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Figure 1: Expected sensitivity of Belle II at 95% C.L. to the ALP coupling to photons g4, as defined
in Eq. (1). The orange line is the expected reach of the y + invisible channel derived in Ref. [1]. The red
line shows the reach of the e*e™ + invisible channel discussed here. The gray shaded region shows existing
constraints from LEP and Babar y + invisible searches [2—4] and from AN.g constraints from CMB [5]. We
also show the expected constraint from SN cooling estimated in Ref. [1]. The dotted blue lines show the
freeze-out prediction for resonant DM annihilation with fine tuning (F.T.) 10%, 1% and 0.1% as discussed
below Eq. (2).

1. Introduction

In [6] we revisit the sensitivity of the Belle II experiment to DM communicating with the SM
through an axion-like particle coupled only to photons. Belle II is high intensity lepton colliding
machine and as such gives us the possibility to test directly extremely feebly interactions of Dark
Matter (DM) with the Standard Model which would be impossible to probe otherwise. These
interactions can be responsible to produce light DM (in the MeV — GeV range) in the early Universe
through thermal freeze-out [7]. This simple dark sector scenario was considered in Ref. [1], where
the sensitivity of Belle II was derived focusing on the standard mono-photon final state accompanied
by missing energy.

We develop an alternative strategy based on the

ete™ — ete™ +invisible

channel, leveraging a more detailed knowledge of the signal kinematics (given the two visible
particles) at the price of the reduced production cross section. We will show how it is possible
(especially for light ALP masses) to design a search at Belle II where the background rejection is
so good to compensate the suppressed production cross section with respect to the vy + invisible
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channel. The result is shown in Fig. 1, together with some ALP astrophysical bounds.

One comes from the measurements of the effective number of relativistic species at BBN and
CMB [8, 9] and robustly rules out DM masses below roughly 10 MeV. Stronger constraints could
be derived by requiring the ALPs produced in the nascent proto-neutron star (PNS) during the su-
pernova (SN) explosion to not substantially modify the canonical neutrino cooling mechanism [10].

The ALP we consider is described by the following Lagrangian

2
mg o 8Sayy

1 _ i_ M, g _
Lzz((?#a)z—?a 2 aF,“,F’”+5)()/”8,1)(+—X)()(+ﬂMXa/\/y5)(, (1)
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where y is a Majorana fermion. If the ALP is the pseudo-Nambu-Golstone boson (pNGB) of a
global U(1) symmetry, we can estimate the size of its coupling to photons and DM in terms of the
decay constant f, which controls the UV cutoff of the theory Ayy = g.f,, where g, is an O(1)
coupling. In this setup, the ALP coupling to photons originates from the ABJ anomaly of the global
U(1) symmetry with respect to QED and

_ @emCyy
guyy = 27Tf )
a

2

where the anomaly coefficient ¢,, = ' QJZE is controlled by the charge Qg of chiral fermions of
mass Agy.

The ALP coupling to DM can be generated through explicit breaking of the ALP shift symmetry.
As a consequence, the ALP mass is naturally of the same order of the DM one, motivating a mass
hierarchy like the one considered in this paper, where the ALP mass is slightly heavier than the DM
one. In such a theory, the ALP decays invisibly into DM pairs with a branching ratio close to 1
since the decay into a pair of photons is loop-suppressed. Setting the relic abundance of y to match
the measured DM abundance today [11] generically requires f, to be around the GeV with a mild
dependence on the DM mass. This region is already excluded by existing collider searches.

A simple way to push the freeze-out region at weaker coupling is to make the annihilation
resonant by tuning the DM mass to be close to the ALP resonance, i.e. r = M, /m, — 1/2.
The prediction of resonant freeze-out are shown in Fig. 1 for fine-tuned values of r close to the
resonance, where E.-T. = 1/2 — r can be taken as a measure of the fine-tuning.

2. Signal and background kinematics

Starting from the model in Eq. (1) two possible ALP production mechanisms at a lepton
collider are

efe” - yyisa, 3)
+ - + -
ee” >ejena, @)

where the subscript “vis” indicates that we require the photon and the electron-positron pair to be
within the geometric acceptance of the detector. The first process is the well studied ALP-strahlung
leading to the y + invisible signal.
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The signal cross sections in the acceptance of Belle 1I with center-of-mass energy /s =
10.58 GeV can be approximated for small enough ALP masses as

8ayy r
10-4 Gev~!

8ayy r
104 Gev!]

o(efe” — ya) ~ 107 pb [
(%)
o(ete” — ete”a) ~7x 1077 pb [

The ALP-strahlung cross section is larger than the photon-fusion one by roughly a factor of 14 at
Belle II . The kinematic varibles that we leverage in the analysis to compensate this difference are
the missing mass mpy;ss, the missing energy Ess and the missing pseudo-rapidity mmiss.
The missing mass
mrzniss = Erzniss - |ﬁmiss|2 = mi > (6)

is equal to the ALP mass up to the experimental resolution. A missing pseudo-rapidity can be
defined from the initial and final state electrons and positrons:

L

1 || Pmiss| + Py Onmi
i = log| oot~ Pmis | -1 [tanﬁ}. 7)
2 |pmiss| = Phiss 2

Besides the fixed missing mass, the ALP signal is expected to be central (i.e. small ry;s) as
confirmed by the distribution in Fig. 2 left. Moreover, requiring the electron-positron pair within
the Belle II acceptance favors a kinematics where the ALP is not produced at rest resulting in a
large E . ., even for a very light ALP. For example, for an effectively massless ALP we find that
more than 90% of the signal has E . > 2 GeV.

Conversely, it is very difficult for any SM background to have a large Ess together with a small
|Tmiss| and a small mp;ss. Let us show why.

SM processes that give the same final state as the signal in Eq. (4) are

efe” > ete” + nyiny, ¥

efe” - 1Tttt - eTvy, 9)

where i,y indicates a “missed photon” that cannot be detected at Belle II because either its energy
is below the ECAL energy threshold, or it is emitted in the region not covered by the calorimeter

r,. =22°, E: =025GeV. (10)

We will refer to Eq. (8) as QED” background, and to. Eq. (9) as the 77 background. Both
of them are reducible thanks to the fact that their kinematics does not resemble at all the one of
the signal. However, both background processes have a huge cross section compared to the signal
Eq. (5). In particular, given the Belle II acceptance, the 77 background cross-section is around
75.4 pb and the QED? background is of 1.66 nb. These numbers set the challenge of the photon-
fusion search which needs to achieve a background rejection at the level of 1078 to be sensitive to
8ayy = 107> GeV~!, where the target for resonant ALP-mediated freeze-out lies.

As to the QED" background, the n = 1 case is easily reduced as it always has mpy;ss = 0; the
n > 4 cases have a negligible cross section with respect to the signal; then the leading order QED
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Figure 2: Distributions of the signal m, = 1 GeV and the backgrounds (red) with respect to the discriminating
variables. In both panels we ask for the final electrons to be within Belle II acceptance and we select
Im2. . —m2] < k6m? . with k chosen to maximize the sensitivity as described in Sec. 3. In the left panel
we compare the signal to the QED? distribution with respect to Mhiss and E- . with uniform binning. In
the right panel we compare the signal to the 77 distribution with respect to m.. and |m;,| as defined in
Sec. 2. The binning is such that 6E;, /E". = 2%, 0Mee/me. = 2% and o7, = 0.075 even though the
experimental resolution at Belle II can be better [12].

in perturbation theory corresponds to n = 2. It can be showed that there is a region of phase space
that contains most of the signal where the QED” background is forbidden for kinematic reasons. If
we ask for a missing energy lower bound of the order of the GeV, the QED" background can only be
realised by hard photons. If we ask for a central missing rapidity, they will have to fly in opposite
directions. This will bound the missing mass to be big. Hence the forbidden region is given by
central rapidity and small missing mass.

For the 77 background we take advantage of the peculiar kinematics of the electron-positron
pair which originates from the two 7 leptons being on-shell resonances and flying back-to-back. As
much as for the QED case, for the 77 background too we can identify a broad unpopulated phase
space.

In the 7* decays in Eq. 9, consider the neutrino pair as a body N.. of mass my, = 2py, - py,,
changing event by event. The energies in the rest frame of the decaying v~ are

2 )
BT my +mg —my,
e~ - )
2 (11)
2 _ 2 4 m2
e Mpmmetmy
g
* 2m

The first step to find the 77 low rate region is neglecting mp. In general it is non negligible
with respect to /s, but the size of phase space accessible to invisible bodies is maximised onto
mpy_ = mpy, = 0. Thus, in this approximation the region of inaccessible phase-space that we find is
smaller than the one resulting from an exact computation !.

10n top of that, we neglect m, as it is small with respect to /s.
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Within this approximation, the kinematics of the e* and the N. can be written in the Belle II
CoM frame as function of just 3 quantities: the angles 6. of the e* with respect to the direction of
flight of the respective parent 7 lepton and the angle ¢ between the planes of the decay products of
the 7*. Polar angles can be traded with e* energies like

Vs Fcs — dm?
) .

In this system (denoted by a T superscript) we can compute the invariant mass of the final electrons
2.

%
E,. =

12)

L[
s — 4m?

- T

(mZ,)*= m% —\sm2(E; + E*) +2E* EL(s = 2m%)+mic oy M_ ML), (13)

where we defined M. = /m2 — 2EX+fs + 4E2.
As apparent from Fig. 2 right, the 77 background lives along a line of the space m,., — m_,.

Up to possible mis-measurements of the electron and positron momenta the 77 background can be

removed by filtering out events for which m., = m,. As the signal populates the upper part of

T

the plane above the line m., = m;,,

it is possible to obtain high rejection of 77 while keeping a
substantial amount of signal.

Further backgrounds may come from quarks or lost photons.
The process

e*e” — gg — hadrons — e*e” +inv.,

can be a background if the leading hadron that appears from the color charge of the quark carries the
vast majority of the quark momentum and decays semi-leptonically. However, these backgrounds
can be assimilated to the 77 background and would simply amount to a variation of the total rate of
the 71 process after our selection.

Losses of central photons around small non-instrumented regions of the detector are a potential
source of very large backgrounds for our signal. Such configuration leads naturally to a small 71y,

*
miss

removed if n7 . is well measured by vetoing events for which the missing momentum falls in dead

due to the small physical photon mass, and small |g*. |. In principle such background can be

or not covered areas of the detector.

3. Event selection and Sensitivity

A first discrimination between signal and backgrounds can be obtained from a selection on the
missing mass defined in Eq. (6) which we want to fix around the ALP mass m, under examination
up to the experimental resolution. The missing mass is obtained from a cancellation of two positive
terms, Epigs and | pmiss|, thus it is expected that when my;ss tends to zero its experimental uncertainty
gets large. After detector effects are included, a good fit for the resolution on m g is

2 Mmiss \* 2
OfMiniss [ (10 GeV) ] © (14)

2Since for the QED and the signal it can happen that m% —2Ei+[s+4 (Ei)2 < 0 we use the |mg)| in our selection
described Sec. 3.
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In our selection we require

2
miss

|ms. . —m |</< sm? (15)

miss *

where the parameter « controls the width of the missing mass window which has been optimized to
maximize the sensitivity.
We further characterize the signal kinematics demanding a large missing energy E . and a

small missing rapidity n* . . In practice we require

miss*

il < e (16)

miss miss ’

2

E* [ low s+myg
miss miss’

24/s

where both E¥ and 77

miss miss

The cuts in Eq. (15) and Eq. (16) are chosen to optimize S/ VB in the cut-and-count scheme

M are chosen for each ALP mass in order to maximize the sensitivity.

where S, (B) indicates the number of signal (background) events. As an extra requirement we
demand these cuts to keep at least 90% of the signal.

As shown in Fig. 2 left the combination of Eq. (15) and Eq. (16) is enough to suppress most
of the QED background. In addition, given the three-body nature of the signal, we can find a
fourth selection variable to further improve the sensitivity. We find that the invariant mass of the
visible e*e~ final state is very effective to remove the background from 77 or any of its “look-alike”
backgrounds described earlier.

In practice, we construct a log-likelihood using the expected signal and background counts for
50 ab~! at Belle II

L(S, ,,Bl ])

where i and j run on the bins of the plane (mee, |mZ,|) as drawn in Fig. 2. For the computation of
the likelihood we define bins of width ém/m = 2% motivated by the expected Belle II resolution.
In each bin we compute the Poisson factor

(S + B)Be—(s+3)

L(S.B) =

(18)
The sensitivity shown in Fig. 1 corresponds to 95% C.L. and it is obtained by requiring A < 4.

Our separation of the 77 background from the signal does not rely on a overly fine measurement
of m.. and m},. To ensure the robustness of our sensitivity, we estimate the uncertainty due to finite
MC sample performing several independent generations of our background MC. The variation of
the sensitivity over these replicas is negligible on the log-scale of our Fig. 1.

4. Conclusions

In this work we derived the expected sensitivity on an ALP decaying invisibly at Belle II in
the channel e*e~ + invisible for a 50 ab~! luminosity. We could demonstrate that there is potential
to improve significantly over the results based on the y + invisible final state [1, 2, 12—14] over the
whole mass range, as Fig. 1 shows. The expected improvement on the reach can cover most of the
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allowed parameter space for DM freeze-out through ALP-mediated annihilations in the resonant
regime.

This result could be obtained because signal and background can be told apart very efficiently
thanks to the interplay between low missing mass and large central missing energy for light ALP
masses. Thanks to the excellent resolution of the Belle II invariant mass measurements, we could
set up a competitive analysis for heavy ALP masses too, that also fills the gap where the y +invisible
search encounters trigger issues related to the very large rate of single photon events at low photon
energies.
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