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Abstract

In this talk ALP production from quarkonium meson decays is presented. To this purpose,
the relevant cross-section is computed via an effective Lagrangian with simultaneous ALP
couplings to b-quarks and photons. The interplay between resonant and non-resonant contri-
butions is shown to be relevant for experiments operating at /s = my(ns)y, with n=1,2,3,
while the non-resonant one dominates at T(4S). These effects imply that the experimental
searches performed at different quarkonia resonances are sensitive to complementary combi-
nations of ALP couplings. To illustrate these results, constraints from existing BaBar and
Belle data on ALPs decaying into invisible final states are derived. Constrains from the
recent BESIIT measurement of the J/¥ — ~a decay rate are also included for comparison.

1 Introduction

Light pseudoscalar particles naturally arise in many extensions of the Standard Model (SM),
including the ones endowed with an approximate global symmetry spontaneously broken at
a given scale, f,. Sharing a common nature with the QCD axion 23, (pseudo) Nambu-
Goldstone bosons are generically referred to as Axion-Like Particles (ALPs). The ALP
mass m, can, in general, be much lighter than the symmetry breaking scale f,, as it is
paradigmatically exemplified in the KSVZ and DFSZ invisible axion models*>%7. Therefore,
it may be not inconceivable that the first hint of new physics at (or above) the TeV scale
could be the discovery of a light pseudoscalar state.

In this talk the existing BaBar and Belle flavor-conserving constraints on ALPs are
carefully examined. In fact, the resonant contributions to the ALP production, via the
ete™ — T(nS) — ay process, have been previously overlooked. As will be shown, these
effects can induce numerically significant corrections to experimental searches performed at
Vs = My (ng), with n = 1,2,3. A detailed analysis of these effects can be found in In
order to assess the limits on ALP couplings, one should specify not only the ALP production
mechanism, but also its decay products. Here, it will be assumed that the ALP does not
decay into visible particles. Such a scenario can be easily achieved by assuming a sufficiently
large ALP coupling to a stable dark sector, as motivated by several dark matter models. The
conclusions related to ALP production are, however, general and they can also be applied
to the reinterpretation of experimental searches with visible decays in the detector °.



1.1 ALP effective Lagrangian

The dimension-five effective Lagrangian describing ALP interactions, above the electroweak
symmetry breaking scale, can be generically written as '°
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where VA = %5’“’0‘5 Vag, cars and c,vy denote the ALP couplings to fermions and to the
SM gauge bosons, V € {g, B, W}, respectively. The ALP mass m, and the scale f, are
assumed to be independent parameters, in contrast to the QCD-axion paradigm, which is
characterized by the relation m, f, = m, fr.

At the energy-scales relevant at B-factories, the ALP interactions with the Z boson can
be safely neglected, due to the Fermi constant suppression. Furthermore, the ALP couplings
to the top-quark and W= boson are relevant only to the study of flavor-changing neutral
currents observables, which are complementary to the probes discussed here. The only
relevant couplings in Eq. (1) at low-energies are
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where cqyy = caBB cos? Oy + caww sin? Oy. The couplings relevant to ALP production are
{Car~ys Capp }, while the other couplings only contribute to the ALP branching fractions.

Light pseudoscalar particles can also act as portals to a light dark sector. In this case,
to describe these additional interactions, new couplings are customarily introduced. By
assuming, for instance, an extra light and neutral dark fermion state y, the following term
should be considered in the effective Lagrangian:
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where ¢,y denotes a generic coupling, which can induce a sizable ALP decay into invisible
final states, as will be considered in the following.

The main goal of this talk will be to revisit the theoretical expressions available in the
literature, including ALP coupling to bottom quarks®, as well as previously unaccounted
experimental uncertainties®. In the following, the invisible ALP scenario will be considered,
i.e the scenario in which the coupling to the dark sector cqy, is large, in comparison to the
SM couplings, and therefore the ALP will decay predominantly into an invisible channel,
providing the mono-vy plus missing energy signature.

1.2 B-factories probes of invisible ALPs

Three different ALP production mechanisms can be identified at B-Factories.

Non-resonant ALP Production. The most straightforward way of producing ALPs
in ete™ facilities is via the non-resonant process e™e™ — ~va, as illustrated in Fig. 1. If
the ALP does not decay inside the detector, or decay invisibly, this process would result in
an energetic v plus missing energy. The total cross-section, keeping explicit the ALP mass
dependence, is
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“The case of ALP coupling to charm quarks will be shortly discussed at the end of the talk.



Figure 1 — Non-resonant contribution to the process ete™ — ~va produced via the effective coupling ¢~
defined in Eq. (2).

The contributions coming from the exchange of an off-shell Z boson, which are also induced
by coww in Eq. (1), have been neglected, since they are suppressed, at low-energies, by
s/m% < 1.

While the non-resonant contribution to ALP production given above is unavoidable in
any experiment relying on e*e™ collisions, the situation at B-factories is more intricate since
these experiments operate at specific T(nS) resonances. Therefore, it is crucial to account
for the resonantly enhanced contributions, which can be numerically significant.

Resonant ALP Production. Vector quarkonia can produce significant resonant con-
tributions to the mono-vy channel, ete™ — T — ~a, since they are very narrow particles
coupled to the electromagnetic current. Assuming a fixed center-of-mass energy /s &~ mr,
as is the case at B-factories, and using the Breit-Wigner approximation, one finds for the
resonant cross-section
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where my and I'vr are the mass and width of a specific T resonance, and opear is the peak

cross-section defined as
127B(T — ee)
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with B(T — ee) being the leptonic branching fraction, experimentally determined for the
different Y'(nS) resonances. The effective couplings defined in Eq. (2) appear, instead, in
the B(T — ~a) branching fraction, as illustrated in Fig. 2.
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Figure 2 — Contributions to the Y(nS) — ~a decays from the effective couplings introduced in the
Lagrangian or Eq. ((2)).

Non-resonant vs Resonant ALP Production. Naively, one would expect that the
resonant cross-section (Eq. (5)) clearly dominates over the non-resonant one (Eq. (4)) for
the very narrow Y(15), T(25) and Y(3S5) resonances, since I'y /my < 1. Nevertheless, this
turns out to not be the case at B-factories, since these experiments are intrinsically limited
by the energy spread of the eTe™ beam, which is of order oy =~ 5 MeV at current facilities.
This value is considerably larger than the width of these resonances, which therefore cannot
be fully resolved at B-factories. The only exception is the Y(4S) resonance, for which
F'y@us)y = 20.5 MeV. Therefore, one should expect a sizable reduction of the estimation in
Eq. (5) for the lightest quarkonia resonances, due to this intrinsic experimental uncertainty.
To account for the beam-energy uncertainties, the procedure presented in Ref. ! has been



T(nS) | my [GeV] Ty [keV] Opeak [1D] P (or(m%))vis/ONR
T(15) 9.460 54.02 3.9(18) x 10> 6.1 x 1073 0.53(5)
T(2S) | 10.023 31.98 2.8(2) x 103 3.7 x 1073 0.21(3)
Y(3S) | 10.355 20.32 3.0(3) x 103 2.3 x 1073 0.16(3)
T(4S) | 10580  20.5 x 103 2.10(10) 0.83 3.0(3) x 1075

Table 1: FEstimated visible cross-section at Belle-II for ete”™ — T — ~a compared to the non-resonant one,
ete™ = 4" — va. Here, vanishing ALP couplings with b-quarks have been assumed, capp = 0.

adopted by performing a convolution of og(s) with a Gaussian distribution, with spread oy,

T i

At the very narrow T (nS) resonances, with n = 1,2,3, one finds I'y < ow, in such a way
that the previous expression can be simplified by writing !

(7)

<UR(mgr)>vis = pOpeak B(Y — va), (8)
where the parameter p, defined as
mIr

(9)

accounts for the cross-section suppression at the peak due to the finite beam-energy spread.

p= Sow

1.3 The general case: cqyy # 0 and cqpp # 0

In Table 1, the estimation of the resonant and non-resonant cross-section, for each T res-
onance, along with the peak cross-section opearx and the suppression parameter p. This
computation has been performed with the Belle-II (KEKB) energy-spread for illustration.
From this table, one learns that even though the peak cross-section is large for the T (nS)
resonances (n = 1,2, 3), the beam-energy uncertainties entail a considerable suppression of
the visible cross-section. These effects are milder for the Y(4S5) resonance, but in turn the
cross-section at the peak is much smaller in this case. The final results are summarized in
the last column of Table 1, which shows that the effective resonant cross-section is smaller
than the non-resonant one, but it still contributes with numerically significant effects. For
the (very) narrow resonances Y(nS) (n = 1,2,3), the resonant contribution amounts to
corrections between 20% and 50% to the non-resonant one, which should be included when
reinterpreting experimental searches. ® On the other hand, for the Y(4S5) resonance the
resonant contribution turns out to be negligible, due to its larger width, as expected.

The previous discussion implies that the resonant contributions are not only important to
correctly assess limits on the ALP coupling to photons, ¢,~, but they also open the window
to probe the ALP coupling to b-quarks, c.p. The total B(T — va) branching fraction reads
8.
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Note, however, that the computation of the cu;, contributions are done within a first ap-
proximation that considerably simplifies the QCD structure-dependent emission of this decay
12,13 Tf a NP signal is indeed observed, a more accurate theoretical calculation would be
needed to fully assess the (non-perturbative) effects associated to the last two diagrams in
Fig. 2.

®Interference effects between the non-resonant and resonant cq, terms turn out to be negligible due to the
small width of the T (nS) resonances.



As shown in Eq. (10), the ¢qy and cqpp couplings can induce comparable contributions
to the non-resonant cross-section in Eq. (5). Moreover, depending on the relative sign, these
two couplings can interfere destructively or constructively. Finally, note that Eq. (10) shows
a different dependence on m, and {caw, Capbb } than the non-resonant cross-section in Eq. (4).

2 Summary of experimental searches

From the previous discussion, one learns that the non-resonant cross-section, via the coupling
Cayv, is the largest one, but it can be of the same order of the resonant one, cf. Tab. 1.
Moreover, the latter searches have the advantage of being sensitive to both c., and cau
couplings. Based on these observations, ALP searches at B-factories can be classified in the
following three categories:

i) Resonant searches: Excited quarkonia states Y (nS) (with n > 1) can decay into
lighter Y(nS) resonances via pion emission, as for example Y(25) — YT(1S)nT7~ and
Y(3S9) — Y(1S)wT7~. By exploiting the kinematics of these processes one can recon-
struct the Y(15) meson and then study its decay into a specific final state, which can, for
instance, be the invisible T decay or the T decay into photon and a light (pseudo)scalar
particle. These searches are dubbed resonant, since they allow to directly probe B(Y — ~ya)
in a model-independent way, regardless of the non-resonant contribution from Fig. 1. In
other words, reported limits on B(Y(1S) — va) can be used to constrain both cqy, and cqpp
via Eq. (10). Searches along these lines have been performed, for instance, by BaBar 14 and,
more recently, by Belle '°, under the assumption that the ALP does not decay into visible
particles inside the detector.

ii) Mixed (non-)resonant searches: Alternatively, experimental searches could be
performed at Y(nS) (with n = 1,2,3) without identifying the T decay from a secondary
vertex. Example of such experimental searches are the ones !¢ performed at /s = M (35)
where limits on B(Y(3S) — va) x B(a — inv) are extracted from the total ete™ — ya(— inv)
cross-section. From the above discussion, however, it is clear that this method is probing both
resonant (Eq. (8)) and non-resonant (Eq. (4)) cross-sections and therefore model-independent
limits on B(Y(3S) — ~a) could not be extracted from these experimental results. The only
scenarios for which such limits can be derived are the ones with |cay~y| < |canp|, as predicted
in models with an extended Higgs sector, since the non-resonant cross-section practically
vanishes in this case. In the most general ALP scenario, instead, the limits on {caw, Cabb}
can be obtained from via a rescaling factor,
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which accounts for the non-resonant contributions (Eq. (7)) that have been overlooked
experimentally in the total cross-section. Note, also, that similar effects have also been
overlooked in reinterpretations of other experimental limits, as for example the ones on
B(Y(3S) — ~a) x B(a — hadrons) to constrain the product of ALP couplings to photons
and gluons. ¢

iii) Non-resonant searches: The resonant cross-section is negligible at the Y(45)
resonance, as can be seen from Table 1, since its mass lies just above the BB production
threshold. Therefore, experimental searches at the T(4S5) resonance can only probe the cq,
coupling via the non-resonant ALP production illustrated in Fig. 1. To our knowledge, no
such ALP invisible search has been performed yet at B-factories. As an order of magnitude
estimation one can use the B(Y(4S) — va) limits extracted from Belle-II data on Y (45) —
~va,a — vy decay 7.

3 Constraining the ALP parameter space

Constraints on the {¢c4y~, cabp }/ fo space are shown in Fig. 3, considering, for illustration, the
invisible ALP scenario, i.e. by assuming that B(a — inv) = 1, or equivalently, that the ALP

“The reinterpretation described above has a possible caveat related to the treatment of the background. See
Ref. & for a detailed discussion on this point.
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Figure 3 — Excluded {ga~~, Jaff} parameter space for the invisible scenario with two couplings simulta-
neously present. Dashed constraints are taken from®. The red shaded area is derived from the BESIII
search'® and the full black line is taken from the Belle-II search'”. Resonant radiative decays of Y and
J /v test different fermionic parameters, gapy and gqee respectively.

does not decay inside the detector. Clearly, the results derived below can be easily recast to
scenarios in which the invisible ALP branching fraction is smaller than one.

The Left (Right) plot refers to the cqpp/Cayy > 0 (Cabp/Cayy < 0) sign choice, for the
chosen reference value of m, = 2 GeV. As expected from Eq. 10 for the cqpp/cayy > 0, a
destructive interference between the fermion and photon ALP coupling can appear. In this
case, the T(1S) constraints have a flat direction that cannot be resolved by only relying
on resonant ALP searches. The combination of couplings that lead to this cancellation
depends on the ALP mass, especially for m, values near the kinematical threshold. BaBar
results obtained at the Y (3.5) resonance, which is not reconstructed, depicts, once recasted,
a different sensitivity to {cay~, Cabs}, as shown by the blue regions in the same plot. While a
cancellation between ¢, and cqpp is possible for resonant cross-section, this cannot occur for
the non-resonant one, which depends only on the c,,, coupling. The combination of these
complementary searches allows one to corner the ALP parameter space as depicted in Fig. 3.
Moreover, projections for searches performed at Belle-I1, operating at the T (4S) resonance,
as computed in Ref.”, are displayed in the same plot for an expected luminosity of 20 L.
As can be seen in Fig. 3, B-Factory and Charm-Factory sensitivities are comparable.
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