond with the results of ref. [63].
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The ALP decay widths into fermions is given by

2 9 2\ 2 2
o plegr(ma)"ms (- 4my a _
Loy = 20ma N 5 b= ) T e | S = {6} (A1)

where NY =1, N4 = 3. The decay width into hadrons reads
2

202m3 ‘Cg}ffG(ma>

m 97 Tng\ as
I\a~>had = T A2 (1 + (4 - 6) . > + Zra—mqy (AQ)
where ny = 3 is the number of light quarks ¢ = {u, d, s} and the effective gluon coupling is
given by
Co'a' (Mg 4m2/
C&t(ma) = cag(ma) + )~ qé )B1< qu ) (A.3)
q/ a

where ¢’ are all quarks with Mg S Mg. We use I'yhaq for ALP masses above 1 GeV. For
m, < 1GeV, we approximate the hadronic decay width of the ALP by the decay width
into three pions,

mem>

- mg — My, 2 m,%
Fa—>7r07ri7rj = W Cuu(ma) — Cdd(ma) + 2CG’G(ma)m g’L] mig s (A4)

with

goo(r) = (1—r 0 \[)2,/1—47\/ L 2Z,T) (A.5)
1 f)
(1—r ,/1—47\/ (Lz,m) (z—1)

and A(a,b,c) = a? + b? + ¢? — 2ab — 2bc — 2ca.
The decay width of the ALP into photons is given by

g+—(r) =

a?m3 2
FaﬁW’Y 47TA2 vv(ma) ) (AG)
with
2
Cw(ma) + > Nfo Cff(ma)Bl< 2f> mg > 1 GeV
fe{6.Q} Ma
2
Clma) = S epp(ma) + ¥ NIQ? cff(ma)&( )
re{t,Q} m, < 1GeV,
m2 Cyu (Mg )—C Mq m2 mqg—m
— (ma)—caa(ma) _ (g + szrmz) caa(mg)
(A.7)
where ¢ € {e,u, 7}, Q € {c,b,t} and
Bi(r)=1- sz(T) (A.8)
arcsin —= T>1
f(T) - s 7 ﬁl—l— 1—7
§+§1n17 T T<1.
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