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New physics dark(er) side
How large should a coupling be?

• Heavy new physics has been searched for at many colliders of the “energy frontier” of each time 
(sub-100 GeV @LEP, 100s of GeV @TeVatron, TeV at @LHC)


• The idea relies on the existence of couplings of order 1 between SM states and new physics. This 
is observed in a significant fraction of the interactions we know, most notably gauge interactions 

( , , )


• Still lots of (puzzlingly) small couplings exist in nature, e.g. the Yukawa couplings (as small as  
for electron Yukawa)


• And “intermediate” small couplings, e.g. the Higgs boson quartic  or the loop level gluon-
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A counter perspective has taken shape in the 
last 10+ years: new physics might be coupled 

very weakly to our familiar SM states



https://www.pbs.org/wgbh/nova/abyss/frontier/discoveries.html
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The deeper you look …
Dark Sector

γ’

ALP

SM

the larger lumi you need
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Weakly coupled new physics production mechanisms
less is more?

• Most copious production mechanism is a clear candidate for the search of 
new physics

• Other production mechanism can have more “handles” to remove 
background and should be considered as well.
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Weakly coupled new physics production mechanisms
less is more?

• Most copious production mechanism is a clear candidate for the search of 
new physics

• Other production mechanism can have more “handles” to remove 
background and should be considered as well.

Search strategy can be leveraging stat-
uncertainty (up to a point!) or seek higher-

purity (if even possible)
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dimension-full coupling ∼ GeV−1

10−3GeV−1 ∼ MNP ≃ GeV

Much smaller couplings than 10-3 GeV 
should be pursued, until we find a 

good way to hide GeV New Physics 
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Figure 1. Expected sensitivity of Belle II at 95% C.L. to the ALP coupling to photons gaγγ as defined
in (1.3). In red we show the expected reach of e+e− + (γγ)res derived here and in orange the one of
γ + (γγ)res derived in ref. [14] both assuming the present Belle II detector coverage (see eq. (1.5)) and
50 ab−1 of integrated luminosity. The details of our analysis are given in section 2. The green dashed
line corresponds to the reach of a hypothetical experiment with increased forward acceptance (see
eq. (1.6)) and identical luminosity. The details are given in section 3. The red error band and the
green error band on both expected reaches correspond to the different statistical treatment of the
empty bins in the four-dimensional binned likelihood, as detailed in appendix A and appendix B. The
dotted blue lines are isolines for the sample averaged ALP decay length measured in the lab-frame.
When the ALP decays become long enough, the expected sensitivity of e+e− + invisible [15] and
of γ + invisible [14] are also shown. The gray shaded region shows existing constraints, assuming
gaγγ is generated above the electroweak scale by an ALP coupling to the U(1)Y gauge boson (see
refs. [14, 16] for the case where the ALP couples to SU(2) gauge bosons). These include limits from
beam dump experiments [17, 18], LEP and LHC limits recast in ref. [3], constraints from PrimEX
data derived in ref. [7], the recent limits from the Belle II search on γ + (γγ)res [19], from BES III
data [20] and from ATLAS [4] and CMS [12] searches on ultra-peripheral heavy ions collisions.

scattering. Ultimately, the features of the signal stem from the higher dimensional observable
phase-space with respect to the “ALP-strahlung” process.

For instance, in the SM process the photons are preferably emitted at small angle with
respect to the e± which radiated them and tend to carry little energy, while the signal allows
for a large angular separation and energetic photons. Moreover, at low invariant masses the
photons in the SM process tend to carry very little energy compared to the signal ones. In
the following, we will elaborate further on the discrimination that can be attained depending
on the invariant mass of the diphoton resonance.

– 2 –

Weakly coupled new physics production mechanisms
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Figure 4. The green contours show the expected reach for log10(gaωω) in the e+e→ → e+e→(a → ωω) channel

as a function of the luminosity and the final e± acceptance of a hypothetical lepton collider at
↑
s = 10.58 GeV,

givenma = 3 GeV. The red and green stars are the benchmarks for the Belle II and Belle-fwd reach in Fig. (1).

As a reference we show as a orange dashed line the Belle II reach for the e+e→ → ω(ωω)res channel. The red

dashed line is the isoline of the value of the Belle II reach.

extended forward acceptance down to ω→e± < 5, could lead to a substantial improvement in the reach
compared to Belle II.

4 Conclusion

In this work we developed a new search for diphoton resonances at Belle II based on the photon
fusion production in Eq. (1.1). By exploiting a full tessellation of the four dimensional phase space of
this 2 → 3 process we performed a detailed study of how this can be separated from the background
given by the radiative Bhabha process in Eq. (2.7). The result of this analysis is summarized in Fig. 1
which shows how this channel can lead to a substantial improvement in the reach compared to the
“ALP-strahlung” production studied in Ref. [14] at least for ALP masses below 6 GeV. Above 6 GeV
the Belle II reach quickly becomes less sensitive than existing constraints from ultra-peripheral heavy
ions collisions [4, 12]. Along the way, we illustrate in Appendix A a method to associate a conservative
uncertainty to the signal reach in analyses plagued by challenges in the MC sampling like ours.

In addition, we explored how the expected reach for a diphoton resonance in the e+e↑+εε channel
can be further improved at a hypothetical experiment with extended forward coverage compared to
Belle II. The results of Fig. 1 together with the ones in Fig. 4 show that with an extended forward
coverage down to |ω→e± | < 5 the expected Belle II reach could be improved even with 100 time less
luminosity.

Acknowledgments

We thank Torben Ferber, Enrico Graziani, Antonio Passeri and Laura Zani for useful discussions about
Belle II. RF and DR are supported in part by the European Union - Next Generation EU through the
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Weakly coupled new physics production mechanisms

2-to-2 production mechanism with  and  back-to-back (in the CoM frame)a γ

 gives a clean signal with a → γγ 3γ

2-to-2 kinematics is very restrictive, only the polar scattering angle is significant 

1709.00009 - Dolan et al.

2-to-3 production mechanism with richer phase-space than 2-to-2)  more handles!⟶

huge acceptance gain from forward coverage minor acceptance gain from forward coverage 
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Background and new physics production mechanisms

signal is e+e− → e+e−(γγ)a
main background is  from Bhabhae+e− → e+e−γγ
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single variable distributions are very similar for the BG

a multi-dimension analysis is necessary
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Background and new physics production mechanisms
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Figure 3. Distributions of signal events for the ALP production in photon fusion in eq. (2.5) (in
blue) and background events for the radiative Bhabha in eq. (2.7) (in red). A fixed diphoton invariant
mass of mγγ = 1 GeV within the range of eq. (2.6) is imposed, as well as the acceptance and isolation
cuts at Belle II given in eqs. (2.1), (2.2), (2.3). Left: distributions as a function of the minimal angle
between the positron/electron direction and the photon and the total energy of the photon pair,
Right: distributions as a function of the minimal angle between the positron/electron direction and
the photon and the angular separation between the two photons.

The most relevant background to the photon fusion production in eq. (2.5) is given by
radiative corrections to Bhabha scattering

e+e− → e+e−γγ . (2.7)

The LO rate for this process in the phase-space identified by eqs. (2.1)–(2.3) and eq. (2.6)
in the mass window [0.95, 1.02] GeV is 13.40 pb, which is much larger than the signal rate
5.30 · 10−5 pb ·

(
gaγγ

10−4

)2
. Despite the large imbalance of signal versus background, we will

find sensitivity to the signal thanks to a highly differential likelihood. A large fraction of
the cross-section for this process can be understood qualitatively as e+e− → e+e− dressed
by two e± → e±γ splittings. As a consequence of the soft and collinear enhancement of
the splittings, a distinguishing feature of this background process is the tendency of each
photon to fly collinear to the fermion that has emitted it, as well as being preferred to be
soft compared to the parent e±. As a further consequence of the collinear preference of the
photons emerging from Bhabha scattering, we observe that a large fraction of the background
events tends to have photons flying in opposite directions. This is expected when the two
photons are arising from different fermionic lines in the hard scattering.

In figure 3 the distributions of signal and background at fixed invariant mass of 1GeV
are shown. As discussed above, the background collinear enhancement will favor a small
angle between the photon and the corresponding fermionic line (either the electron or the
positron). As a consequence, in both panels in figure 3 we can see how the background event
distribution favors a small minimal angle between the photon and electron (or positron) in
the final state. In both panels we see that the signal does not have such a strong preference

– 6 –

the multi-dimension analysis
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Reach for new physics with a highly differential analysis
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Figure 2. Feynman diagram for the e+e− → e+e−a production for photon-fusion (left) and Dalitz
(right).

The angular separation and energy requirements of eqs. (2.1), (2.2), (2.3) cut-off soft and
collinear divergences guaranteeing the convergence of the perturbative expansion so that both
our signal and background samples are generated with Madgraph5_aMC@NLO v2.7.3 [27]
at leading order in perturbation theory.

2.1 Signal vs background
Two possible ALP production mechanisms at a lepton collider are

e+e− → γvisa , (2.4)
e+e− → e+vise

−
visa , (2.5)

with a → γγ. We have denoted by the subscript vis the final states that are in the acceptance
of the Belle II detector [26] given in (2.1). Depending on the lifetime of the ALP, the production
mechanisms above can give rise to either a visible resonant diphoton pair a → (γγ)res, the
processes eq. (2.4) and eq. (2.5), or to missing energy and momentum a → invisible.

The signal in eq. (2.4) is the well studied “ALP-strahlung” production (see ref. [14]), while
the process in eq. (2.5) gives rise to two different processes: i) the “ALP-Dalitz” process, given
by the ALP-strahlung eq. (2.4) with a photon conversion into e+e−; ii) the “photon-fusion”
into ALP, given by a photon line exchanged in the t-channel that radiates the ALP depicted
in figure 2. Similarly to what we found in [15] for the invisible ALP decay, the sensitivity
for an ALP decaying into a diphoton pair at Belle II is dominated by the photon-fusion
production. This dominance would be further enhanced in an experiment with extended
forward detector coverage, as discussed in section 3.

For each putative ma we require the two final state photons to have an invariant mass
in a range

mγγ − ma ∈ [−3, 1.5] · σma , (2.6)

where σma denotes the expected resolution on a di-photon resonance [26], which is dominated
by the uncertainty on the photon energy depositions in the ECAL. This requirement removes
large fractions of the backgrounds for all ma of interest.
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figure 1 assuming the same luminosity of Belle II. In order to fix a benchmark, we imagine a
pseudo-rapidity coverage in the center of mass frame for both positrons and electrons of

Belle-fwd : |η∗
e± | =

∣∣∣∣log
(
tan

(
θ∗
e±

2

))∣∣∣∣ → 5 , (1.6)

which corresponds to a minimal angle with respect to the beam axis of 0.76◦. For reference,
this roughly corresponds to the forward acceptance of the ATLAS calorimeter.

The possibility of extending the forward coverage at Belle II is limited by the presence of
collimating magnets around the beam line which do not allow this region to be instrumented
with detectors. The magnets are required to reach the expected integrated luminosity of the
Belle II experiment [21]. Thanks to the impressive boost in the signal rate for an extended
forward acceptance, even with reduced luminosity it is still possible to get an improvement in
the reach compared to the Belle II experiment. This of course will also reduce the challenge of
squeezing the beam to reach the luminosity targeted at Belle II. A more detailed illustration
of how the reach in this channel depends on the forward acceptance and the luminosity is
shown in figure 4 and discussed in section 3.

We conclude in section 4 leaving the technical details of our study for a series of
appendices. In appendix A we discuss how we overcome the challenges of generating a smooth
SM background prediction in our binned 4D likelihood analysis. In particular, we discuss
the different possible statistical treatments of the empty bins in the MC, which result in the
uncertainty in the expected reach in figure 1. In appendix B we further detail the features
of our likelihood. In appendix C we quantify the range of applicability of the well-known
effective photon approximation (EPA) [22–25] that is often advocated to carry out simplified
cross-section computations and to develop intuition on the signal kinematics. Appendix D
discusses the event by event reweighting we performed to account for the ALP lifetime.

2 Expected sensitivity at Belle II

In our signal we deal with e± and γ detected in Belle II. According to Belle II detector
performance [26] these objects are well reconstructed if they satisfy the following energy
and angular requirements:

E∗ > 0.25GeV, θ∗ ∈ [22, 158]◦ , (2.1)

where the starred quantities are measured in the collision center of mass frame. In addition,
as we want to discuss a resonance in the spectrum of resolved photons, we require

!θγγ > 0.048 or !φγγ > 0.048 , (2.2)

where !θγγ and !φγγ indicate the polar and azimuthal angular differences between the two
resonant photons. This requirement on laboratory frame angles ensures that the two photons
in the signal final state are reconstructed as separated photons at Belle II [26].

The photons need also to be separated from the electron to give rise to a clean final
state, thus we require for all e±-photon pairs

!θγe± > 0.048 or !φγe± > 0.048 . (2.3)
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figure 1 assuming the same luminosity of Belle II. In order to fix a benchmark, we imagine a
pseudo-rapidity coverage in the center of mass frame for both positrons and electrons of

Belle-fwd : |η∗
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θ∗
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))∣∣∣∣ → 5 , (1.6)

which corresponds to a minimal angle with respect to the beam axis of 0.76◦. For reference,
this roughly corresponds to the forward acceptance of the ATLAS calorimeter.

The possibility of extending the forward coverage at Belle II is limited by the presence of
collimating magnets around the beam line which do not allow this region to be instrumented
with detectors. The magnets are required to reach the expected integrated luminosity of the
Belle II experiment [21]. Thanks to the impressive boost in the signal rate for an extended
forward acceptance, even with reduced luminosity it is still possible to get an improvement in
the reach compared to the Belle II experiment. This of course will also reduce the challenge of
squeezing the beam to reach the luminosity targeted at Belle II. A more detailed illustration
of how the reach in this channel depends on the forward acceptance and the luminosity is
shown in figure 4 and discussed in section 3.

We conclude in section 4 leaving the technical details of our study for a series of
appendices. In appendix A we discuss how we overcome the challenges of generating a smooth
SM background prediction in our binned 4D likelihood analysis. In particular, we discuss
the different possible statistical treatments of the empty bins in the MC, which result in the
uncertainty in the expected reach in figure 1. In appendix B we further detail the features
of our likelihood. In appendix C we quantify the range of applicability of the well-known
effective photon approximation (EPA) [22–25] that is often advocated to carry out simplified
cross-section computations and to develop intuition on the signal kinematics. Appendix D
discusses the event by event reweighting we performed to account for the ALP lifetime.

2 Expected sensitivity at Belle II

In our signal we deal with e± and γ detected in Belle II. According to Belle II detector
performance [26] these objects are well reconstructed if they satisfy the following energy
and angular requirements:

E∗ > 0.25GeV, θ∗ ∈ [22, 158]◦ , (2.1)

where the starred quantities are measured in the collision center of mass frame. In addition,
as we want to discuss a resonance in the spectrum of resolved photons, we require

!θγγ > 0.048 or !φγγ > 0.048 , (2.2)

where !θγγ and !φγγ indicate the polar and azimuthal angular differences between the two
resonant photons. This requirement on laboratory frame angles ensures that the two photons
in the signal final state are reconstructed as separated photons at Belle II [26].

The photons need also to be separated from the electron to give rise to a clean final
state, thus we require for all e±-photon pairs

!θγe± > 0.048 or !φγe± > 0.048 . (2.3)
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uncertainty in the expected reach in figure 1. In appendix B we further detail the features
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effective photon approximation (EPA) [22–25] that is often advocated to carry out simplified
cross-section computations and to develop intuition on the signal kinematics. Appendix D
discusses the event by event reweighting we performed to account for the ALP lifetime.
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as we want to discuss a resonance in the spectrum of resolved photons, we require
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where !θγγ and !φγγ indicate the polar and azimuthal angular differences between the two
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variables, the Lorentz invariants t± and s± as
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(
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)2
,
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(
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→ pe−
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)2
,

s− =
(
pe+in

+ pe−
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→ pe+out

)2
,

s+ =
(
pe+in

+ pe−
in

→ pe−
out

)2
,

(2.8)

where the positron, electron, and photon momenta are defined in figure 2. A conversion
between the Lorentz invariant variables and the measured energy and angles of the positron,
electron, and photons can be easily derived. Neglecting the electron mass, we can write

t± " →
√
sE∗

e±out

(
1± cos θ∗

e±out

)
, s± "

√
s
(√

s → 2E∗
e±out

)
, (2.9)

where θ∗
e±out

is the polar angle of the positron/electron with respect to the beam axis in the
CoM frame. The above expressions show that t± → 0 controls the collinear singularity of the
photon fusion production at θ∗

e±out
→ 0. Using energy conservation, the sum of the other two

Mandelstam variables can be written in terms of the energy of the resonance s++s− " 2E∗
a
√
s,

while their difference gives the asymmetry between the positron and the electron energy.
Starting from the energy and polar angle resolution of Belle II [26] we derive approximate

resolutions for the measurement of t± and s±. Each of these quantities contains energies and
directions of photons and electrons. The energies are the least well measured, so we can take

δµi

µi
" 2δE

E
" 4% for µi = {s+, s−, t+, t−} . (2.10)

Based on the predicted differential rates for the SM background and for the signal, we
construct a log-likelihood for 50 ab−1 integrated luminosity at Belle II

! = →2
∑

i,j

ln L(Si,j , Bi,j)
L(0, Bi,j)

, (2.11)

where i and j run on the bins of the 4D space spanned by s+, s−, t+, t− and S and B

indicate respectively the expected number of signal or background events in each bin. In (2.11)
L(Si,j , Bi,j) is the Poisson factor computed in each bin defined as follows

L(S,B) = (S +B)B
B! e−(S+B) . (2.12)

The sensitivity shown in figure 1 corresponds to 95% C.L. and it is obtained by requiring ! < 4.
Given the huge hierarchy between the signal rate and the background rate, our sensitivity

benefits from regions of phase space where the background is strongly suppressed. To best
exploit these features, we perform a full 4D likelihood analysis. This likelihood is challenging
to construct from the viewpoint of the MC generation, but the improvement in the sensitivity
is worth the effort.2 For computational reasons we then tessellate the 4D phase space

2We note in passing that the expected sensitivity for a 3D likelihood obtained by collapsing our 4D one in
any of the four directions is reduced by roughly one order of magnitude. This loss of sensitivity confirms that
the full phase space information is needed to distinguish the photon fusion process from the background.
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Figure 2. Feynman diagram for the e+e− → e+e−a production for photon-fusion (left) and Dalitz
(right).

The angular separation and energy requirements of eqs. (2.1), (2.2), (2.3) cut-off soft and
collinear divergences guaranteeing the convergence of the perturbative expansion so that both
our signal and background samples are generated with Madgraph5_aMC@NLO v2.7.3 [27]
at leading order in perturbation theory.

2.1 Signal vs background
Two possible ALP production mechanisms at a lepton collider are

e+e− → γvisa , (2.4)
e+e− → e+vise

−
visa , (2.5)

with a → γγ. We have denoted by the subscript vis the final states that are in the acceptance
of the Belle II detector [26] given in (2.1). Depending on the lifetime of the ALP, the production
mechanisms above can give rise to either a visible resonant diphoton pair a → (γγ)res, the
processes eq. (2.4) and eq. (2.5), or to missing energy and momentum a → invisible.

The signal in eq. (2.4) is the well studied “ALP-strahlung” production (see ref. [14]), while
the process in eq. (2.5) gives rise to two different processes: i) the “ALP-Dalitz” process, given
by the ALP-strahlung eq. (2.4) with a photon conversion into e+e−; ii) the “photon-fusion”
into ALP, given by a photon line exchanged in the t-channel that radiates the ALP depicted
in figure 2. Similarly to what we found in [15] for the invisible ALP decay, the sensitivity
for an ALP decaying into a diphoton pair at Belle II is dominated by the photon-fusion
production. This dominance would be further enhanced in an experiment with extended
forward detector coverage, as discussed in section 3.

For each putative ma we require the two final state photons to have an invariant mass
in a range

mγγ − ma ∈ [−3, 1.5] · σma , (2.6)

where σma denotes the expected resolution on a di-photon resonance [26], which is dominated
by the uncertainty on the photon energy depositions in the ECAL. This requirement removes
large fractions of the backgrounds for all ma of interest.
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figure 1 assuming the same luminosity of Belle II. In order to fix a benchmark, we imagine a
pseudo-rapidity coverage in the center of mass frame for both positrons and electrons of

Belle-fwd : |η∗
e± | =

∣∣∣∣log
(
tan

(
θ∗
e±

2

))∣∣∣∣ → 5 , (1.6)

which corresponds to a minimal angle with respect to the beam axis of 0.76◦. For reference,
this roughly corresponds to the forward acceptance of the ATLAS calorimeter.

The possibility of extending the forward coverage at Belle II is limited by the presence of
collimating magnets around the beam line which do not allow this region to be instrumented
with detectors. The magnets are required to reach the expected integrated luminosity of the
Belle II experiment [21]. Thanks to the impressive boost in the signal rate for an extended
forward acceptance, even with reduced luminosity it is still possible to get an improvement in
the reach compared to the Belle II experiment. This of course will also reduce the challenge of
squeezing the beam to reach the luminosity targeted at Belle II. A more detailed illustration
of how the reach in this channel depends on the forward acceptance and the luminosity is
shown in figure 4 and discussed in section 3.

We conclude in section 4 leaving the technical details of our study for a series of
appendices. In appendix A we discuss how we overcome the challenges of generating a smooth
SM background prediction in our binned 4D likelihood analysis. In particular, we discuss
the different possible statistical treatments of the empty bins in the MC, which result in the
uncertainty in the expected reach in figure 1. In appendix B we further detail the features
of our likelihood. In appendix C we quantify the range of applicability of the well-known
effective photon approximation (EPA) [22–25] that is often advocated to carry out simplified
cross-section computations and to develop intuition on the signal kinematics. Appendix D
discusses the event by event reweighting we performed to account for the ALP lifetime.

2 Expected sensitivity at Belle II

In our signal we deal with e± and γ detected in Belle II. According to Belle II detector
performance [26] these objects are well reconstructed if they satisfy the following energy
and angular requirements:

E∗ > 0.25GeV, θ∗ ∈ [22, 158]◦ , (2.1)

where the starred quantities are measured in the collision center of mass frame. In addition,
as we want to discuss a resonance in the spectrum of resolved photons, we require

!θγγ > 0.048 or !φγγ > 0.048 , (2.2)

where !θγγ and !φγγ indicate the polar and azimuthal angular differences between the two
resonant photons. This requirement on laboratory frame angles ensures that the two photons
in the signal final state are reconstructed as separated photons at Belle II [26].

The photons need also to be separated from the electron to give rise to a clean final
state, thus we require for all e±-photon pairs

!θγe± > 0.048 or !φγe± > 0.048 . (2.3)
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the different possible statistical treatments of the empty bins in the MC, which result in the
uncertainty in the expected reach in figure 1. In appendix B we further detail the features
of our likelihood. In appendix C we quantify the range of applicability of the well-known
effective photon approximation (EPA) [22–25] that is often advocated to carry out simplified
cross-section computations and to develop intuition on the signal kinematics. Appendix D
discusses the event by event reweighting we performed to account for the ALP lifetime.

2 Expected sensitivity at Belle II

In our signal we deal with e± and γ detected in Belle II. According to Belle II detector
performance [26] these objects are well reconstructed if they satisfy the following energy
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E∗ > 0.25GeV, θ∗ ∈ [22, 158]◦ , (2.1)

where the starred quantities are measured in the collision center of mass frame. In addition,
as we want to discuss a resonance in the spectrum of resolved photons, we require

!θγγ > 0.048 or !φγγ > 0.048 , (2.2)

where !θγγ and !φγγ indicate the polar and azimuthal angular differences between the two
resonant photons. This requirement on laboratory frame angles ensures that the two photons
in the signal final state are reconstructed as separated photons at Belle II [26].

The photons need also to be separated from the electron to give rise to a clean final
state, thus we require for all e±-photon pairs
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Belle II experiment [21]. Thanks to the impressive boost in the signal rate for an extended
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uncertainty in the expected reach in figure 1. In appendix B we further detail the features
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effective photon approximation (EPA) [22–25] that is often advocated to carry out simplified
cross-section computations and to develop intuition on the signal kinematics. Appendix D
discusses the event by event reweighting we performed to account for the ALP lifetime.

2 Expected sensitivity at Belle II

In our signal we deal with e± and γ detected in Belle II. According to Belle II detector
performance [26] these objects are well reconstructed if they satisfy the following energy
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E∗ > 0.25GeV, θ∗ ∈ [22, 158]◦ , (2.1)

where the starred quantities are measured in the collision center of mass frame. In addition,
as we want to discuss a resonance in the spectrum of resolved photons, we require

!θγγ > 0.048 or !φγγ > 0.048 , (2.2)

where !θγγ and !φγγ indicate the polar and azimuthal angular differences between the two
resonant photons. This requirement on laboratory frame angles ensures that the two photons
in the signal final state are reconstructed as separated photons at Belle II [26].

The photons need also to be separated from the electron to give rise to a clean final
state, thus we require for all e±-photon pairs
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where the positron, electron, and photon momenta are defined in figure 2. A conversion
between the Lorentz invariant variables and the measured energy and angles of the positron,
electron, and photons can be easily derived. Neglecting the electron mass, we can write

t± " →
√
sE∗

e±out

(
1± cos θ∗

e±out

)
, s± "

√
s
(√

s → 2E∗
e±out

)
, (2.9)

where θ∗
e±out

is the polar angle of the positron/electron with respect to the beam axis in the
CoM frame. The above expressions show that t± → 0 controls the collinear singularity of the
photon fusion production at θ∗

e±out
→ 0. Using energy conservation, the sum of the other two

Mandelstam variables can be written in terms of the energy of the resonance s++s− " 2E∗
a
√
s,

while their difference gives the asymmetry between the positron and the electron energy.
Starting from the energy and polar angle resolution of Belle II [26] we derive approximate

resolutions for the measurement of t± and s±. Each of these quantities contains energies and
directions of photons and electrons. The energies are the least well measured, so we can take

δµi

µi
" 2δE

E
" 4% for µi = {s+, s−, t+, t−} . (2.10)

Based on the predicted differential rates for the SM background and for the signal, we
construct a log-likelihood for 50 ab−1 integrated luminosity at Belle II

! = →2
∑

i,j

ln L(Si,j , Bi,j)
L(0, Bi,j)

, (2.11)

where i and j run on the bins of the 4D space spanned by s+, s−, t+, t− and S and B

indicate respectively the expected number of signal or background events in each bin. In (2.11)
L(Si,j , Bi,j) is the Poisson factor computed in each bin defined as follows

L(S,B) = (S +B)B
B! e−(S+B) . (2.12)

The sensitivity shown in figure 1 corresponds to 95% C.L. and it is obtained by requiring ! < 4.
Given the huge hierarchy between the signal rate and the background rate, our sensitivity

benefits from regions of phase space where the background is strongly suppressed. To best
exploit these features, we perform a full 4D likelihood analysis. This likelihood is challenging
to construct from the viewpoint of the MC generation, but the improvement in the sensitivity
is worth the effort.2 For computational reasons we then tessellate the 4D phase space

2We note in passing that the expected sensitivity for a 3D likelihood obtained by collapsing our 4D one in
any of the four directions is reduced by roughly one order of magnitude. This loss of sensitivity confirms that
the full phase space information is needed to distinguish the photon fusion process from the background.
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Figure 1. Expected sensitivity of Belle II at 95% C.L. to the ALP coupling to photons gaγγ as defined
in (1.3). In red we show the expected reach of e+e− + (γγ)res derived here and in orange the one of
γ + (γγ)res derived in ref. [14] both assuming the present Belle II detector coverage (see eq. (1.5)) and
50 ab−1 of integrated luminosity. The details of our analysis are given in section 2. The green dashed
line corresponds to the reach of a hypothetical experiment with increased forward acceptance (see
eq. (1.6)) and identical luminosity. The details are given in section 3. The red error band and the
green error band on both expected reaches correspond to the different statistical treatment of the
empty bins in the four-dimensional binned likelihood, as detailed in appendix A and appendix B. The
dotted blue lines are isolines for the sample averaged ALP decay length measured in the lab-frame.
When the ALP decays become long enough, the expected sensitivity of e+e− + invisible [15] and
of γ + invisible [14] are also shown. The gray shaded region shows existing constraints, assuming
gaγγ is generated above the electroweak scale by an ALP coupling to the U(1)Y gauge boson (see
refs. [14, 16] for the case where the ALP couples to SU(2) gauge bosons). These include limits from
beam dump experiments [17, 18], LEP and LHC limits recast in ref. [3], constraints from PrimEX
data derived in ref. [7], the recent limits from the Belle II search on γ + (γγ)res [19], from BES III
data [20] and from ATLAS [4] and CMS [12] searches on ultra-peripheral heavy ions collisions.

scattering. Ultimately, the features of the signal stem from the higher dimensional observable
phase-space with respect to the “ALP-strahlung” process.

For instance, in the SM process the photons are preferably emitted at small angle with
respect to the e± which radiated them and tend to carry little energy, while the signal allows
for a large angular separation and energetic photons. Moreover, at low invariant masses the
photons in the SM process tend to carry very little energy compared to the signal ones. In
the following, we will elaborate further on the discrimination that can be attained depending
on the invariant mass of the diphoton resonance.
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Figure 2. Feynman diagram for the e+e− → e+e−a production for photon-fusion (left) and Dalitz
(right).

The angular separation and energy requirements of eqs. (2.1), (2.2), (2.3) cut-off soft and
collinear divergences guaranteeing the convergence of the perturbative expansion so that both
our signal and background samples are generated with Madgraph5_aMC@NLO v2.7.3 [27]
at leading order in perturbation theory.

2.1 Signal vs background
Two possible ALP production mechanisms at a lepton collider are

e+e− → γvisa , (2.4)
e+e− → e+vise

−
visa , (2.5)

with a → γγ. We have denoted by the subscript vis the final states that are in the acceptance
of the Belle II detector [26] given in (2.1). Depending on the lifetime of the ALP, the production
mechanisms above can give rise to either a visible resonant diphoton pair a → (γγ)res, the
processes eq. (2.4) and eq. (2.5), or to missing energy and momentum a → invisible.

The signal in eq. (2.4) is the well studied “ALP-strahlung” production (see ref. [14]), while
the process in eq. (2.5) gives rise to two different processes: i) the “ALP-Dalitz” process, given
by the ALP-strahlung eq. (2.4) with a photon conversion into e+e−; ii) the “photon-fusion”
into ALP, given by a photon line exchanged in the t-channel that radiates the ALP depicted
in figure 2. Similarly to what we found in [15] for the invisible ALP decay, the sensitivity
for an ALP decaying into a diphoton pair at Belle II is dominated by the photon-fusion
production. This dominance would be further enhanced in an experiment with extended
forward detector coverage, as discussed in section 3.

For each putative ma we require the two final state photons to have an invariant mass
in a range

mγγ − ma ∈ [−3, 1.5] · σma , (2.6)

where σma denotes the expected resolution on a di-photon resonance [26], which is dominated
by the uncertainty on the photon energy depositions in the ECAL. This requirement removes
large fractions of the backgrounds for all ma of interest.
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figure 1 assuming the same luminosity of Belle II. In order to fix a benchmark, we imagine a
pseudo-rapidity coverage in the center of mass frame for both positrons and electrons of

Belle-fwd : |η∗
e± | =

∣∣∣∣log
(
tan

(
θ∗
e±

2

))∣∣∣∣ → 5 , (1.6)

which corresponds to a minimal angle with respect to the beam axis of 0.76◦. For reference,
this roughly corresponds to the forward acceptance of the ATLAS calorimeter.

The possibility of extending the forward coverage at Belle II is limited by the presence of
collimating magnets around the beam line which do not allow this region to be instrumented
with detectors. The magnets are required to reach the expected integrated luminosity of the
Belle II experiment [21]. Thanks to the impressive boost in the signal rate for an extended
forward acceptance, even with reduced luminosity it is still possible to get an improvement in
the reach compared to the Belle II experiment. This of course will also reduce the challenge of
squeezing the beam to reach the luminosity targeted at Belle II. A more detailed illustration
of how the reach in this channel depends on the forward acceptance and the luminosity is
shown in figure 4 and discussed in section 3.

We conclude in section 4 leaving the technical details of our study for a series of
appendices. In appendix A we discuss how we overcome the challenges of generating a smooth
SM background prediction in our binned 4D likelihood analysis. In particular, we discuss
the different possible statistical treatments of the empty bins in the MC, which result in the
uncertainty in the expected reach in figure 1. In appendix B we further detail the features
of our likelihood. In appendix C we quantify the range of applicability of the well-known
effective photon approximation (EPA) [22–25] that is often advocated to carry out simplified
cross-section computations and to develop intuition on the signal kinematics. Appendix D
discusses the event by event reweighting we performed to account for the ALP lifetime.

2 Expected sensitivity at Belle II

In our signal we deal with e± and γ detected in Belle II. According to Belle II detector
performance [26] these objects are well reconstructed if they satisfy the following energy
and angular requirements:

E∗ > 0.25GeV, θ∗ ∈ [22, 158]◦ , (2.1)

where the starred quantities are measured in the collision center of mass frame. In addition,
as we want to discuss a resonance in the spectrum of resolved photons, we require

!θγγ > 0.048 or !φγγ > 0.048 , (2.2)

where !θγγ and !φγγ indicate the polar and azimuthal angular differences between the two
resonant photons. This requirement on laboratory frame angles ensures that the two photons
in the signal final state are reconstructed as separated photons at Belle II [26].

The photons need also to be separated from the electron to give rise to a clean final
state, thus we require for all e±-photon pairs

!θγe± > 0.048 or !φγe± > 0.048 . (2.3)
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variables, the Lorentz invariants t± and s± as

t+ =
(
pe+in

→ pe+out

)2
,

t− =
(
pe−

in
→ pe−

out

)2
,

s− =
(
pe+in

+ pe−
in

→ pe+out

)2
,

s+ =
(
pe+in

+ pe−
in

→ pe−
out

)2
,

(2.8)

where the positron, electron, and photon momenta are defined in figure 2. A conversion
between the Lorentz invariant variables and the measured energy and angles of the positron,
electron, and photons can be easily derived. Neglecting the electron mass, we can write

t± " →
√
sE∗

e±out

(
1± cos θ∗

e±out

)
, s± "

√
s
(√

s → 2E∗
e±out

)
, (2.9)

where θ∗
e±out

is the polar angle of the positron/electron with respect to the beam axis in the
CoM frame. The above expressions show that t± → 0 controls the collinear singularity of the
photon fusion production at θ∗

e±out
→ 0. Using energy conservation, the sum of the other two

Mandelstam variables can be written in terms of the energy of the resonance s++s− " 2E∗
a
√
s,

while their difference gives the asymmetry between the positron and the electron energy.
Starting from the energy and polar angle resolution of Belle II [26] we derive approximate

resolutions for the measurement of t± and s±. Each of these quantities contains energies and
directions of photons and electrons. The energies are the least well measured, so we can take

δµi

µi
" 2δE

E
" 4% for µi = {s+, s−, t+, t−} . (2.10)

Based on the predicted differential rates for the SM background and for the signal, we
construct a log-likelihood for 50 ab−1 integrated luminosity at Belle II

! = →2
∑

i,j

ln L(Si,j , Bi,j)
L(0, Bi,j)

, (2.11)

where i and j run on the bins of the 4D space spanned by s+, s−, t+, t− and S and B

indicate respectively the expected number of signal or background events in each bin. In (2.11)
L(Si,j , Bi,j) is the Poisson factor computed in each bin defined as follows

L(S,B) = (S +B)B
B! e−(S+B) . (2.12)

The sensitivity shown in figure 1 corresponds to 95% C.L. and it is obtained by requiring ! < 4.
Given the huge hierarchy between the signal rate and the background rate, our sensitivity

benefits from regions of phase space where the background is strongly suppressed. To best
exploit these features, we perform a full 4D likelihood analysis. This likelihood is challenging
to construct from the viewpoint of the MC generation, but the improvement in the sensitivity
is worth the effort.2 For computational reasons we then tessellate the 4D phase space

2We note in passing that the expected sensitivity for a 3D likelihood obtained by collapsing our 4D one in
any of the four directions is reduced by roughly one order of magnitude. This loss of sensitivity confirms that
the full phase space information is needed to distinguish the photon fusion process from the background.
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Figure 1. Expected sensitivity of Belle II at 95% C.L. to the ALP coupling to photons gaγγ as defined
in (1.3). In red we show the expected reach of e+e− + (γγ)res derived here and in orange the one of
γ + (γγ)res derived in ref. [14] both assuming the present Belle II detector coverage (see eq. (1.5)) and
50 ab−1 of integrated luminosity. The details of our analysis are given in section 2. The green dashed
line corresponds to the reach of a hypothetical experiment with increased forward acceptance (see
eq. (1.6)) and identical luminosity. The details are given in section 3. The red error band and the
green error band on both expected reaches correspond to the different statistical treatment of the
empty bins in the four-dimensional binned likelihood, as detailed in appendix A and appendix B. The
dotted blue lines are isolines for the sample averaged ALP decay length measured in the lab-frame.
When the ALP decays become long enough, the expected sensitivity of e+e− + invisible [15] and
of γ + invisible [14] are also shown. The gray shaded region shows existing constraints, assuming
gaγγ is generated above the electroweak scale by an ALP coupling to the U(1)Y gauge boson (see
refs. [14, 16] for the case where the ALP couples to SU(2) gauge bosons). These include limits from
beam dump experiments [17, 18], LEP and LHC limits recast in ref. [3], constraints from PrimEX
data derived in ref. [7], the recent limits from the Belle II search on γ + (γγ)res [19], from BES III
data [20] and from ATLAS [4] and CMS [12] searches on ultra-peripheral heavy ions collisions.

scattering. Ultimately, the features of the signal stem from the higher dimensional observable
phase-space with respect to the “ALP-strahlung” process.

For instance, in the SM process the photons are preferably emitted at small angle with
respect to the e± which radiated them and tend to carry little energy, while the signal allows
for a large angular separation and energetic photons. Moreover, at low invariant masses the
photons in the SM process tend to carry very little energy compared to the signal ones. In
the following, we will elaborate further on the discrimination that can be attained depending
on the invariant mass of the diphoton resonance.
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Figure 4. The green contours show the expected reach for log10(gaωω) in the e+e→ → e+e→(a → ωω) channel

as a function of the luminosity and the final e± acceptance of a hypothetical lepton collider at
↑
s = 10.58 GeV,

givenma = 3 GeV. The red and green stars are the benchmarks for the Belle II and Belle-fwd reach in Fig. (1).

As a reference we show as a orange dashed line the Belle II reach for the e+e→ → ω(ωω)res channel. The red

dashed line is the isoline of the value of the Belle II reach.

extended forward acceptance down to ω→e± < 5, could lead to a substantial improvement in the reach
compared to Belle II.

4 Conclusion

In this work we developed a new search for diphoton resonances at Belle II based on the photon
fusion production in Eq. (1.1). By exploiting a full tessellation of the four dimensional phase space of
this 2 → 3 process we performed a detailed study of how this can be separated from the background
given by the radiative Bhabha process in Eq. (2.7). The result of this analysis is summarized in Fig. 1
which shows how this channel can lead to a substantial improvement in the reach compared to the
“ALP-strahlung” production studied in Ref. [14] at least for ALP masses below 6 GeV. Above 6 GeV
the Belle II reach quickly becomes less sensitive than existing constraints from ultra-peripheral heavy
ions collisions [4, 12]. Along the way, we illustrate in Appendix A a method to associate a conservative
uncertainty to the signal reach in analyses plagued by challenges in the MC sampling like ours.

In addition, we explored how the expected reach for a diphoton resonance in the e+e↑+εε channel
can be further improved at a hypothetical experiment with extended forward coverage compared to
Belle II. The results of Fig. 1 together with the ones in Fig. 4 show that with an extended forward
coverage down to |ω→e± | < 5 the expected Belle II reach could be improved even with 100 time less
luminosity.

Acknowledgments

We thank Torben Ferber, Enrico Graziani, Antonio Passeri and Laura Zani for useful discussions about
Belle II. RF and DR are supported in part by the European Union - Next Generation EU through the

– 9 –

ma = 3 GeV

0 5 10 15 20 25 30

10
-2

10
-1

1



https://indico.ihep.ac.cn/event/29263/ - May 16th 2026 - Roberto Franceschini - Workshop for Two-Photon Physics and New Detection Technology 

Reach for new physics with a highly differential analysis

★★

★★

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
1

2

3

4

5

Figure 4. The green contours show the expected reach for log10(gaωω) in the e+e→ → e+e→(a → ωω) channel

as a function of the luminosity and the final e± acceptance of a hypothetical lepton collider at
↑
s = 10.58 GeV,

givenma = 3 GeV. The red and green stars are the benchmarks for the Belle II and Belle-fwd reach in Fig. (1).

As a reference we show as a orange dashed line the Belle II reach for the e+e→ → ω(ωω)res channel. The red

dashed line is the isoline of the value of the Belle II reach.

extended forward acceptance down to ω→e± < 5, could lead to a substantial improvement in the reach
compared to Belle II.

4 Conclusion

In this work we developed a new search for diphoton resonances at Belle II based on the photon
fusion production in Eq. (1.1). By exploiting a full tessellation of the four dimensional phase space of
this 2 → 3 process we performed a detailed study of how this can be separated from the background
given by the radiative Bhabha process in Eq. (2.7). The result of this analysis is summarized in Fig. 1
which shows how this channel can lead to a substantial improvement in the reach compared to the
“ALP-strahlung” production studied in Ref. [14] at least for ALP masses below 6 GeV. Above 6 GeV
the Belle II reach quickly becomes less sensitive than existing constraints from ultra-peripheral heavy
ions collisions [4, 12]. Along the way, we illustrate in Appendix A a method to associate a conservative
uncertainty to the signal reach in analyses plagued by challenges in the MC sampling like ours.

In addition, we explored how the expected reach for a diphoton resonance in the e+e↑+εε channel
can be further improved at a hypothetical experiment with extended forward coverage compared to
Belle II. The results of Fig. 1 together with the ones in Fig. 4 show that with an extended forward
coverage down to |ω→e± | < 5 the expected Belle II reach could be improved even with 100 time less
luminosity.

Acknowledgments

We thank Torben Ferber, Enrico Graziani, Antonio Passeri and Laura Zani for useful discussions about
Belle II. RF and DR are supported in part by the European Union - Next Generation EU through the

– 9 –

ma = 3 GeV

0 5 10 15 20 25 30

10
-2

10
-1

1



https://indico.ihep.ac.cn/event/29263/ - May 16th 2026 - Roberto Franceschini - Workshop for Two-Photon Physics and New Detection Technology 

Reach for new physics with a highly differential analysis

Improvement over the “standard”  search 
possible for a wide choice of acceptance angle vs. 

luminosity choices

3γ

★★

★★

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
1

2

3

4

5

Figure 4. The green contours show the expected reach for log10(gaωω) in the e+e→ → e+e→(a → ωω) channel

as a function of the luminosity and the final e± acceptance of a hypothetical lepton collider at
↑
s = 10.58 GeV,

givenma = 3 GeV. The red and green stars are the benchmarks for the Belle II and Belle-fwd reach in Fig. (1).

As a reference we show as a orange dashed line the Belle II reach for the e+e→ → ω(ωω)res channel. The red

dashed line is the isoline of the value of the Belle II reach.

extended forward acceptance down to ω→e± < 5, could lead to a substantial improvement in the reach
compared to Belle II.

4 Conclusion

In this work we developed a new search for diphoton resonances at Belle II based on the photon
fusion production in Eq. (1.1). By exploiting a full tessellation of the four dimensional phase space of
this 2 → 3 process we performed a detailed study of how this can be separated from the background
given by the radiative Bhabha process in Eq. (2.7). The result of this analysis is summarized in Fig. 1
which shows how this channel can lead to a substantial improvement in the reach compared to the
“ALP-strahlung” production studied in Ref. [14] at least for ALP masses below 6 GeV. Above 6 GeV
the Belle II reach quickly becomes less sensitive than existing constraints from ultra-peripheral heavy
ions collisions [4, 12]. Along the way, we illustrate in Appendix A a method to associate a conservative
uncertainty to the signal reach in analyses plagued by challenges in the MC sampling like ours.

In addition, we explored how the expected reach for a diphoton resonance in the e+e↑+εε channel
can be further improved at a hypothetical experiment with extended forward coverage compared to
Belle II. The results of Fig. 1 together with the ones in Fig. 4 show that with an extended forward
coverage down to |ω→e± | < 5 the expected Belle II reach could be improved even with 100 time less
luminosity.

Acknowledgments

We thank Torben Ferber, Enrico Graziani, Antonio Passeri and Laura Zani for useful discussions about
Belle II. RF and DR are supported in part by the European Union - Next Generation EU through the

– 9 –

ma = 3 GeV

0 5 10 15 20 25 30

10
-2

10
-1

1



https://indico.ihep.ac.cn/event/29263/ - May 16th 2026 - Roberto Franceschini - Workshop for Two-Photon Physics and New Detection Technology 

Reach for new physics with a highly differential analysis

Improvement over the “standard”  search 
possible for a wide choice of acceptance angle vs. 

luminosity choices

3γ

★★

★★

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
1

2

3

4

5

Figure 4. The green contours show the expected reach for log10(gaωω) in the e+e→ → e+e→(a → ωω) channel

as a function of the luminosity and the final e± acceptance of a hypothetical lepton collider at
↑
s = 10.58 GeV,

givenma = 3 GeV. The red and green stars are the benchmarks for the Belle II and Belle-fwd reach in Fig. (1).

As a reference we show as a orange dashed line the Belle II reach for the e+e→ → ω(ωω)res channel. The red

dashed line is the isoline of the value of the Belle II reach.

extended forward acceptance down to ω→e± < 5, could lead to a substantial improvement in the reach
compared to Belle II.

4 Conclusion

In this work we developed a new search for diphoton resonances at Belle II based on the photon
fusion production in Eq. (1.1). By exploiting a full tessellation of the four dimensional phase space of
this 2 → 3 process we performed a detailed study of how this can be separated from the background
given by the radiative Bhabha process in Eq. (2.7). The result of this analysis is summarized in Fig. 1
which shows how this channel can lead to a substantial improvement in the reach compared to the
“ALP-strahlung” production studied in Ref. [14] at least for ALP masses below 6 GeV. Above 6 GeV
the Belle II reach quickly becomes less sensitive than existing constraints from ultra-peripheral heavy
ions collisions [4, 12]. Along the way, we illustrate in Appendix A a method to associate a conservative
uncertainty to the signal reach in analyses plagued by challenges in the MC sampling like ours.

In addition, we explored how the expected reach for a diphoton resonance in the e+e↑+εε channel
can be further improved at a hypothetical experiment with extended forward coverage compared to
Belle II. The results of Fig. 1 together with the ones in Fig. 4 show that with an extended forward
coverage down to |ω→e± | < 5 the expected Belle II reach could be improved even with 100 time less
luminosity.

Acknowledgments

We thank Torben Ferber, Enrico Graziani, Antonio Passeri and Laura Zani for useful discussions about
Belle II. RF and DR are supported in part by the European Union - Next Generation EU through the

– 9 –

ma = 3 GeV

0 5 10 15 20 25 30

10
-2

10
-1

1



https://indico.ihep.ac.cn/event/29263/ - May 16th 2026 - Roberto Franceschini - Workshop for Two-Photon Physics and New Detection Technology 

Reach for new physics with a highly differential analysis

Improvement over the “standard”  search 
possible for a wide choice of acceptance angle vs. 

luminosity choices

3γ

★★

★★

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
1

2

3

4

5

Figure 4. The green contours show the expected reach for log10(gaωω) in the e+e→ → e+e→(a → ωω) channel

as a function of the luminosity and the final e± acceptance of a hypothetical lepton collider at
↑
s = 10.58 GeV,

givenma = 3 GeV. The red and green stars are the benchmarks for the Belle II and Belle-fwd reach in Fig. (1).

As a reference we show as a orange dashed line the Belle II reach for the e+e→ → ω(ωω)res channel. The red

dashed line is the isoline of the value of the Belle II reach.

extended forward acceptance down to ω→e± < 5, could lead to a substantial improvement in the reach
compared to Belle II.

4 Conclusion

In this work we developed a new search for diphoton resonances at Belle II based on the photon
fusion production in Eq. (1.1). By exploiting a full tessellation of the four dimensional phase space of
this 2 → 3 process we performed a detailed study of how this can be separated from the background
given by the radiative Bhabha process in Eq. (2.7). The result of this analysis is summarized in Fig. 1
which shows how this channel can lead to a substantial improvement in the reach compared to the
“ALP-strahlung” production studied in Ref. [14] at least for ALP masses below 6 GeV. Above 6 GeV
the Belle II reach quickly becomes less sensitive than existing constraints from ultra-peripheral heavy
ions collisions [4, 12]. Along the way, we illustrate in Appendix A a method to associate a conservative
uncertainty to the signal reach in analyses plagued by challenges in the MC sampling like ours.

In addition, we explored how the expected reach for a diphoton resonance in the e+e↑+εε channel
can be further improved at a hypothetical experiment with extended forward coverage compared to
Belle II. The results of Fig. 1 together with the ones in Fig. 4 show that with an extended forward
coverage down to |ω→e± | < 5 the expected Belle II reach could be improved even with 100 time less
luminosity.

Acknowledgments

We thank Torben Ferber, Enrico Graziani, Antonio Passeri and Laura Zani for useful discussions about
Belle II. RF and DR are supported in part by the European Union - Next Generation EU through the

– 9 –

ma = 3 GeV

0 5 10 15 20 25 30

10
-2

10
-1

1



https://indico.ihep.ac.cn/event/29263/ - May 16th 2026 - Roberto Franceschini - Workshop for Two-Photon Physics and New Detection Technology 

Reach for new physics with a highly differential analysis

Improvement over the “standard”  search 
possible for a wide choice of acceptance angle vs. 

luminosity choices

3γ

★★

★★

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
1

2

3

4

5

Figure 4. The green contours show the expected reach for log10(gaωω) in the e+e→ → e+e→(a → ωω) channel

as a function of the luminosity and the final e± acceptance of a hypothetical lepton collider at
↑
s = 10.58 GeV,

givenma = 3 GeV. The red and green stars are the benchmarks for the Belle II and Belle-fwd reach in Fig. (1).

As a reference we show as a orange dashed line the Belle II reach for the e+e→ → ω(ωω)res channel. The red

dashed line is the isoline of the value of the Belle II reach.

extended forward acceptance down to ω→e± < 5, could lead to a substantial improvement in the reach
compared to Belle II.

4 Conclusion

In this work we developed a new search for diphoton resonances at Belle II based on the photon
fusion production in Eq. (1.1). By exploiting a full tessellation of the four dimensional phase space of
this 2 → 3 process we performed a detailed study of how this can be separated from the background
given by the radiative Bhabha process in Eq. (2.7). The result of this analysis is summarized in Fig. 1
which shows how this channel can lead to a substantial improvement in the reach compared to the
“ALP-strahlung” production studied in Ref. [14] at least for ALP masses below 6 GeV. Above 6 GeV
the Belle II reach quickly becomes less sensitive than existing constraints from ultra-peripheral heavy
ions collisions [4, 12]. Along the way, we illustrate in Appendix A a method to associate a conservative
uncertainty to the signal reach in analyses plagued by challenges in the MC sampling like ours.

In addition, we explored how the expected reach for a diphoton resonance in the e+e↑+εε channel
can be further improved at a hypothetical experiment with extended forward coverage compared to
Belle II. The results of Fig. 1 together with the ones in Fig. 4 show that with an extended forward
coverage down to |ω→e± | < 5 the expected Belle II reach could be improved even with 100 time less
luminosity.
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the signal region, as shown in Figure 6. The significance
was also evaluated with systematics of 0% (no system-
atics), 0.5%, 1%, 2%, 3%, 4%, and 5%. Results show
that the main purpose of the cut on ct is to suppress
the background with a score of 0, and the significance
is therefore rather flat. Discovery significances exceeding

FIG. 6. Significance vs. threshold on the ExtraTrees classifier
score (ct) for di!erent values of systematics on the background
yield in the signal region [0.195, 0.24] GeV, along with the ex-
pected number of events for signal and background depending
on the threshold.

5ω are achieved for systematics less than or equal to 3%.
An example of mωω for signal, background and their sum
is shown in Figure 7 for a threshold value of 0.84 and
a systematic uncertainty of 3% on background yield in
the signal region. The threshold-like shape is due to the
combined e!ect of the cuts on Q2

max and photons pT , as
already discussed above. When analyzing real collider
data, the Q2

max cut could be removed, thus recovering a
flatter shape for the background.

FIG. 7. Distributions of mωω for signal, background and their
sum for a threshold value of 0.84 and a systematic uncertainty
of 3% on background yield in the signal region. The errors on
Signal+Background histogram bins are statistical, while the
ones on the background are systematic, and adjusted in a flat
manner such that the systematic uncertainty on background
yield in the signal region is 3%.

It is possible that a better background discrimination
strategy could achieve higher significance for all system-
atics values and discovery significance also for 4% or 5%

systematics, by means of other machine learning models
or analysis cuts.

A. Associated production

It could also be possible to see hints of TM production
in the Belle-II existing dataset by using the production
of TM in association with a photon, i.e. the process
e+e→ → TMε → 3ε, not considered in this paper.
Expected limits for e+e+ → aε, where a is an ALP, are

available in literature at di!erent values of integrated lu-
minosity [26], and point to 95% C.L. limits ga < 3↑10→4

GeV→1 for ma = mTM with 20 fb→1. Given that the
limit scales with the inverse quartic root of luminosity
(due to the quadratic scaling of the e+e+ → aε cross
section with respect to ga), the expected limit with the
existing dataset sets around 1.5 ↑ 10→4 GeV→1, which
is equal to the e!ective ga value for TM. Therefore a
2ω observation of TM with e+e→ → TMε should be
possible, or even a 3ω observation (reaching the evidence
level), with improvements in the analysis with respect to
[26]. Moreover, a combined analysis with photon-photon
fusion and this method could improve the significance.

B. Photon-photon fusion with visible e+e→ final

states

Also for the case of photon-photon fusion with visible
e+e→ final states, expected limits for ALP production
are available in literature [24]. By using again the inverse
quartic root scaling of the expected limit with luminosity,
a 95% C.L. limit ga < 10→5 GeV→1 for ma = mTM with
363 fb→1 (the current integrated value) is derived, which
is more than 15 times smaller than gTM

a . For this reason,
this channel could be sensitive to TM at a discovery level
of significance.

VI. CONCLUSIONS

This work is focused on the potential of observing at
discovery level of significance the spin-0 state of True
Muonium (para-TM), a bound state of a muon and an
anti-muon not yet observed, using existing data taken by
the Belle-II experiment at the ”(4S) peak.
The production of para-TM through photon-photon

fusion (with undetected final-state leptons) and its sub-
sequent decay into two photons was investigated.
The study involves simulating Monte Carlo events us-

ing the program SuperChic, to di!erentiate between the
signal (para-TM decay) and the background, primarily
light-by-light scattering. The simulation incorporates
experimental e!ects such as trigger, acceptance, resolu-
tions, and detector e#ciency.
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True muonium (µ+µ→) is one of the cleanest bound states, being composed only of leptons, along
with true tauonium and positronium. Unlike the latter, true muonium and true tauonium have
not been observed so far. This article shows that the spin-0 state of true muonium (para-TM),
decaying into two photons, can be observed at a discovery level of significance in the dataset already
collected by the Belle-II experiment at the !(4S) peak, with certain assumptions on systematic
uncertainties. Para-TM is produced via photon-photon fusion, and its observation is based on
the detection of the photon pair resulting from its decay, on top of the continuum background
due predominantly to light-by-light scattering. Trigger, acceptance and isolation cuts, along with
calorimeter resolution and reconstruction e”ciency, are taken into account during the Monte Carlo
simulation of both signal and background. In order to separate signal and background, a machine
learning method, based on extremely randomized trees, is trained on simulated events. Finally,
the expected statistical significance of TM observation is evaluated, taking into account systematic
uncertainties in a parametric fashion.

I. INTRODUCTION

Quantum electrodynamics (QED) predicts the exis-
tence of several bound states, in addition to standard
atoms, such as purely leptonic systems. The lightest
one, positronium (e+e↑), has been discovered decades
ago and extensively studied [1]. In contrast, true muo-
nium (µ+µ↑) and true tauonium (ω+ω↑) have never been
observed. Regarding true muonium (TM), several meth-
ods have been pointed out for its observation, but none
has been accomplished so far. Some of these propos-
als require building or modifying e+e↑ colliders [2] [3]
[4], constructing detectors in existing beam facilities [5]
[6] [7], or exploiting future datasets from running collid-
ers [8] [9] [10]. In this paper, a novel method for ob-
serving TM is described, requiring the analysis of ex-
isting data already collected by the Belle-II experiment
[11] at the !(4S) peak, with

→
s = 10.58 GeV. True

muonium (TM) should be observed in its spin-0 fun-
damental state (para-TM), decaying into two photons.
Its production is accomplished via photon-photon fusion
(e+e↑ ↑ e+e↑εε ↑ e+e↑TM), as sketched in Figure 1.

The electron and the positron in the final state scatter
at very low angles and are not expected to be detected,
therefore the experimental signature consists of two iso-
lated photons with a combined invariant mass around
TM mass, i.e. mωω = mTM ↓ 2mµ ↓ 0.211 GeV. A veto
on any lepton in detector acceptance must be applied:

↑ ruben.gargiulo@uniroma1.it

e� e�

�

�

e+e+

�⇤

�⇤

TM

FIG. 1. Feynman diagram for e+e→ → e+e→ωω → e+e→TM ,
including the TM decay into two photons.

this is possible thanks to the absence of event pile-up in
the Belle-II environment.

At the Belle-II center-of-mass energy, the dominating
background, for εε final states with mωω ↓ 0.211 GeV,
is light-by-light scattering. Other minor backgrounds are
represented by e+e↑ ↑ 4ε (roughly one order of magni-
tude smaller), i.e. e+e↑ ↑ εε with the emission of two
undetected photons, and by e+e↑ ↑ e+e↑3ε (two or-
der of magnitudes smaller), as shown in Figures 2 and
2 [12]. The background e+e↑εε, with both leptons un-
detected, could also arise from double-radiative Bhabha
scattering, which is not fully included in [12], therefore
it was simulated with Madgraph5 [13] with generation
cuts reflecting the Belle-II acceptance and trigger selec-
tion [11, 14], obtaining a value of 0.12 pb/GeV, which is
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the signal region, as shown in Figure 6. The significance
was also evaluated with systematics of 0% (no system-
atics), 0.5%, 1%, 2%, 3%, 4%, and 5%. Results show
that the main purpose of the cut on ct is to suppress
the background with a score of 0, and the significance
is therefore rather flat. Discovery significances exceeding

FIG. 6. Significance vs. threshold on the ExtraTrees classifier
score (ct) for di!erent values of systematics on the background
yield in the signal region [0.195, 0.24] GeV, along with the ex-
pected number of events for signal and background depending
on the threshold.

5ω are achieved for systematics less than or equal to 3%.
An example of mωω for signal, background and their sum
is shown in Figure 7 for a threshold value of 0.84 and
a systematic uncertainty of 3% on background yield in
the signal region. The threshold-like shape is due to the
combined e!ect of the cuts on Q2

max and photons pT , as
already discussed above. When analyzing real collider
data, the Q2

max cut could be removed, thus recovering a
flatter shape for the background.

FIG. 7. Distributions of mωω for signal, background and their
sum for a threshold value of 0.84 and a systematic uncertainty
of 3% on background yield in the signal region. The errors on
Signal+Background histogram bins are statistical, while the
ones on the background are systematic, and adjusted in a flat
manner such that the systematic uncertainty on background
yield in the signal region is 3%.

It is possible that a better background discrimination
strategy could achieve higher significance for all system-
atics values and discovery significance also for 4% or 5%

systematics, by means of other machine learning models
or analysis cuts.

A. Associated production

It could also be possible to see hints of TM production
in the Belle-II existing dataset by using the production
of TM in association with a photon, i.e. the process
e+e→ → TMε → 3ε, not considered in this paper.
Expected limits for e+e+ → aε, where a is an ALP, are

available in literature at di!erent values of integrated lu-
minosity [26], and point to 95% C.L. limits ga < 3↑10→4

GeV→1 for ma = mTM with 20 fb→1. Given that the
limit scales with the inverse quartic root of luminosity
(due to the quadratic scaling of the e+e+ → aε cross
section with respect to ga), the expected limit with the
existing dataset sets around 1.5 ↑ 10→4 GeV→1, which
is equal to the e!ective ga value for TM. Therefore a
2ω observation of TM with e+e→ → TMε should be
possible, or even a 3ω observation (reaching the evidence
level), with improvements in the analysis with respect to
[26]. Moreover, a combined analysis with photon-photon
fusion and this method could improve the significance.

B. Photon-photon fusion with visible e+e→ final

states

Also for the case of photon-photon fusion with visible
e+e→ final states, expected limits for ALP production
are available in literature [24]. By using again the inverse
quartic root scaling of the expected limit with luminosity,
a 95% C.L. limit ga < 10→5 GeV→1 for ma = mTM with
363 fb→1 (the current integrated value) is derived, which
is more than 15 times smaller than gTM

a . For this reason,
this channel could be sensitive to TM at a discovery level
of significance.

VI. CONCLUSIONS

This work is focused on the potential of observing at
discovery level of significance the spin-0 state of True
Muonium (para-TM), a bound state of a muon and an
anti-muon not yet observed, using existing data taken by
the Belle-II experiment at the ”(4S) peak.
The production of para-TM through photon-photon

fusion (with undetected final-state leptons) and its sub-
sequent decay into two photons was investigated.
The study involves simulating Monte Carlo events us-

ing the program SuperChic, to di!erentiate between the
signal (para-TM decay) and the background, primarily
light-by-light scattering. The simulation incorporates
experimental e!ects such as trigger, acceptance, resolu-
tions, and detector e#ciency.
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Università degli Studi La Sapienza, Piazzale Aldo Moro 5, 00185 Roma, Italy

Galileo Galilei Institute for Theoretical Physics, Largo Enrico Fermi 2, I-50125 Firenze, Italy
(Dated: January 30, 2025)

True muonium (µ+µ→) is one of the cleanest bound states, being composed only of leptons, along
with true tauonium and positronium. Unlike the latter, true muonium and true tauonium have
not been observed so far. This article shows that the spin-0 state of true muonium (para-TM),
decaying into two photons, can be observed at a discovery level of significance in the dataset already
collected by the Belle-II experiment at the !(4S) peak, with certain assumptions on systematic
uncertainties. Para-TM is produced via photon-photon fusion, and its observation is based on
the detection of the photon pair resulting from its decay, on top of the continuum background
due predominantly to light-by-light scattering. Trigger, acceptance and isolation cuts, along with
calorimeter resolution and reconstruction e”ciency, are taken into account during the Monte Carlo
simulation of both signal and background. In order to separate signal and background, a machine
learning method, based on extremely randomized trees, is trained on simulated events. Finally,
the expected statistical significance of TM observation is evaluated, taking into account systematic
uncertainties in a parametric fashion.

I. INTRODUCTION

Quantum electrodynamics (QED) predicts the exis-
tence of several bound states, in addition to standard
atoms, such as purely leptonic systems. The lightest
one, positronium (e+e↑), has been discovered decades
ago and extensively studied [1]. In contrast, true muo-
nium (µ+µ↑) and true tauonium (ω+ω↑) have never been
observed. Regarding true muonium (TM), several meth-
ods have been pointed out for its observation, but none
has been accomplished so far. Some of these propos-
als require building or modifying e+e↑ colliders [2] [3]
[4], constructing detectors in existing beam facilities [5]
[6] [7], or exploiting future datasets from running collid-
ers [8] [9] [10]. In this paper, a novel method for ob-
serving TM is described, requiring the analysis of ex-
isting data already collected by the Belle-II experiment
[11] at the !(4S) peak, with

→
s = 10.58 GeV. True

muonium (TM) should be observed in its spin-0 fun-
damental state (para-TM), decaying into two photons.
Its production is accomplished via photon-photon fusion
(e+e↑ ↑ e+e↑εε ↑ e+e↑TM), as sketched in Figure 1.

The electron and the positron in the final state scatter
at very low angles and are not expected to be detected,
therefore the experimental signature consists of two iso-
lated photons with a combined invariant mass around
TM mass, i.e. mωω = mTM ↓ 2mµ ↓ 0.211 GeV. A veto
on any lepton in detector acceptance must be applied:

↑ ruben.gargiulo@uniroma1.it
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FIG. 1. Feynman diagram for e+e→ → e+e→ωω → e+e→TM ,
including the TM decay into two photons.

this is possible thanks to the absence of event pile-up in
the Belle-II environment.

At the Belle-II center-of-mass energy, the dominating
background, for εε final states with mωω ↓ 0.211 GeV,
is light-by-light scattering. Other minor backgrounds are
represented by e+e↑ ↑ 4ε (roughly one order of magni-
tude smaller), i.e. e+e↑ ↑ εε with the emission of two
undetected photons, and by e+e↑ ↑ e+e↑3ε (two or-
der of magnitudes smaller), as shown in Figures 2 and
2 [12]. The background e+e↑εε, with both leptons un-
detected, could also arise from double-radiative Bhabha
scattering, which is not fully included in [12], therefore
it was simulated with Madgraph5 [13] with generation
cuts reflecting the Belle-II acceptance and trigger selec-
tion [11, 14], obtaining a value of 0.12 pb/GeV, which is
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Figure 1. Expected sensitivity of Belle II at 95% C.L. to the ALP coupling to photons gaγγ as defined
in eq. (2.1). The branching ratio of the ALP into invisible states is taken to be one as motivated by
eq. (2.3). The orange line is the expected reach of the γ + invisible channel derived in ref. [4]. 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 γ + invisible searches [5–7] and from !Neff constraints from
CMB [8]. We also show the expected constraint from SN cooling estimated in ref. [4]. 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. (2.4).

channel, leveraging a more detailed knowledge of the signal kinematics (given the two visible
e±) at the price of the reduced production cross section. In figure 1 we show our main
result, demonstrating how this search strategy can provide a new powerful and independent
probe of this type of new physics.

A key observation behind our strategy is that a system of multiple invisible particles, as
it is the typical for SM backgrounds, is not likely to have large missing energy, and at the
same time a small invariant mass and a small longitudinal missing momentum with respect
to the missing energy of the system. On the contrary, this kind of kinematics is peculiar of a
single invisible body of small mass such as an ALP decaying invisibly.

The paper is organized as follows. In section 2 we specify the theoretical setup, discuss
its parameter space and the ancillary constraints from cosmology, astrophysics, direct and
indirect detection. In section 3 we compare the γ + invisible and e+e− + invisible final states
at Belle II . We discuss the signal cross sections and the signal kinematics. Additional
information about the signal is given in appendix A.1. In section 4 we characterize the SM
backgrounds with further details given in appendix A.2. In section 5 we specify the event
selection that lead to the expected sensitivity in figure 1. In section 6 we discuss our result,
the necessary further steps to complete our study and the possible future directions.
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FIG. 3. Distributions of the signal ma = 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 |m2

miss →m
2
a| ↑ ωεm

2
miss with ω chosen

to maximize the sensitivity as described in Sec. V. In the left panel we compare the signal to the QED2 distribution with
respect to ϑ

→
miss and E

→
miss with uniform binning. In the right panel we compare the signal to the ϖϖ distribution with respect

to mee and |mω
ee| as defined in Sec. IVB. The binning is such that εE

→
miss/E

→
miss = 2%, εmee/mee = 2% and εϑ

→
miss = 0.075

even though the experimental resolution at Belle II can be better (see App. A).

beam and the other at ω → ε→min. This result tell us that
the minimal invariant mass of a QED2 background for
ϑmiss = 0 and for Emiss ↭ 4 GeV is around 3.7 GeV
making it easy to separate ALP with ma < m̄miss|QED2

from the QED2 background.

We now consider the QED3 background. In particu-

lar we want to demonstrate that adding extra ϖinv can-
not substantially change the minimal invariant mass in
Eq. (15) ensuring the robustness of our strategy. Fixing
two hard photon along the ECAL edges (ε1 = εmin, ε2 =
ω → εmin) and adding a third photon of angle ε3 and en-
ergy E3 the missing mass can be written as a deformation
of Eq. (15)

m2
miss|QED3 = m̄2

miss|QED2 + 2E→
3E

→
miss sin ε

→
min!3 → E→2

3 !2
3 , (16)

where we defined !3 = sin ε→min→sin ε→3 . For soft photons
!3 can take any sign and at leading order the invariant
mass of the QED2 process gets shifted by a correction
which is however suppressed by O(E→

min/E
→
miss) ↫ 0.06.

Hard photons can escape the detection only for ε→3 < ε→min
which implies that !3 > 0. In this regime m2

miss|QED3 >
m̄2

miss|QED2 . For this reason in our background simula-
tion we focus on the QED2 background, which should
capture the kinematical features of the relevant QED
backgrounds up to detector ine”ciencies.

Fig. 3 left clearly shows a separation of QED from
ALP signal in the plane (ϑ→miss, E

→
miss). Both background

and signal distribution are shown after the missing mass
cut has been enforced. As can be seen by eye the QED
background in red is hitting a kinematical boundary at
E→

miss ↑ 1 GeV and |ϑ→miss|.

B. ϖϖ background

For the ϱϱ background we take advantage of the pecu-
liar kinematics of the electron-positron pair which origi-
nates from the the two ϱ leptons being: i) on-shell res-
onances; ii) flying back-to-back. Indeed, one can under-
stand ϱϱ background as an antler topology [32, 33] and
exploit results for this type of events.
We describe each ϱ decay as the decay

ϱ± ↓ e±N± ,

where N± is a composite object made of the two neutri-
nos that appear in the decay of ϱ±. Being a composite
object, the body N± has a mass given by 2pωe ·pωµ , hence
it changes event by event depending on the actual values
of the four-momenta of the two neutrinos. We write the
event-dependent mass of the body N± as mN± . With
this notation in mind, the energies in the rest frame of

3

to the photon bilinear. The rate of DM scattering onto
nuclear and electron targets is heavily suppressed by the
high dimension of the operators mediating the DM scat-
tering so that the reach of direct detection is not con-
straining the parameter space of resonant ALP-mediated
freeze-out [15–17]. Colliders are then our best hope to
test such a peculiar scenario of DM production.

For low ALP masses, strong constraints come from
the measurements of the e!ective number of relativistic
species at BBN and CMB. In our setup the strongest
bound can be derived from current Planck measure-
ments [18] by computing the DM entropy transfer to the
electron-photon bath after neutrino decoupling [19, 20].
We show this constraint in Fig. 1 which 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 supernova (SN) explosion to not substantially
modify the canonical neutrino cooling mechanism [21].
This constraint assumes that the DM mean-free-path is
longer than the size of the PNS (→ 10 km) which is al-
ways the case in the parameter space of interest. Set-
ting a rigorous bound for heavy ALP masses (beyond
the CMB bound) depends very much on the parameters
controlling the SN thermodynamics and goes beyond the
scope of this work. In Fig. 1 we show the approximate
line derived in [4] as an indication of the possible con-
straining power of this observable.

III. SIGNAL

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

e+e→ ↑ ωvisa , (5)

e+e→ ↑ e+vise
→
visa , (6)

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 pro-
cess is the well studied ALP-strahlung leading to the
ω + invisible signal. The second process leads to a
e+e→+invisible signal where two di!erent topologies con-
tribute to the total cross section: i) the “ALP-Dalitz”
process, given by the ALP-strahlung Eq. (5) with a pho-
ton conversion into e+e→2, ii) the “photon-fusion” into
ALP, given by a photon line exchanged in the t-channel
that radiates the ALP.

As shown in Fig. 2 left, the angular acceptance con-
trols the hierarchy between the ω + invisible and the
e+e→ + invisible cross sections. Moreover, within the
e+e→ + invisible final state, the angular acceptance con-
trols the hierarchy of the ALP-Dalitz vs the photon-
fusion channels.

2 We remark that other conversions of the photon are possible, e.g.
ω→ → µ+µ↑, and may provide further signal.

The angular acceptance of the Belle II tracking system
requires the polar angle of every electron in the center-
of-mass frame, denoted by ε↑e , to be more than 17↓ away
from the beam axis. However, a successful electron ID
should be supplemented by information from the ECAL.
This raises the requirement on the minimal acceptance
angle and introduces a further requirement on the mini-
mal energy

ε↑min = 22↓ , E↑
min = 0.25 GeV , (7)

in the center of mass frame. The same acceptance applies
to photons, that are reconstructed mainly by the ECAL.
The signal cross sections in the acceptance of Belle II
with center-of-mass energy

↓
s = 10.58 GeV are given in

Fig. 2 right. They can be approximated for small enough
ALP masses as

ϑ(e+e→ ↑ ωa) ↔ 10→3 pb

[
gaωω

10→4 GeV→1

]2
,

ϑ(e+e→ ↑ e+e→a) ↔ 7↗ 10→5 pb

[
gaωω

10→4 GeV→1

]2
.

(8)

As a result, the ALP-strahlung cross section is larger
than the photon-fusion one by roughly a factor of 14 at
Belle II . As shown in Fig. 2 left, the e+e→ ↑ e+e→a
cross section at Belle II is still dominated by the photon-
fusion channel, although the Dalitz contribution is only
a factor of 5 smaller.
Both these facts are the result of the strong suppres-

sion of the inclusive e+e→ ↑ e+e→a cross section due
to the Belle II acceptance. The photon-fusion rate is
dominated by electrons and positrons close to the beam
axis, that unavoidably fall out of the Belle II acceptance.
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corresponding to a variation of the factorization scale
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of this 2 ↑ 3 process in a general kinematic configuration
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benefit from forward  tagging to be studied closely e±
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FIG. 3. Distributions of the signal ma = 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 |m2

miss →m
2
a| ↑ ωεm

2
miss with ω chosen

to maximize the sensitivity as described in Sec. V. In the left panel we compare the signal to the QED2 distribution with
respect to ϑ

→
miss and E

→
miss with uniform binning. In the right panel we compare the signal to the ϖϖ distribution with respect

to mee and |mω
ee| as defined in Sec. IVB. The binning is such that εE

→
miss/E

→
miss = 2%, εmee/mee = 2% and εϑ

→
miss = 0.075

even though the experimental resolution at Belle II can be better (see App. A).

beam and the other at ω → ε→min. This result tell us that
the minimal invariant mass of a QED2 background for
ϑmiss = 0 and for Emiss ↭ 4 GeV is around 3.7 GeV
making it easy to separate ALP with ma < m̄miss|QED2

from the QED2 background.
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→
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3 !2
3 , (16)
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FIG. 5. Left: In blue QED background distribution in the (m2
miss, E

→
miss) plane together with the Emiss selection Eq. (22) for

di!erent ALP masses in green. In the top panel no restriction is applied to |ω→
miss|, in the bottom panel we apply a selection

|ω→
miss| < 1.4, that is illustrative of the typical optimal requirement for central |ω→

miss|. Right: Background distributions in red

vs signal distribution in blue. The separation between signal and background in m
ω
ee → mee is sharper for mmiss = 1 GeV

(light color palette) than for mmiss = 6 GeV (dark color palette) where m
ω
ee is defined in Eq. (19). Histograms are MC data

smeared according to Eq. (A1). Solid lines are fits with a skewed gaussiana to smeared data; dashed lines are fits to non
smeared data. The comparison between the two fits shows the marginal impact of the smearing.

a The skewed gaussian non normalized pdf is f(A,µ,ω, ε, x) = A exp
(
→ (x↑µ)2

2ε2

) [
1 + erf

( ϑx
2

)]
, with A controlling the amplitude, µ the

mean, ω the standard deviation, and ε the skewness parameter.
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the decaying ω→ are

Eω→

e→ =
m2

ω +m2
e →m2

N→

2mω
,

Eω→

N→ =
m2

ω →m2
e +m2

N→

2mω
.

(17)

A similar set of equations can be written in the ω+ rest
frame for the energies of e+ and the composite body N+.
We now aim at finding what phase-space will be not ac-
cessible to the invisible particles of the ωω process. The
region of inaccessible phase-space will be used as a selec-
tion to remove the background from the ωω process.

We will approximate the energies in Eq. (17) in the
limit of negligible me and negligible mN± . Neglecting
mN with respect to

↑
s may not be an accurate approxi-

mation. Nevertheless it useful for our purposes, because
it enlarges the phase-space of the invisible bodies to their
maximal size. Thus, in this approximation the region of
inaccessible phase-space that we find is smaller than the
one resulting from an exact computation. This makes
our approximation conservative.

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: i) the angles ε± of the
e± with respect to the direction of flight of the respective
parent ω lepton; ii) the angle ϑ between the planes of the
decay products of the ω±. Denoting with !± the Lorentz
transformation that connects the ω± CoM to the Belle II
CoM we can write:

pe→ =
mω

2
!→(1, s→, 0, c→) ,

pN→ =
mω

2
!→(1,→s→, 0,→c→) ,

pe+ =
mω

2
!+(1, s+cε, s+sε, c+) ,

pN+ =
mω

2
!+(1,→s+cε,→s+sε,→c+) ,

(18)

where pmiss = pN→+pN+ and we defined sx = sin εx, cx =
cos εx with x ↓ {+,→,ϑ} encompassing the polar angles
of the e± and the angle between the decay planes intro-
duced above.5

From the kinematic in Eq. (18) one can write down the
invariant mass of the e+e→ pair originating from the ωω
system and write the invariant mass as a function of ε+,
ε→ and ϑ. Defining the energies of electrons and positions

in the Belle II CoM as E↑
e± =

↑
s↔ c±

√
s→ 4m2

ω

4
we can

write

(mω
ee)

2=
2

s→ 4m2
ω

[
m4

ω →
↑
sm2

ω (E
↑
+ + E↑

→) +2E↑
→E

↑
+(s→ 2m2

ω )+m2
ω cεM→M+

]
, (19)

where we defined M± =
√

m2
ω → 2E↑

±
↑
s+ 4E↑2

± . Since

for the QED and the signal it can happen that m2
ω →

2E↑
±
↑
s+ 4

(
E↑

±
)2

< 0 we use the |m(ω)
ee | in our selection

described Sec. V.
As apparent from Fig. 3 right, the ωω background lives

along a line of the space mee →mω
ee. Up to possible mis-

measurements of the electron and positron momenta the
ωω background can be removed by filtering out events
for which mee = mω

ee. In Fig. 3 we used a binning cor-
responding to ϖmee/mee = 2%. As the signal populates
the upper part of the plane above the line mee = mω

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

As discussed in Sec. III our signal has both a t-channel
dominated (photon-fusion) and an s-channel dominated
(ALP-Dalitz) contribution. In Fig. 3 right we can identify

5 We recall that the ω+ and the ω→ velocities are anti-aligned in
the Belle II CoM frame, therefore, once the z axis is rotated
along the direction of flight of the ω leptons the CoM of the ω→

is transformed in the CoM of Belle II and in that of the ω+ by
boosts along the z direction of rapidity y and 2y, respectively,
where cosh y =

→
s/2mω .

a large-mee region dominated by the t-channel photon-
fusion and a small-mee region dominated by the Dalitz
process.
The Dalitz dominated region at small mee tends to be

very well distinguishable from the ωω background, thus it
may give rise to a background-free search, very safe from
potential systematic uncertainties in the background esti-
mation. Conversely, the fusion dominated region at large
mee lives close to the ωω background and can only be e”-
ciently separated thanks to the precision in the invariant
mass measurements of Belle II .

C. Further backgrounds

We conclude this section discussing possible further
backgrounds which are not included in the projected
sensitivity in Fig. 1 since their rate is di”cult to esti-
mate without a full comprehension of the detector per-
formances.
One background can arise from partial reconstruction

of microscopic fully visible 2-body processes, e.g.

e+e→ ↗ qq̄ ↗ hadrons ↗ e+e→ + inv. ,

resulting in two isolated electrons and missing momen-
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We conclude this section discussing possible further
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sensitivity in Fig. 1 since their rate is di”cult to esti-
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of microscopic fully visible 2-body processes, e.g.

e+e→ ↗ qq̄ ↗ hadrons ↗ e+e→ + inv. ,

resulting in two isolated electrons and missing momen-
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where i and j run on the bins of the plane (mee, |mω
ee|)

as drawn in Fig. 3. For the computation of the likelihood
we define bins of width ωm/m = 2% motivated by the
expected Belle II resolution (see App. A 2 for details). In
each bin we compute the Poisson factor

L(S,B) =
(S +B)B

B!
e→(S+B) . (25)

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

Some remarks on the robustness of our result are
in order. The photon fusion channel contribution to
e+e→ + inv. is potentially in danger of su”ering from εε
background spillover in the signal-rich bins. This spill-
over in real data may be due to resolutions e”ects. Our
choice of 2% resolution in the definition of the bins for
the computation of the likelihood Eq.(24) should protect
us from this type of problems. Furthermore in Fig. 5
in the Appendix we show that our separation of the εε
background from the signal does not rely on a overly
fine measurement of mee and mω

ee. To ensure the ro-
bustness 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, and therefore not shown in the figure.

VI. DISCUSSION

In this work we derived the expected sensitivity on an
ALP decaying invisibly at Belle II with 50 ab→1 of data
in the channel e+e→ + invisible. As shown in Fig. 1 our
study demonstrates that there is potential to improve sig-
nificantly over the results based on the ϑ+ invisible final
state [4, 5, 9–11] over the whole mass range. As shown
in Fig. 1, the expected improvement on the reach can
cover most of the allowed parameter space for DM freeze-
out through ALP-mediated annihilations in the resonant
regime (see Ref. [4] and the discussion in Sec. II for de-
tails).

For light ALP masses we argued that the signal kine-
matics is easily distinguishable from the SM background
due to the interplay between low missing mass and
large central missing energy. Remarkably, the excellent
resolution of the Belle II invariant mass measurements
makes the e+e→ + invisible search competitive also for
heavy ALP masses. For very heavy ALP masses (i.e.
ma ↭ 8 GeV) the e+e→ + invisible search can fill the gap
where the ϑ + invisible search encounters trigger issues
related to the very large rate of single photon events at
low photon energies.

In order to get a fair comparison of our proposal with
the projected reach of the ϑ + invisible channel an im-
portant issue is the possibility of undetected hard cen-
tral photons. As discussed in Sec. IVC, this could be
due to small non-instrumented regions of the detector or

to other unspecified detector ine#ciencies. This back-
ground is likely to be an important issue for our kine-
matic selection, but we cannot reliably include it in our
simulation. On the contrary Ref. [4] claims to account for
this type of background using not public o#cial Belle II
background simulations prepared for the Belle II physics
book [11]. Ref. [12] confirms that events of this type con-
stitute at present the main challenge of the ϑ + invisible
channel. A similar background will a”ect our sensitivity
in a way that should be estimated by the experimental
collaboration. We hope that this work will trigger such
a study.
Finally we mention two interesting future directions.

First, the study of the fusion production mechanism for
invisible ALP should be extended also for o”-shell pro-
duction (see for example Ref. [34] for a similar study for
ϑ+inv. final state). In this case many of the kinematical
cuts discussed here should be revised. Second, the impor-
tance of the production channel considered here should
also carry over in many other experimental setups, in-
cluding other high-intensity e+e→ colliders as well as fu-
ture colliders. Significant di”erences can arise in the lat-
ter case, as new backgrounds due to electroweak bosons
arise (see Ref. [35] for a first related study in this direc-
tion). We defer this investigation to a future work.
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Appendix A: Extra information on the event

selection

In this appendix we collect further information sup-
porting the logic of our signal selection. We start by
detailing how the sensitivity of the invariant mass to res-
olution e”ects was derived. In Sec. A 1 we characterize
the signal kinematics, in Sec. A 2 we discuss the sepa-
ration between the QED and εε backgrounds and the
signal.
We model the resolution on the measurements on e±

and ϑ with gaussians centered at the particle-level value
and standard deviations given in Ref. [11]:

ωE

E
=

√[
0.066%

E/ GeV

]2
+

[
0.81%

(E/ GeV)1/4

]2
+ [1.34%]2 ,

ωϖ = 10→3 . (A1)

Assuming initial state electron and positrons to be per-
fectly well measured we have computed the expected res-
olution on mmiss in Eq. (20) by repeated computations
of mmiss in Eq. (11) upon random variations of the ener-
gies and angles for the relevant kinematic configurations.
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channel. A similar background will a”ect our sensitivity
in a way that should be estimated by the experimental
collaboration. We hope that this work will trigger such
a study.
Finally we mention two interesting future directions.

First, the study of the fusion production mechanism for
invisible ALP should be extended also for o”-shell pro-
duction (see for example Ref. [34] for a similar study for
ϑ+inv. final state). In this case many of the kinematical
cuts discussed here should be revised. Second, the impor-
tance of the production channel considered here should
also carry over in many other experimental setups, in-
cluding other high-intensity e+e→ colliders as well as fu-
ture colliders. Significant di”erences can arise in the lat-
ter case, as new backgrounds due to electroweak bosons
arise (see Ref. [35] for a first related study in this direc-
tion). We defer this investigation to a future work.
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Appendix A: Extra information on the event

selection

In this appendix we collect further information sup-
porting the logic of our signal selection. We start by
detailing how the sensitivity of the invariant mass to res-
olution e”ects was derived. In Sec. A 1 we characterize
the signal kinematics, in Sec. A 2 we discuss the sepa-
ration between the QED and εε backgrounds and the
signal.
We model the resolution on the measurements on e±

and ϑ with gaussians centered at the particle-level value
and standard deviations given in Ref. [11]:

ωE

E
=

√[
0.066%

E/ GeV

]2
+

[
0.81%

(E/ GeV)1/4

]2
+ [1.34%]2 ,

ωϖ = 10→3 . (A1)

Assuming initial state electron and positrons to be per-
fectly well measured we have computed the expected res-
olution on mmiss in Eq. (20) by repeated computations
of mmiss in Eq. (11) upon random variations of the ener-
gies and angles for the relevant kinematic configurations.



https://indico.ihep.ac.cn/event/29263/ - May 16th 2026 - Roberto Franceschini - Workshop for Two-Photon Physics and New Detection Technology 

Another BSM target: dark matter
2307.06369 - Acanfora, Francesca and Franceschini, Roberto and Mastroddi, Alessio and Redigolo, Diego - Fusing photons into nothing, a new search for invisible ALPs and Dark Matter at Belle II 

8

tum. These kind of backgrounds arise because of the
chance that a quark appears in the detector as an iso-
lated charged lepton, e.g. because the leading hadron
that appears from the color charge of the quark carries
the vast majority of the quark momentum and decays
semi-leptonically, that is q ↭ ω + soft-particles → eε.
These backgrounds can be assimilated to the ϑϑ back-
ground in that the unobserved particles of each of q and
q̄ can be treated as a kind of invisible body for a suitable
event-dependent mass analogous tomN± . Accounting for
these backgrounds would roughly amount to a variation
of the total rate of the ϑϑ process after our selection.

In relation to the QED background the kinematical
argument in Sec. IVA is quite robust with respect to
modification of the minimal angle ϖ→min or the minimal
detectable energy E→

min at Belle II. Vice-versa, losses of
central photons around small non-instrumented regions
of the detector are a potential source of very large back-
grounds for our signal. For instance a lost ϱ can give rise
to a final state e+vise

↑
visϱlost, which is QED1 in our power

counting of the background processes.
In such a case the measured Emiss could be due to this

lost central photon recoiling against the detected e+e↑

pair. Such configuration leads naturally to a small mmiss,
due to the small physical photon mass, and small ς→miss.
In principle such background can be removed if ς→miss is
well measured by vetoing events for which the missing
momentum falls in dead or not covered areas of the de-
tector. A dedicated study of these background should be
performed by the experimental collaboration. We further
discuss this important caveat in Sec. VI.

V. EVENT SELECTION AND SENSITIVITY

We are now ready to summarize the kinematic se-
lection we used to distinguish the signal kinematic de-
scribed in Sec. III A from the SM backgrounds described
in Sec. IVA and Sec. IVB.

A first discrimination between signal and backgrounds
can be obtained from a selection on the missing mass de-
fined in Eq. (11) which we want to fix around the ALP
mass ma under examination up to the experimental res-
olution. The missing mass is obtained from a cancella-
tion of two positive terms, Emiss and |pmiss|, thus it is
expected that when mmiss tends to zero its experimental
uncertainty gets large. After detector e!ects are included
as detailed in Appendix A, a good fit for the resolution
on mmiss is

φm2
miss ↑

[
1↓

( mmiss

10 GeV

)4
]

GeV2 . (20)

In our selection we require

|m2
miss ↓m2

a| ↔ ↼ · φm2
miss , (21)

where the parameter ↼ controls the width of the missing
mass window which has been optimized to maximize the
sensitivity.

ma [GeV] ω
high
miss E

low
miss [GeV] ε

0.025 1.4 1.8 2.8
7 2.5 7.1 2

TABLE I. Event selection parameters for two example ALP
masses. ωhigh

miss is the missing rapidity cut as in Eq. (22); Elow
miss

is the missing energy lower bound as in Eq. (22); ε controls
the width of the missing mass cut as in Eq. (21).

We further characterize the signal kinematics demand-
ing a large missing energy E→

miss and a small missing ra-
pidity ς→miss. In practice we require

E→
miss ↗

[
Elow

miss,
s+m2

a

2
↘
s

]
, |ς→miss| ↔ ςhighmiss , (22)

where both Elow
miss and ςhighmiss are chosen for each ALP mass

in order to maximize the sensitivity.
The cuts in Eq. (21) and Eq. (22) are chosen to op-

timize S/
↘
B in the cut-and-count scheme 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. An example of the selection that
we identify as optimal is given in Table I for two choices
of ALP mass.
As shown in Fig. 3 left the combination of Eq. (21) and

Eq. (22) is enough to suppress most of the QED back-
ground. 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

m2
ee = 2 pe→ · pe+ + 2m2

e = s+m2
a ↓ 2

↘
sE→

a (23)

is very e!ective to remove the background from ϑϑ or any
of its “look-alike” backgrounds described in Sec. IVC.
The last equality in Eq. (23) holds for the ALP signal
only, whereas for the ϑϑ background the “antler” topol-
ogy implies thatmee should correspond to the value given
in Eq. (19).
This variable has also the merit of being a good dis-

criminator between the Dalitz contribution to our signal,
concentrated at lowmee, and the fusion contribution con-
centrated at large mee. We then want to construct a
test statistic which is able to incorporate both the low
mee region which is in large part background-free and
well-separated from the background and the high mee

region where most of the signal cross section lies. In
the latter case the separation between signal and back-
ground relies crucially on the resolution on mee which
distinguishes the ϑϑ -like background, aligned in the re-
gion where mee ≃ mω

ee, from the photon-fusion signal.
In practice, we construct a log-likelihood using the

expected signal and background counts for 50 ab↑1 at
Belle II

” = ↓2
∑

i,j

ln
L(Si,j , Bi,j)

L(0, Bi,j)
, (24)
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FIG. 5. Left: In blue QED background distribution in the (m2
miss, E

→
miss) plane together with the Emiss selection Eq. (22) for

di!erent ALP masses in green. In the top panel no restriction is applied to |ω→
miss|, in the bottom panel we apply a selection

|ω→
miss| < 1.4, that is illustrative of the typical optimal requirement for central |ω→

miss|. Right: Background distributions in red

vs signal distribution in blue. The separation between signal and background in m
ω
ee → mee is sharper for mmiss = 1 GeV

(light color palette) than for mmiss = 6 GeV (dark color palette) where m
ω
ee is defined in Eq. (19). Histograms are MC data

smeared according to Eq. (A1). Solid lines are fits with a skewed gaussiana to smeared data; dashed lines are fits to non
smeared data. The comparison between the two fits shows the marginal impact of the smearing.

a The skewed gaussian non normalized pdf is f(A,µ,ω, ε, x) = A exp
(
→ (x↑µ)2

2ε2

) [
1 + erf

( ϑx
2

)]
, with A controlling the amplitude, µ the

mean, ω the standard deviation, and ε the skewness parameter.
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missing photons from Bhabha have a typical 
direction around the beam pipe, so they are usually 

nearly back-to-back 
⇒ mmiss ≃ 2Eγmiss ≃ Emiss

6

FIG. 3. Distributions of the signal ma = 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 |m2

miss →m
2
a| ↑ ωεm

2
miss with ω chosen

to maximize the sensitivity as described in Sec. V. In the left panel we compare the signal to the QED2 distribution with
respect to ϑ

→
miss and E

→
miss with uniform binning. In the right panel we compare the signal to the ϖϖ distribution with respect

to mee and |mω
ee| as defined in Sec. IVB. The binning is such that εE

→
miss/E

→
miss = 2%, εmee/mee = 2% and εϑ

→
miss = 0.075

even though the experimental resolution at Belle II can be better (see App. A).

beam and the other at ω → ε→min. This result tell us that
the minimal invariant mass of a QED2 background for
ϑmiss = 0 and for Emiss ↭ 4 GeV is around 3.7 GeV
making it easy to separate ALP with ma < m̄miss|QED2

from the QED2 background.

We now consider the QED3 background. In particu-

lar we want to demonstrate that adding extra ϖinv can-
not substantially change the minimal invariant mass in
Eq. (15) ensuring the robustness of our strategy. Fixing
two hard photon along the ECAL edges (ε1 = εmin, ε2 =
ω → εmin) and adding a third photon of angle ε3 and en-
ergy E3 the missing mass can be written as a deformation
of Eq. (15)

m2
miss|QED3 = m̄2

miss|QED2 + 2E→
3E

→
miss sin ε

→
min!3 → E→2

3 !2
3 , (16)

where we defined !3 = sin ε→min→sin ε→3 . For soft photons
!3 can take any sign and at leading order the invariant
mass of the QED2 process gets shifted by a correction
which is however suppressed by O(E→

min/E
→
miss) ↫ 0.06.

Hard photons can escape the detection only for ε→3 < ε→min
which implies that !3 > 0. In this regime m2

miss|QED3 >
m̄2

miss|QED2 . For this reason in our background simula-
tion we focus on the QED2 background, which should
capture the kinematical features of the relevant QED
backgrounds up to detector ine”ciencies.

Fig. 3 left clearly shows a separation of QED from
ALP signal in the plane (ϑ→miss, E

→
miss). Both background

and signal distribution are shown after the missing mass
cut has been enforced. As can be seen by eye the QED
background in red is hitting a kinematical boundary at
E→

miss ↑ 1 GeV and |ϑ→miss|.

B. ϖϖ background

For the ϱϱ background we take advantage of the pecu-
liar kinematics of the electron-positron pair which origi-
nates from the the two ϱ leptons being: i) on-shell res-
onances; ii) flying back-to-back. Indeed, one can under-
stand ϱϱ background as an antler topology [32, 33] and
exploit results for this type of events.
We describe each ϱ decay as the decay

ϱ± ↓ e±N± ,

where N± is a composite object made of the two neutri-
nos that appear in the decay of ϱ±. Being a composite
object, the body N± has a mass given by 2pωe ·pωµ , hence
it changes event by event depending on the actual values
of the four-momenta of the two neutrinos. We write the
event-dependent mass of the body N± as mN± . With
this notation in mind, the energies in the rest frame of

ma = 1 GeV

detector acceptance gaps needs to be mapped carefully, 
as backgrounds  come backe+e− → e+e−γmiss

e+e− → e+e−γmiss
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tum. These kind of backgrounds arise because of the
chance that a quark appears in the detector as an iso-
lated charged lepton, e.g. because the leading hadron
that appears from the color charge of the quark carries
the vast majority of the quark momentum and decays
semi-leptonically, that is q ↭ ω + soft-particles → eε.
These backgrounds can be assimilated to the ϑϑ back-
ground in that the unobserved particles of each of q and
q̄ can be treated as a kind of invisible body for a suitable
event-dependent mass analogous tomN± . Accounting for
these backgrounds would roughly amount to a variation
of the total rate of the ϑϑ process after our selection.

In relation to the QED background the kinematical
argument in Sec. IVA is quite robust with respect to
modification of the minimal angle ϖ→min or the minimal
detectable energy E→

min at Belle II. Vice-versa, losses of
central photons around small non-instrumented regions
of the detector are a potential source of very large back-
grounds for our signal. For instance a lost ϱ can give rise
to a final state e+vise

↑
visϱlost, which is QED1 in our power

counting of the background processes.
In such a case the measured Emiss could be due to this

lost central photon recoiling against the detected e+e↑

pair. Such configuration leads naturally to a small mmiss,
due to the small physical photon mass, and small ς→miss.
In principle such background can be removed if ς→miss is
well measured by vetoing events for which the missing
momentum falls in dead or not covered areas of the de-
tector. A dedicated study of these background should be
performed by the experimental collaboration. We further
discuss this important caveat in Sec. VI.

V. EVENT SELECTION AND SENSITIVITY

We are now ready to summarize the kinematic se-
lection we used to distinguish the signal kinematic de-
scribed in Sec. III A from the SM backgrounds described
in Sec. IVA and Sec. IVB.

A first discrimination between signal and backgrounds
can be obtained from a selection on the missing mass de-
fined in Eq. (11) which we want to fix around the ALP
mass ma under examination up to the experimental res-
olution. The missing mass is obtained from a cancella-
tion of two positive terms, Emiss and |pmiss|, thus it is
expected that when mmiss tends to zero its experimental
uncertainty gets large. After detector e!ects are included
as detailed in Appendix A, a good fit for the resolution
on mmiss is

φm2
miss ↑

[
1↓

( mmiss

10 GeV

)4
]

GeV2 . (20)

In our selection we require

|m2
miss ↓m2

a| ↔ ↼ · φm2
miss , (21)

where the parameter ↼ controls the width of the missing
mass window which has been optimized to maximize the
sensitivity.

ma [GeV] ω
high
miss E

low
miss [GeV] ε

0.025 1.4 1.8 2.8
7 2.5 7.1 2

TABLE I. Event selection parameters for two example ALP
masses. ωhigh

miss is the missing rapidity cut as in Eq. (22); Elow
miss

is the missing energy lower bound as in Eq. (22); ε controls
the width of the missing mass cut as in Eq. (21).

We further characterize the signal kinematics demand-
ing a large missing energy E→

miss and a small missing ra-
pidity ς→miss. In practice we require

E→
miss ↗

[
Elow

miss,
s+m2

a

2
↘
s

]
, |ς→miss| ↔ ςhighmiss , (22)

where both Elow
miss and ςhighmiss are chosen for each ALP mass

in order to maximize the sensitivity.
The cuts in Eq. (21) and Eq. (22) are chosen to op-

timize S/
↘
B in the cut-and-count scheme 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. An example of the selection that
we identify as optimal is given in Table I for two choices
of ALP mass.
As shown in Fig. 3 left the combination of Eq. (21) and

Eq. (22) is enough to suppress most of the QED back-
ground. 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

m2
ee = 2 pe→ · pe+ + 2m2

e = s+m2
a ↓ 2

↘
sE→

a (23)

is very e!ective to remove the background from ϑϑ or any
of its “look-alike” backgrounds described in Sec. IVC.
The last equality in Eq. (23) holds for the ALP signal
only, whereas for the ϑϑ background the “antler” topol-
ogy implies thatmee should correspond to the value given
in Eq. (19).
This variable has also the merit of being a good dis-

criminator between the Dalitz contribution to our signal,
concentrated at lowmee, and the fusion contribution con-
centrated at large mee. We then want to construct a
test statistic which is able to incorporate both the low
mee region which is in large part background-free and
well-separated from the background and the high mee

region where most of the signal cross section lies. In
the latter case the separation between signal and back-
ground relies crucially on the resolution on mee which
distinguishes the ϑϑ -like background, aligned in the re-
gion where mee ≃ mω

ee, from the photon-fusion signal.
In practice, we construct a log-likelihood using the

expected signal and background counts for 50 ab↑1 at
Belle II

” = ↓2
∑

i,j

ln
L(Si,j , Bi,j)

L(0, Bi,j)
, (24)
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FIG. 5. Left: In blue QED background distribution in the (m2
miss, E

→
miss) plane together with the Emiss selection Eq. (22) for

di!erent ALP masses in green. In the top panel no restriction is applied to |ω→
miss|, in the bottom panel we apply a selection

|ω→
miss| < 1.4, that is illustrative of the typical optimal requirement for central |ω→

miss|. Right: Background distributions in red

vs signal distribution in blue. The separation between signal and background in m
ω
ee → mee is sharper for mmiss = 1 GeV

(light color palette) than for mmiss = 6 GeV (dark color palette) where m
ω
ee is defined in Eq. (19). Histograms are MC data

smeared according to Eq. (A1). Solid lines are fits with a skewed gaussiana to smeared data; dashed lines are fits to non
smeared data. The comparison between the two fits shows the marginal impact of the smearing.

a The skewed gaussian non normalized pdf is f(A,µ,ω, ε, x) = A exp
(
→ (x↑µ)2

2ε2

) [
1 + erf

( ϑx
2

)]
, with A controlling the amplitude, µ the

mean, ω the standard deviation, and ε the skewness parameter.

[1] G. Krnjaic et al., A Snowmass Whitepaper: Dark
Matter Production at Intensity-Frontier Experiments,
2207.00597.

[2] R. Essig, G. K. Giovanetti, N. Kurinsky, D. McKinsey,
K. Ramanathan, K. Stifter et al., Snowmass2021
Cosmic Frontier: The landscape of low-threshold dark
matter direct detection in the next decade, in 2022
Snowmass Summer Study, 3, 2022. 2203.08297.

[3] R. K. Leane, Indirect Detection of Dark Matter in the
Galaxy, in 3rd World Summit on Exploring the Dark
Side of the Universe, pp. 203–228, 2020. 2006.00513.

[4] M. J. Dolan, T. Ferber, C. Hearty, F. Kahlhoefer and
K. Schmidt-Hoberg, Revised constraints and Belle II
sensitivity for visible and invisible axion-like particles,
JHEP 12 (2017) 094, [1709.00009].

[5] BaBar collaboration, J. P. Lees et al., Search for
Invisible Decays of a Dark Photon Produced in e

+
e
↑

Collisions at BaBar, Phys. Rev. Lett. 119 (2017)
131804, [1702.03327].

[6] P. J. Fox, R. Harnik, J. Kopp and Y. Tsai, LEP Shines
Light on Dark Matter, Phys. Rev. D 84 (2011) 014028,
[1103.0240].

[7] DELPHI collaboration, J. Abdallah et al., Search for
one large extra dimension with the DELPHI detector at
LEP, Eur. Phys. J. C 60 (2009) 17–23, [0901.4486].

[8] C. Boehm, M. J. Dolan and C. McCabe, A Lower
Bound on the Mass of Cold Thermal Dark Matter from
Planck, JCAP 08 (2013) 041, [1303.6270].

[9] BaBar collaboration, B. Aubert et al., Search for
Invisible Decays of a Light Scalar in Radiative
Transitions ε3S ↑ ϑ A0, in 34th International
Conference on High Energy Physics, 7, 2008.
0808.0017.

[10] BaBar collaboration, P. del Amo Sanchez et al., Search
for Production of Invisible Final States in Single-Photon
Decays of ”(1S), Phys. Rev. Lett. 107 (2011) 021804,
[1007.4646].

[11] Belle-II collaboration, W. Altmannshofer et al., The
Belle II Physics Book, PTEP 2019 (2019) 123C01,
[1808.10567].

[12] L. Zani, Dark sector searches at Belle II, September
2021.

[13] G. Steigman, B. Dasgupta and J. F. Beacom, Precise
Relic WIMP Abundance and its Impact on Searches for
Dark Matter Annihilation, Phys. Rev. D 86 (2012)
023506, [1204.3622].

[14] R. K. Leane, T. R. Slatyer, J. F. Beacom and K. C. Y.
Ng, GeV-scale thermal WIMPs: Not even slightly ruled
out, Phys. Rev. D 98 (2018) 023016, [1805.10305].

[15] N. Weiner and I. Yavin, How Dark Are Majorana
WIMPs? Signals from MiDM and Rayleigh Dark
Matter, Phys. Rev. D 86 (2012) 075021, [1206.2910].

[16] M. T. Frandsen, U. Haisch, F. Kahlhoefer, P. Mertsch
and K. Schmidt-Hoberg, Loop-induced dark matter
direct detection signals from gamma-ray lines, JCAP 10

(2012) 033, [1207.3971].

missing photons from Bhabha have a typical 
direction around the beam pipe, so they are usually 
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FIG. 3. Distributions of the signal ma = 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 |m2

miss →m
2
a| ↑ ωεm

2
miss with ω chosen

to maximize the sensitivity as described in Sec. V. In the left panel we compare the signal to the QED2 distribution with
respect to ϑ

→
miss and E

→
miss with uniform binning. In the right panel we compare the signal to the ϖϖ distribution with respect

to mee and |mω
ee| as defined in Sec. IVB. The binning is such that εE

→
miss/E

→
miss = 2%, εmee/mee = 2% and εϑ

→
miss = 0.075

even though the experimental resolution at Belle II can be better (see App. A).

beam and the other at ω → ε→min. This result tell us that
the minimal invariant mass of a QED2 background for
ϑmiss = 0 and for Emiss ↭ 4 GeV is around 3.7 GeV
making it easy to separate ALP with ma < m̄miss|QED2

from the QED2 background.

We now consider the QED3 background. In particu-

lar we want to demonstrate that adding extra ϖinv can-
not substantially change the minimal invariant mass in
Eq. (15) ensuring the robustness of our strategy. Fixing
two hard photon along the ECAL edges (ε1 = εmin, ε2 =
ω → εmin) and adding a third photon of angle ε3 and en-
ergy E3 the missing mass can be written as a deformation
of Eq. (15)

m2
miss|QED3 = m̄2

miss|QED2 + 2E→
3E

→
miss sin ε

→
min!3 → E→2

3 !2
3 , (16)

where we defined !3 = sin ε→min→sin ε→3 . For soft photons
!3 can take any sign and at leading order the invariant
mass of the QED2 process gets shifted by a correction
which is however suppressed by O(E→

min/E
→
miss) ↫ 0.06.

Hard photons can escape the detection only for ε→3 < ε→min
which implies that !3 > 0. In this regime m2

miss|QED3 >
m̄2

miss|QED2 . For this reason in our background simula-
tion we focus on the QED2 background, which should
capture the kinematical features of the relevant QED
backgrounds up to detector ine”ciencies.

Fig. 3 left clearly shows a separation of QED from
ALP signal in the plane (ϑ→miss, E

→
miss). Both background

and signal distribution are shown after the missing mass
cut has been enforced. As can be seen by eye the QED
background in red is hitting a kinematical boundary at
E→

miss ↑ 1 GeV and |ϑ→miss|.

B. ϖϖ background

For the ϱϱ background we take advantage of the pecu-
liar kinematics of the electron-positron pair which origi-
nates from the the two ϱ leptons being: i) on-shell res-
onances; ii) flying back-to-back. Indeed, one can under-
stand ϱϱ background as an antler topology [32, 33] and
exploit results for this type of events.
We describe each ϱ decay as the decay

ϱ± ↓ e±N± ,

where N± is a composite object made of the two neutri-
nos that appear in the decay of ϱ±. Being a composite
object, the body N± has a mass given by 2pωe ·pωµ , hence
it changes event by event depending on the actual values
of the four-momenta of the two neutrinos. We write the
event-dependent mass of the body N± as mN± . With
this notation in mind, the energies in the rest frame of

ma = 1 GeV

detector acceptance gaps needs to be mapped carefully, 
as backgrounds  come backe+e− → e+e−γmiss

e+e− → e+e−γmiss
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Once upone a time

• then came the barrel …
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A search for narrow resonances produced in pp collisions at the CERN ISR has been 
carried out using two magnetic spectrometers to measure and identify two final-state 
charged hadrons. The resultant two-particle invariant mass spectra show no strong struc- 
ture suggesting any new narrow resonance. The statistical significance of various enhance- 
ments seen in the data is discussed, and upper fimits on the cross section times branching 
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1. Introduction 

An experiment has been performed at the CERN Intersecting Storage Rings to 
search for new states, produced in pp collisions, which decay into two charged 
hadrons: ~r +~, K -+, p and ~. Such new states would be of considerable interest in view 
of the theoretical speculations stimulated by the discovery of the J/t) particle [11. 

2. Apparatus and data acquisition 

The apparatus consisted of two single-arm magnetic spectrometers shown sche- 
matically in fig. 1. The small angle spectrometer (SAS) accepted particles of one sign 
of charge produced at 50 +- 5 mrad above one of the circulating beams. The momen- 
ta of the accepted particles lay between 3 and 15 GeV, and three threshold gas 
~erenkov counters were used to identify pions, kaons, and protons over this momen- 
tum range. The SAS solid angle is ~0.08 msr, and the momentum resolution is 
6 p / p  ~ 1.2% (FWHM). The SAS is described in more detail in ref. [2]. The wide 
angle spectrometer (WAS) accepted simultaneously both positively and negatively 
charged particles produced at 38 +- 5 ° (85% of the data) or 45 -+ 5 ° (15% of the data) 
to the acute bisector of the two beams. Two threshold gas Qerenkov counters and a 
time-of-flight system were used to identify pions, kaons, and protons over the mo- 
mentum range 0.5-3.4 GeV, except for a K/p ambiguity in the region 1.4-1.65 
GeV. The WAS solid angle is ~11 msr, and the momentum resolution is 8 p i p  ~ 0.03 
p (GeV) FWHM. The WAS is described in more detail in ref. [3]. Complementary to 
the two spectrometers is a scintillation counter hodoscope system which covers about 
97% of the solid angle around the intersection region. This hodoscope system is de- 
scribed in ref. [4]. 

Both these spectrometers have been fully operational for some time, and their 
properties are well understood. The present experiment required only the implemen- 

if! A 

? ~ \ '  w ~" 

' \  \,s 
Fig. 1. Sketch of the apparatus showing the Small Angle Spectrometer (SAS) positioned above 
the downstream arm of one of the beams, and the Wide Angle Spectrometer (WAS) positioned 
in the plane defined by the two proton beams. $2, BM1, BM2, BM3, and BM W indicate magnets; 
C1, C2, C3, C1 W, and C2 W indicate gas derenkov counters. 
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The features of the invariant mass distribution obtained from combinations of particles from different events, i.e. event mixing, is 
studied in detail. It is shown that special care is needed in order to reproduce the shape of the uncorrelated invariant mass 
distribution. A way to determihe the number of resonances and its statistical error using an event mixing technique is described. 

1. Introduction 

A standard way to observe resonance production is to make an invariant mass distribution of particles 
which may be decay products of resonances. If resonances are produced, a peak will appear in the 
distribution on top of a background which comes from combinations of nonresonating particles. In order 
to determine the number of resonances from such a distribution, an estimation of the background is 
essential. If the background has a simple falling or rising form, it will not be difficult to approximate the 
shape of the background below the resonance signal with an analytic function. 

However, some resonances sit just at the place where the whole invariant mass distribution peaks. In this 
case it is very difficult to estimate the exact shape of the background and it was shown that different 
choices of functions which approximate the shape of the background may change the estimation of the 
resonance content as much as 60% [1]. 

Furthermore in the case of experiments with electronics detectors, unlike in the case of the bubble 
chamber experiments, there is always an acceptance problem of the detector. This may create an artificial 
structure in the invariant mass distribution. 

In order to overcome these problems, the mass distribution with combinations of parrticles from 
different events, "event mixing", is used to estimate the background [2]. However, there is an indication 
that a simple subtraction of the mass distribution obtained with event mixing cannot give the final answer 
[31. 

In this paper we study in detail the features of the mass distribution from event mixing and show how to 
use it for an estimation of the background. A statistical model is used to understand the statistical 
behaviour of the mass distribution from event mixing which is rather complicated due to a possible 
correlation with original events. Finally, a method to determine the number of resonances and its statistical 
error using an event mixing technique is described. An example for the application of this method can be 
found elsewhere [4]. 

* Now at SIN, Viiligen, Switzerland. 

0167-5087/84/$03.00 © Elsevier Science Publishers B.V. 
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Abstract

We study the determination of the symmetry that stabilizes a dark matter (DM) candidate produced at

colliders. Our question is motivated per se, and by several alternative symmetries that appear in models

that provide a DM particle. To this end, we devise a strategy to determine whether a heavy mother particle

decays into one visible massless particle and one or two DM particles. The counting of DM particles in

these decays is relevant to distinguish the minimal choice of Z2 from a Z3 stabilization symmetry, under

which the heavy particle and the DM are charged and the visible particle is not. Our method is novel in

that it chiefly uses the peak of the energy spectrum of the visible particle and only secondarily uses the

MT2 endpoint of events in which the heavy mother particles are pair-produced. We present new theoretical

results concerning the energy distribution of the decay products of a three-body decay, which are crucial for

our method. To demonstrate the feasibility of our method in investigating the stabilization symmetry, we

apply it in distinguishing the decay of a bottom quark partner into a b quark and one or two DM particles.

The method can be applied generally to distinguish two- and three-body decays, irrespective of DM.
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physics was all forward …
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Forward is back!
(never went out fashion)

lots of opportunities from angular coverage of the region around the beam pipe at Belle II
•axion like particles from BSM physics (decay to photons 2406.14614, decay to DM 2307.06369)

• true muonium (yet unobserved SM state which can be observed and studied in detail at Belle II, 2501.17753)

•…

possible long lasting effect as this type of detectors is in demand for muon colliders, which have 
a blind region “the nozzle” that stops muon decay products in thick tungsten

https://arxiv.org/abs/2406.14614
https://arxiv.org/abs/2307.06369
http://arxiv.org/abs/2501.17753


Thank you
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FIG. 2. Characterization of the di!erent production channels for an ALP coupled to SM photons as defined in Eq. (1). Left: In
blue we show the ratio of the cross section for the e+vise

→
visa final state vs ωvisa final state as a function of the angular acceptance

of a hypothetical lepton collider with center of mass energy
→
s = 10.58 GeV. In yellow we show the ratio between the two

processes contributing to e
+
vise

→
visa: the “ALP Dalitz” process where a photon is exchanged in s-channel and the “photon-fusion”

into ALP where the photon is exchanged in t-channel. The red dashed line shows the Belle II minimal opening angle for
photons and electrons/positrons to be detected by the calorimeter. The red dotted line shows the Belle II minimal opening
angle for electrons/positrons to be detected by the tracker. Right: ALP cross sections at Belle II as a function of the ALP mass
ma. The mono-photon ALP cross section (blue) is roughly 10 times larger than the photon-fusion cross-section with final state
e
+ and e

→ in the Belle II acceptance one (yellow). We also show the inclusive e
+
e
→
a (green line) which is orders of magnitude

larger than e
+
vise

→
visa due to the acceptance of the Belle II detector. The green band indicates the EPA approximation of e+e→a

with its associated uncertainty.

A. Signal kinematics

We now describe the signal kinematics for the two sig-
nal production modes of Eqs. (5) and (6). In the mono-ω
topology the photon and the ALP momenta are back-
to-back εpω = →εpa = →εpmiss. Under these circumstances
the signal is characterized by a photon of fixed energy
Eω and the amount of missing energy Emiss required by
energy conservation. Explicitly one finds

E→
ω =

s→m2
a

2
↑
s

, E→
miss =

s+m2
a

2
↑
s

, (9)

where
↑
s is the center of mass energy and the quantities

defined in the center of mass frame (CoM) will be denoted
with a ↓ throughout this work.

After requiring a single photon of fixed energy up to
the experimental resolution, a further discrimination be-
tween signal and background can only be achieved by
selecting the central detector region. A standard way to
do so is to define the missing pseudo-rapidity in the lab
frame as

ϑmiss=
1

2
log

[
|εpmiss|+ pLmiss

|εpmiss|→ pLmiss

]
=→ log

[
tan

ϖmiss

2

]
, (10)

where we defined pLmiss as the component of the missing
momentum along the beam pipe and ϖmiss as the angle
made by the ALP trajectory with the beam pipe axis.
Selecting the central region is equivalent to requiring an
upper bound |ϑmiss|.

Due to its three-body nature, signal kinematics for
the e+vise

↑
visa channel can be characterized by the miss-

ing mass mmiss together with the Emiss and ϑmiss. These
quantities can be used to distinguish the ALP production
from background processes.
The missing mass

m2
miss = E2

miss → |εpmiss|
2 = m2

a , (11)

is equal to the ALP mass up to the experimental resolu-
tion. The missing energy and the missing momentum can
be written as a function of the visible electron-positron
pair in the final state and the CoM energy:

E→
miss =

↑
s→E→

e+ →E→
e→ , εp→miss = →εp→e+ →εp→e→ . (12)

Analogously to Eq. (10) a missing pseudo-rapidity can
be defined from the initial and final state electrons and
positrons.3

Besides the fixed missing mass, the ALP signal is ex-
pected to be central (i.e. small ϑmiss) as confirmed by
the distribution in Fig. 3 left. Moreover, requiring the
electron-positron pair within the Belle II acceptance fa-
vors a kinematics where the ALP is not produced at rest
resulting in a large E→

miss, even for a very light ALP. For
example for an e!ectively massless ALP we find that

3 In principle further information can be extracted from the az-
imuthal angle between the positron and the electron in the final
state.

2.2 Sensitivity

For an optimal signal vs background separation we pursue a full four dimensional likelihood, which
can take full advantage of their di!erent kinematic structure. In order to e”ciently tessellate the
four dimensional phase space we define, in analogy with the usual Mandelstam variables, the Lorentz
invariants t± and s± as

t+ =
(
pe+in

→ pe+out

)2
,

t→ =
(
pe→in

→ pe→out

)2
,

s→ =
(
pe+in

+ pe→in
→ pe+out

)2
,

s+ =
(
pe+in

+ pe→in
→ pe→out

)2
,

(2.8)

where the positron, electron, and photon momenta are defined in Fig. 2. A conversion between the
Lorentz invariant variables and the measured energy and angles of the positron, electron, and photons
can be easily derived. Neglecting the electron mass, we can write

t± ↑ →
↓
sEe±out

(
1± cos ωe±out

)
, s± ↑

↓
s
(↓

s→ 2Ee±out

)
, (2.9)

where ωe±out
is the polar angle of the positron/electron with respect to the beam axis. The above

expressions show that t± ↔ 0 controls the collinear singularity of the photon fusion production at
ωe±out

↔ 0. Using energy conservation, the sum of the other two Mandelstam variables can be written
in terms of the energy of the resonance s+ + s→ ↑ 2Ea

↓
s, while their di!erence gives the asymmetry

between the positron and the electron energy.
Starting from the energy and polar angle resolution of Belle II [26] we derive approximate reso-

lutions for the measurement of t± and s±. Each of these quantities contains energies and directions
of photons and electrons. The energies are the least well measured, so we can take

εµi

µi
↑ 2

εE

E
↑ 4% for µi = {s+, s→, t+, t→} . (2.10)

Based on the predicted di!erential rates for the SM background and for the signal, we construct
a log-likelihood for 50 ab→1 integrated luminosity at Belle II

# = →2
∑

i,j

ln
L(Si,j , Bi,j)

L(0, Bi,j)
, (2.11)

where i and j run on the bins of the 4D space spanned by s+, s→, t+, t→ and S and B indicate
respectively the expected number of signal or background events in each bin. In Eq. (2.11) L(Si,j , Bi,j)
is the Poisson factor computed in each bin defined as follows

L(S,B) =
(S +B)B

B!
e→(S+B) . (2.12)

The sensitivity shown in Fig. 1 corresponds to 95% C.L. and it is obtained by requiring # < 4.
Given the huge hierarchy between the signal rate and the background rate, our sensitivity benefits

from regions of phase space where the background is strongly suppressed. To best exploit these
features, we perform a full 4D likelihood analysis. This likelihood is challenging to construct from

– 7 –

Figure 5. Distribution of log-likelihood defined in Eq. (2.11) in the (t→, t+) plane for ma = 3 GeV. The 4D

likelihood is maximized in the (s→, s+) plane to be projected on a 2D plane. The signal strength is fixed to

the expected reach of Belle-fwd with 50 ab→1 of data which is gaωω = 5.5 · 10→6 GeV→1 as shown in Fig. 1.

The white region is kinematically forbidden because of the detector acceptance. Left Belle II likelihood with

acceptance defined in Eq. (1.5) Right Belle-fwd likelihood with acceptance defined in Eq. (1.6).

Figure 6. Likelihood distributions for ma = 3 GeV in the plane (S/
→
B,S/B) where S is the expected

number of signal events and B the expected number of background events. The three panels correspond to

the three di!erent assumption on the distribution of the background events in the empty bins as illustrated in

Appendix A. Left: The events in the empty bins are distributed as a Poisson distribution with mean set to the

upper bound of the cross-section derived in our MC. The likelihood correspond to the best expected sensitivity

in Fig. 1 which is gaωω = 5.49 · 10→6 GeV→1 Center: The events on the empty bins are distributed as a

uniform distribution with maximum given by the upper bound derived in our MC. This treatment correspond

to the red line in Fig. 1 which gives gaωω = 2.88 · 10→5 GeV→1. Right: The events on the empty bins are

distributed as a delta-function centered at the upper bound derived in our MC. This assumption gives the

most conservative expected reach in Fig. 1 which is gaωω = 5.89 · 10→5 GeV→1.

– 12 –











3. The Belle II Experiment

Table 3.1.: Overview of the centrally produced background processes used in the analysis.
The number of streams represents the amount of background that is simulated
compared to the actual recorded data. All histograms and event counts given
will compensate for this. For a better visualization, the subdominant leptonic
and 𝐿-event backgrounds will be grouped in most histograms. The dashed lines
indicate the used grouping.

Name No. of Streams Processes

𝑀𝑀 2.0 𝑁+𝑁→ ↑ 𝑀𝑀 (𝑀)
𝑁+𝑁→ 0.1 𝑁+𝑁→ ↑ 𝑁+𝑁→(𝑀)
𝑁+𝑁→𝑁+𝑁→ 1.0 𝑁+𝑁→ ↑ 𝑁+𝑁→𝑁+𝑁→

𝑁+𝑁→𝑂+𝑂→ 1.0 𝑁+𝑁→ ↑ 𝑁+𝑁→𝑂+𝑂→

𝑃𝑃𝑄𝑄 1.0 𝑁+𝑁→ ↑ 𝑁+𝑁→𝑄 +𝑄→,
𝑄 ↓ {𝑅, 𝑆,𝑇, 𝑈};

𝑂+𝑂→𝑄 +𝑄→, 𝑄 ↓ {𝑂, 𝑅};
𝑁+𝑁→ ↑ 𝑅+𝑅→𝑅+𝑅→

𝑂+𝑂→ 1.0 𝑁+𝑁→ ↑ 𝑂+𝑂→(𝑀)
𝑅+𝑅→ 4.0 𝑁+𝑁→ ↑ 𝑅+𝑅→(𝑀)
𝑉𝑉 4.0 𝑁+𝑁→ ↑ 𝑉𝑉, 𝑉 ↓ {𝑊,𝑋, 𝑌, 𝑍}
hhISR 1.0 𝑁+𝑁→ ↑ 𝑎𝑎𝑀,

𝑎𝑎 ↓ {𝑆+𝑆→, 𝑆+𝑆→𝑆0,𝑇+𝑇→,𝑇0
𝑏𝑇

0
𝑐}

𝐿0𝐿0 4.0 𝑁+𝑁→ ↑ ω(4𝑌) ↑ 𝐿0𝐿0

𝐿+𝐿→ 4.0 𝑁+𝑁→ ↑ ω(4𝑌) ↑ 𝐿+𝐿→

24

7. Neural Network Event Classi!er

Figure 7.4.: Output value of the neural network classi!er for the full available background
dataset of 54.24!→1 and a !ve signal masses throughout the mass range.
Most of the signal (background) events are classi!ed correctly with values
close to 1 (0). To better visualize the intermediate regions, the y-axis is loga-
rithmically scaled.

concerning, as it is minimal. Additionally, the validation loss is still decreasing, albeit at a
slower rate than the training loss. If severe overtraining occurs, the validation loss would
rapidly increase, which does not happen in the current scenario.

To further con!rm proper training, the classi!er output on the whole available background
dataset and exemplary signal masses is shown in !gure 7.4. The output indicates that most
events are classi!ed correctly, with an output of nearly zero for background or one for
signal. However, there are instances of misclassi!ed outputs for both classes, showing at
intermediate values and even peaks from signals misclassi!ed entirely to zero predicted
output, as well as background to one. Therefore, the selection working point must be
derived as a tradeo" between the lost signal and the retained background. To search for a
working point, there are di"erent tools available, e.g., the Punzi Figure of Merit (FoM)

PFOM =
𝐿

𝑀
2 +

↑
𝑁
. (7.5)

Where 𝑁 is the remaining number of background events, 𝐿 is the signal e#ciency, and
𝑀 is the Gaussian con!dence level [39]. The PFOM can be calculated for many possible
working points along a speci!c variable, and its maximum value suggests a good tradeo"
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In general it is not possible to make a one‑to‑one comparison between the result in 
the thesis and that in the paper. The analysis methodology is different:


• thesis used a neural‑network classifier (sensitive to background mistagging)


• paper used a completely differential analysis in 4D with a binned likelihood ratio 
(protected from background mistagging, but requires more precise background 
predictions)


• There is agreement that Bhabha scattering is the main background. 


• It would be necessary to compare the detailed predictions of the Belle II 
Monte Carlo (Babayaga) and MG5_aMC@NLO in the region of phase space 
that is of interest, especially because the selection inevitably pushes toward 
the sparsely populated tail of phase space, which is therefore harder to 
model. Possible, but not a short term goal.




• Since the signal has a component with peak at  (Dalitz‑like with 
) and a component with peak at  (true fusion), it 

could already be very useful to know whether the neural network has 
identified one region or the other. The point of the paper was that “true-fusion” region can be purified, whereas no such 
statement is available for the Dalitz-like region. On the contrary we conjecture the Dalitz-like region cannot be purified beyond a certain point.


• The fact that the network is learning to discriminate several signals of different 
mass from the background remains somewhat unclear, especially it is unclear 
if the signal isolation strategy learnt is truly optimal for each mass or it’s a 
generic strategy valid, but not optimal, for all masses


mee ≃ 0
γ → e+e− mee ≃ s − mA
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FIG. 2. Characterization of the di!erent production channels for an ALP coupled to SM photons as defined in Eq. (1). Left: In
blue we show the ratio of the cross section for the e+vise

→
visa final state vs ωvisa final state as a function of the angular acceptance

of a hypothetical lepton collider with center of mass energy
→
s = 10.58 GeV. In yellow we show the ratio between the two

processes contributing to e
+
vise

→
visa: the “ALP Dalitz” process where a photon is exchanged in s-channel and the “photon-fusion”

into ALP where the photon is exchanged in t-channel. The red dashed line shows the Belle II minimal opening angle for
photons and electrons/positrons to be detected by the calorimeter. The red dotted line shows the Belle II minimal opening
angle for electrons/positrons to be detected by the tracker. Right: ALP cross sections at Belle II as a function of the ALP mass
ma. The mono-photon ALP cross section (blue) is roughly 10 times larger than the photon-fusion cross-section with final state
e
+ and e

→ in the Belle II acceptance one (yellow). We also show the inclusive e
+
e
→
a (green line) which is orders of magnitude

larger than e
+
vise

→
visa due to the acceptance of the Belle II detector. The green band indicates the EPA approximation of e+e→a

with its associated uncertainty.

A. Signal kinematics

We now describe the signal kinematics for the two sig-
nal production modes of Eqs. (5) and (6). In the mono-ω
topology the photon and the ALP momenta are back-
to-back εpω = →εpa = →εpmiss. Under these circumstances
the signal is characterized by a photon of fixed energy
Eω and the amount of missing energy Emiss required by
energy conservation. Explicitly one finds

E→
ω =

s→m2
a

2
↑
s

, E→
miss =

s+m2
a

2
↑
s

, (9)

where
↑
s is the center of mass energy and the quantities

defined in the center of mass frame (CoM) will be denoted
with a ↓ throughout this work.

After requiring a single photon of fixed energy up to
the experimental resolution, a further discrimination be-
tween signal and background can only be achieved by
selecting the central detector region. A standard way to
do so is to define the missing pseudo-rapidity in the lab
frame as

ϑmiss=
1

2
log

[
|εpmiss|+ pLmiss

|εpmiss|→ pLmiss

]
=→ log

[
tan

ϖmiss

2

]
, (10)

where we defined pLmiss as the component of the missing
momentum along the beam pipe and ϖmiss as the angle
made by the ALP trajectory with the beam pipe axis.
Selecting the central region is equivalent to requiring an
upper bound |ϑmiss|.

Due to its three-body nature, signal kinematics for
the e+vise

↑
visa channel can be characterized by the miss-

ing mass mmiss together with the Emiss and ϑmiss. These
quantities can be used to distinguish the ALP production
from background processes.
The missing mass

m2
miss = E2

miss → |εpmiss|
2 = m2

a , (11)

is equal to the ALP mass up to the experimental resolu-
tion. The missing energy and the missing momentum can
be written as a function of the visible electron-positron
pair in the final state and the CoM energy:

E→
miss =

↑
s→E→

e+ →E→
e→ , εp→miss = →εp→e+ →εp→e→ . (12)

Analogously to Eq. (10) a missing pseudo-rapidity can
be defined from the initial and final state electrons and
positrons.3

Besides the fixed missing mass, the ALP signal is ex-
pected to be central (i.e. small ϑmiss) as confirmed by
the distribution in Fig. 3 left. Moreover, requiring the
electron-positron pair within the Belle II acceptance fa-
vors a kinematics where the ALP is not produced at rest
resulting in a large E→

miss, even for a very light ALP. For
example for an e!ectively massless ALP we find that

3 In principle further information can be extracted from the az-
imuthal angle between the positron and the electron in the final
state.
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