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FIG. 1: The overall L1 trigger e�ciencies for SM ee ! ⌧⌧ ! 1⇥3 prong events in the (a)
combined and (b) individual channels. The data comes from the 2019a, 2019b and 2019c periods.
The following trigger combinations are considered: � 2 full tracks (↵o), � 3 full tracks (↵f), short
tracks (fso or sso or ↵s or fss or sss), ECL total energy (hie), � 4 clusters (c4), low multiplicity
� 3 clusters (lml0 or lml12), low multiplicity back-to-back clusters (lml8 or lml9 or lml10), low
multiplicity high energy cluster (lml1 or lml2 or lml4 or lml6 or lml7) and ECL µµ (eclmumu).
Statistical uncertainties are shown, although they are too small to be visible.
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Prospects for long-lived particle searches at Belle II (Torben Ferber) 3

Super B-factory detector: Belle II

positrons e+

electrons e-

KL and muon detector (KLM): 
Resistive Plate Counters (RPC) (outer barrel) 
Scintillator + WLSF + MPPC (endcaps, inner barrel)

Particle Identification (PID): 
Time-Of-Propagation counter (TOP) (barrel) 
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals 
waveform sampling (energy, time, pulse-shape)

Vertex detectors (VXD): 
2 layer DEPFET pixel detectors (PXD) 
4 layer double-sided silicon strip detectors (SVD)

Central drift chamber (CDC): 
He(50%):C2H6 (50%), small cells,  
fast electronics

Magnet: 
1.5 T superconducting

Trigger: 
Hardware: < 30 kHz 
Software: < 10 kHz

DEPFET: depleted p-channel field-effect transistor 
WLSF: wavelength-shifting fiber 
MPPC: multi-pixel photon counter
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analysis covered today: 
1. Invisible Z’ 
2. Dark Higgsstrahlung 
3. Inelastic Dark Matter
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Invisible Z’
• extend SM by adding a U(1)’ group  

• new massive gauge boson Z’ couples only to leptons of 
2nd and 3rd generation 

• Z’ coupled to Lμ-Lτ via g’ 

• focus on invisible Z’ decay produced with a pair of muons 

• invisible decay channel explored for the first time
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★ may serve as mediator between SM and 
DS 

★ may explain (g-2)μ 

★ may address anomalies in b→sμ+μ-

FIG. 1: Example of a Feynman diagram for the production of a light Z 0 boson in e+e� collisions
followed by its invisible decay to neutrinos or to dark matter
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The branching fraction (BF) for Z 0 ! invisible is therefore given by73

BF (Z 0 ! invisible) =
2�(Z 0 ! ⌫l⌫̄l)

2�(Z 0 ! ⌫l⌫̄l) + �(Z 0 ! µ+µ�) + �(Z 0 ! ⌧+⌧�)
(4)

where the branching fraction to one neutrino species is half of the branching fraction to one74

charged lepton flavour. The reason is, of course, that the Z 0 only couples to left-handed75

neutrino chiralities whereas it couples to both left- and right-handed charged leptons. The76

expected branching ratios to neutrino decays of the Z 0 are therefore77

MZ0 < 2Mµ =) BF [Z 0 ! invisible] = 1, (5)

2Mµ < MZ0 < 2M⌧ =) BF [Z 0 ! invisible] ' 1/2, (6)

MZ0 > 2M⌧ =) BF [Z 0 ! invisible] ' 1/3. (7)

Of course in the case of kinematic accessible decays of Z 0 to dark matter particles � (�̄),78

such as Z 0 ! ��̄ if MZ0 > 2M�, one can expect that BF (Z 0 ! ��̄) = 1.79

In the second model that we take under consideration, we allow the Z 0 to couple to all80

leptons, but we also allow for charged LFV which in turn enables us to search for final state81

in which no or little standard model background is to be expected [9] [10].82

In order to check these two models, we perform a search for the following processes:83

e+e� ! µ+µ�Z 0, Z 0 ! invisible, (8)

e+e� ! µ±e⌥Z 0, Z 0 ! invisible. (9)

If one defines the distribution of the mass squared recoiling against the µµ or µe systems as84
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1. INTRODUCTION7

Although the Standard Model (SM) has revealed itself as a very successful and highly8

predictive theory of fundamental particles and interactions, it can not be considered as a9

complete theory of nature due to the fact that many phenomena are not accounted for. This10

is the case for example of neutrino masses, gravity, dark matter or dark energy, just to name11

a few.12

One of the simplest way to extend the SM and include new physics is by adding an13

extra U(1)0 to the gauge group of the SM [1]. Such a U(1)0 group would give rise to an14

extra gauge boson, called a Z 0 boson, that could couple to SM particles as well to new still15

undiscovered particles, such as dark matter particles [2–5]. Since dark matter particles are16

electrically neutral and do not interact (or interact very weakly) with ordinary matter, no17

direct detection in Belle II is expected. To infer its presence in the collision data, it is crucial18

to identify specific processes that can be used to unambiguously identify the production and19

subsequent invisible decay of such a Z 0.20

Amongst the many theoretical frameworks that extend the SM particle content with the21

existence of new dark sector particles and forces, we consider here the invisible decays of a22

light Z 0 boson in two di↵erent models:23

1. A Z 0 belonging to a Lµ � L⌧ symmetry;24

2. A Z 0 which couples to all leptons, being also sensitive to some Lepton Flavour Violation25

(LFV) e↵ects.26

As far as option 1 is concerned, this model is poorly constrained experimentally at low27

masses, and the specific invisible decay topology is being investigated here for the first time.28

At the time this document is being prepared, the only similar measurement for a low mass29

dark Z 0 related to the Lµ � L⌧ symmetry was performed by the BaBar experiment for a Z 0
30

decaying to muons [6].31

Under a Lµ�L⌧ symmetry, the Z 0 boson would couple only to µ and ⌧ (and the respective32

⌫µ and ⌫⌧ ), with a new coupling constant indicated with g0, so that a search for such a boson33

resulting in a null outcome (i.e. background only hypothesis) would result in an upper limit34

to the value of g0. The BaBar experiment has provided 90% confidence level (CL) upper35

limits (UL) to g0 at the level of 10�3 for MZ0 ⇠ few MeV/c2 and at the level of 10�1 for36

MZ0 ⇠ 8 GeV/c2.37

An example of a Feynman diagram depicting how such a process would proceed including38

the invisible decay of the Z 0 is shown in FIG. 1. The interaction Lagrangian for such a model39

is given by40

L =
X

`

✓g0 ¯̀�µZ 0
µ` (1)

where the sum is extended to ` = µ, ⌧, ⌫µ,L, ⌫⌧,L including the heavy leptons and their relative41

(left-handed) neutrino species, with ✓ = �1 if ` = µ, ⌫µ,L and ✓ = 1 if ` = ⌧, ⌫⌧,L. The partial42

widths are obtained from [7]43

�(Z 0 ! l+l�) =
(g0)2MZ0

12⇡

✓
1 +

2M2
l

M2
Z0

◆s

1� 4M2
l

M2
Z0

(2)

5
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σ ∝ g′ 2

https://arxiv.org/abs/1609.04026
https://arxiv.org/abs/1403.2727
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Mr = s + M2
μμ − 2 sECMS

μμ

• reconstruct recoiling mass against μμ-pair, require 
nothing else to be in rest of event 

• look for a peak in recoil mass distribution 

• main bkgs arise from QED processes: 

μ+μ-(γ) 

τ+τ-(γ), τ➝μνν 

μ+μ-e+e-

Search for an invisibly decaying Z 0 boson at Belle II in e+e� ! µ+µ�(e±µ⌥) plus missing
energy final states

Belle II Collaboration

This material is submitted as supplementary information for the Electronic Physics Auxiliary Publication Service.
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FIG. 1: Recoil mass spectrum for the µ+µ�
sample before the ⌧ suppression selection. Simulated samples (histograms) are

rescaled for luminosity, trigger e�ciency (0.79) and correction factor (0.65, see text). Histogram bin widths indicate the recoil

mass windows.
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FIG. 2: Recoil mass spectrum for the e±µ⌥
sample after the ⌧ suppression selection. Simulated samples (histograms) are

rescaled for luminosity, trigger e�ciency (0.96) and correction factor (0.9, see text). Histogram bin widths indicate the recoil

mass windows.
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sample before the ⌧ suppression selection. Simulated samples (histograms) are
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state particles with the material are simulated using
Geant4 [22] and the Belle II Analysis Software Frame-
work [23].

The standard Z 0 search uses the CDC two-track trig-
ger, which selects events with at least two tracks with an
azimuthal opening angle larger than 90�. The LFV Z 0

search uses the ECL trigger, which selects events with
total energy in the barrel and part of the endcap above
1GeV. Both triggers reject events that are consistent
with being Bhabha scatterings.

To reject spurious tracks and beam induced back-
ground, “good” tracks are required to have transverse
and longitudinal projections of the distance of closest ap-
proach with respect to the interaction point smaller than
0.5 cm and 2.0 cm, respectively. Photons are classified as
ECL clusters with energy greater than 100MeV, which
are not associated with tracks. Quantities are defined in
the laboratory frame unless specified otherwise. Events
are required to pass the following selection criteria.

1. Exactly two oppositely charged good tracks, with
polar angles in a restricted barrel ECL acceptance
✓ 2 [37, 120]� and with azimuthal opening angle
> 90�, to match the CDC trigger requirement.

2. Recoil momentum pointing into the ECL barrel ac-
ceptance ✓ 2 [32, 125]�, to exclude inefficient re-
gions where photons from radiative backgrounds
can pass undetected. This selection is applied only
for recoil masses below 3GeV/c2; missed radiative
photons are unlikely to produce higher masses.

3. An ECL-based particle identification (PID) selec-
tion: 0.15 < E < 0.4GeV and E/pc < 0.4 for
muons; 0.8 < E/pc < 1.2 and E > 1.5GeV for
electrons, where E is the energy of the ECL cluster
associated to a track of momentum p.

4. No photons within a 15� cone around the recoil
momentum direction in the CM frame, to suppress
radiative lepton pair backgrounds.

5. Total photon energy less than 0.4GeV and no ⇡0

candidates (pairs of photons with invariant masses
within 10MeV/c2 of the nominal ⇡0 value)

After this selection, the background for recoil masses be-
low 7GeV/c2 is dominated by e+e� ! ⌧+⌧�(�) events
with ⌧ ! µ, or ⌧ ! ⇡ where the pion is misidentified as
a muon.

In subsequent steps of the analysis, events are grouped
into windows of recoil mass. The width of these windows
is ±2�, where � is the recoil mass resolution. It is ob-
tained by fitting each Z 0 recoil mass distribution with a
sum of a Crystal Ball (CB) [24–26] and a Gaussian func-
tion with coincident peaks. The resolution is computed
as the sum in quadrature of the CB and Gaussian widths
weighted according to their contributions. The choice of

±2� maximizes a figure of merit (FOM) [27] over the full
spectrum. Mass window widths vary from 1150MeV/c2

at MZ0 = 0.5GeV/c2 to a minimum of 51MeV/c2 at
MZ0 = 6.9GeV/c2. There are in total 69 mass windows
below 8GeV/c2.

A final selection, denoted as “⌧ suppression”, exploits
the kinematics of the Z 0 production, which occurs radia-
tively from a final state muon, to further suppress ⌧+⌧�

events in which the missing momentum arises from neu-
trinos from both ⌧ decays. The variables, defined in the
CM frame, are: the transverse recoil momentum with re-
spect to the lepton with the higher momentum pT,lmax

rec ;
with respect to the lower momentum pT,lmin

rec ; the trans-
verse momentum of the dilepton pair (pTµµ or pTeµ). Fig-
ure 1 shows pT,lmax

rec versus pT,lmin
rec for a standard Z 0 mass

of 3GeV/c2 and for the total simulated background in the
corresponding recoil mass window.

Fig. 1: pT,lmax
rec vs. pT,lmin

rec distributions after the optimal pTµµ

selection for MZ0 = 3GeV/c2 signal (red) and for background
(blue). pT,lmax

rec (pT,lmin
rec ) is the transverse recoil momentum

with respect to the direction of the muon with maxiumum
(minimum) momentum in the CM frame. The optimal sepa-
ration line is superimposed.

For the standard Z 0 search, a linear cut is imposed
in the pT,lmax

rec –pT,lmin
rec plane and a selection pTµµ > pTcut

where the cut values are determined using an optimiza-
tion procedure that numerically maximizes the FOM in
each recoil mass window. pTcut is typically 1.5÷2.0GeV/c
and is effective in suppressing the remaining µ+µ�(�)
and e+e�µ+µ� backgrounds. For masses higher than
7GeV/c2, signal and background overlap in the pT,lmax

rec –
pT,lmin
rec plane and effective separation lines are not found.

The same values are used for the LFV Z 0 search.
Trigger, tracking and particle identification efficiencies

are studied on control samples. The performance of the
CDC two-track trigger is studied on data samples, mostly
radiative Bhabha scattering events, selected by means of
the ECL trigger. The efficiency is (79 ± 5)% when both
tracks are within the acceptance of selection 1; the un-

 (  ) : the transverse recoil momentum with 
respect to the lepton with the higher (lower) momentum 

 : the transverse momentum of the dimuon pair 

pT,lmax
rec pT,lmin

rec

pT
μμ

• reconstruct recoiling mass against μμ-pair, require 
nothing else to be in rest of event 

• look for a peak in recoil mass distribution 

• main bkgs arise from QED processes: 

μ+μ-(γ) 

τ+τ-(γ), τ➝μνν 

μ+μ-e+e- 

• main challenge: tau-pair events give the biggest 
contribution 

apply dedicated tau-suppression procedure  

based on the different origin of missing momentum 
in sig and bkg

Punzi FOM =
ϵsig

a /2 + Nbkg

(a=1.6 for CL=90%)
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Fig. 2: Recoil mass spectrum of the µ+µ� sample. Simu-
lated samples (histograms) are rescaled for luminosity, trigger
(0.79), and tracking (0.90) efficiencies, and the correction fac-
tor (0.75, see text). Histogram bin widths indicate the recoil
mass windows.

where only values g0  1 are displayed. The observed
upper limits for models with BF(Z 0 ! invisible) < 1 can
be obtained by scaling the light blue curve as 1/

p
BF.
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dashed lines are the expected sensitivities in the two hypothe-
ses. The red band shows the region that could explain the
muon anomalous magnetic moment (g � 2)µ ± 2� [1, 5]. The
step at MZ0 = 2mµ for the Lµ � L⌧ exclusion region reflects
the change in BF(Z0 ! ⌫⌫̄).

The final recoil mass spectrum of the e±µ⌥ sample is
shown in Fig. 4, together with background simulations.
Again, no anomalies are observed above 3� local signifi-
cance [28]. Model-independent 90% CL upper limits on
the LFV Z 0 efficiency times cross section are computed
using the Bayesian procedure described above and cross-
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checked with a frequentist Feldman-Cousins procedure
(Fig. 5). Additional plots and numerical results can be
found in the supplemental material [28].
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In summary, we have searched for an invisibly decay-
ing Z 0 boson in the process e+e� ! µ+µ�Z 0 and for a
LFV Z 0 in the process e+e� ! e±µ⌥Z 0, using 276 pb�1

of data collected by Belle II at SuperKEKB in 2018. We
find no significant excess and set for the first time 90%
CL upper limits on the coupling constant g0 in the range
5 ⇥ 10�2 to 1 for the former case and to the efficiency
times cross section around 10 fb for the latter. The
full Belle II data set, with better muon identification,
a deeper knowledge of the detector, and the use of mul-
tivariate analysis techniques should be sensitive to the
10�3 – 10�4 g0 region, where the (g� 2)µ band currently
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step at MZ0 = 2mµ for the Lµ � L⌧ exclusion region reflects
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The final recoil mass spectrum of the e±µ⌥ sample is
shown in Fig. 4, together with background simulations.
Again, no anomalies are observed above 3� local signifi-
cance [28]. Model-independent 90% CL upper limits on
the LFV Z 0 efficiency times cross section are computed
using the Bayesian procedure described above and cross-
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checked with a frequentist Feldman-Cousins procedure
(Fig. 5). Additional plots and numerical results can be
found in the supplemental material [28].
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In summary, we have searched for an invisibly decay-
ing Z 0 boson in the process e+e� ! µ+µ�Z 0 and for a
LFV Z 0 in the process e+e� ! e±µ⌥Z 0, using 276 pb�1

of data collected by Belle II at SuperKEKB in 2018. We
find no significant excess and set for the first time 90%
CL upper limits on the coupling constant g0 in the range
5 ⇥ 10�2 to 1 for the former case and to the efficiency
times cross section around 10 fb for the latter. The
full Belle II data set, with better muon identification,
a deeper knowledge of the detector, and the use of mul-
tivariate analysis techniques should be sensitive to the
10�3 – 10�4 g0 region, where the (g� 2)µ band currently
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FIG. 3: 90% CL upper limits on cross section �(e+e� ! µ+µ�
invisible). The dashed line is the expected sensitivity.
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FIG. 4: Probability p to get a result greater or equal to the observed one given the predicted background level as a function of

the recoil mass for the µ+µ�
sample.

• reconstruct recoiling mass against μμ-pair, require nothing else to be in 
rest of event 

• look for a peak in recoil mass distribution 

• main bkgs arise from QED processes: 

μ+μ-(γ) 

τ+τ-(γ), τ➝μνν 

μ+μ-e+e- 

• main challenge: tau-pair events give the biggest contribution 

apply dedicated tau-suppression procedure  

based on the different origin of missing momentum in sig and bkg 

• compute UL on production cross section and coupling constant g’

PRL 124, 141801 (2020)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801


To the future and beyond
• the Z’ searches allowed to demonstrate the 

capabilities of Belle II 

• much more data has been recorded in the mean 
time (x1000) 

• further progress: 

deeper knowledge of the detector 

improved particle identification  

advanced MVA tools (Punzi-net)
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Fig. 6 The output distribution of all background events using the
Punzi-net, overlaid with the cut value that would give the best Punzi
FOM for each signal hypothesis.

possible FOM for a signal in-between trained masses, which
would otherwise have non-optimal results.

The values of the Punzi FOM obtained with the same cut
on the network output applied to all mass values is shown in
Fig. 7, together with the maximum achievable Punzi FOM
values for the BCE-trained network. We note that, for the
Punzi-net, applying a single cut to the output maintains per-
formance very close to that of the maximum achievable in
any given bin. This means that even when compared to an
optimal varied cut applied to the BCE network output, in-
terpolated across the recoil mass spectrum, the Punzi-nets
show strong performance. As discussed previously, this cut
interpolation can lead to discontinuities in the final recoil
mass distribution, and so the ability to achieve compara-
ble results with a single cut to the Punzi-net output is much
preferable.

Fig. 7 The average FOM achieved with the best single cut applied to
the Punzi-net and average maximum Punzi FOM achievable with a
the optimal varying cut to the BCE trained network in each bin across
range of generated Z’ signals.

An understanding of why the model successfully gener-
alises, and one network can be utilised for the full squared
recoil mass spectrum, can be inferred from Fig. 8, which
shows a 3D scatter plot of the p⇤t,thrust(µ), p⇤t,µmin

(µmax) and
p⇤l,µmin

(µmax) variables for 3 of the mass bins at a region
of p⇤t (µ+µ�) = (2.2±0.5) GeV/c. The green plane is the
chosen signal/background classification boundary obtained
with a single cut. One can see the masses describing three
respective planes in the parameter space which occupy dis-
tinct regions. This partitioning allows the network to adapt
between the different mass regions and so negates any need
for multiple classifiers for different regions.

Fig. 8 A 3D scatter plot showing the input space of the ANN with
p⇤t (µ+µ�) fixed around 2.2 GeV/c. The separation boundary defined
by the final selection (green sheet) separates the planes corresponding
to different recoil masses in a way that optimises the selection for all
signal hypotheses.

7 Conclusions

We have demonstrated that it is possible to implement a
non-differentiable metric approximation and a correspond-
ing loss-scheduling, combining both the approach of particle
physics and that of machine learning. We have provided de-
tails on how this can be done, along with a publicly available
code implementation in PyTorch [11]. We designed a new
loss function directly related to a precise figure of merit and
implemented it in the training of a neural network. We called
the new loss function associated with the loss-scheduling a
Punzi-loss function and the neural network implementing it
a Punzi-net. Our proposed method applied to the search of
new particles of unknown mass in high energy physics ex-
periments achieves better performance than standard meth-
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the cross-section of the process, and this is not known a pri-
ori. An alternative FOM for this specific case was proposed
in [4], often referred to as the Punzi FOM after the author,
and is now in widespread use. The Punzi FOM to maximize
is the inverse of the minimal detectable cross-section smin,
defined as [4]

smin(t) =
b2

2 +a
p

B(t)+ b
2

q
b2 +4a

p
B(t)+4B(t)

e(t) ·L , (9)

where a and b are the number of sigmas corresponding
to one-sided Gaussian tests at some predefined significance
level (a and b ), L is the target luminosity, e(t) is the signal
efficiency and B(t) is the number of background events after
the selection defined by t [4].

4 Punzi-loss

We propose here a quantity approximating the Punzi FOM,
appropriate for optimising neural networks for physics se-
lections.

This loss function is based on the equation for the Punzi
sensitivity region (Eq. 9). However, Eq. 9 can not be used
directly because the number of background events B and
the signal efficiency e are discrete functions of the network
parameters for any given fixed cut on the classifier output,
whereas the loss function must be differentiable. We can
build a differentiable function by replacing the fixed cut on
the output with a sum over all events, weighted with the re-
spective value of the output. If events classified as signal
cluster around an output of 1 and events classified as back-
ground at 0, this quantity will closely approximate the orig-
inal function. In Eq. 9 this weighting can be captured by
performing the replacements

e(t)! e(www,bbb) = Â
xxx

yi · ŷi(www,bbb) · ssig

Ngen
and (10)

B(t)! B(www,bbb) = Â
xxx
(1� yi) · ŷi(www,bbb) · si

bkg (11)

where the sum is over all training inputs xxx and the index
i denotes the ith training event. Ngen is the total number of
generated signal events, ssig is a scale factor for the signal
and si

bkg is a scale factor for the background, which can in-
clude a weight factor to scale the luminosity for the individ-
ual simulated background samples to the target luminosity.
The scale factors can also include correction factors such as
trigger efficiencies and should account for the sample size
when only a subset of the generated data is used to compute
the loss.

The final loss function is then given by the arithmetic
mean of this continuous Punzi sensitivity calculated for all
signal hypotheses (mZ’) that are used in training,

CPunzi =
1

NZ’
Â
mZ’

smin(www,bbb), (12)

with NZ’ being the total number of hypotheses that were con-
sidered. Note that this loss function can no longer be calcu-
lated using single training events but is instead based on a
set of training data.

To test the Punzi-loss function, we implemented a sim-
ple fully-connected network in PyTorch [6] with four input
neurons, one output neuron, and two hidden layers with 8
and 4 neurons, respectively. The size of the net was deter-
mined empirically to give good results while keeping the
network relatively small.1

5 Training strategy

For the Punzi-loss training to converge, we found that the
parameters of the network should already be initialised in a
way that defines some separation between signal and back-
ground (similar to the loss scheduling scheme described in
[10]). This can be achieved by pretraining the network using
a conventional loss function and subsequently fine-tuning
this through the use of the Punzi-loss function.

For the activation function of the neurons in the hidden
layers, a hyperbolic tangent is used while the output neu-
ron uses a sigmoid function. Before training, the input vari-
ables were scaled to lie between 0 and 1, and the network
parameters were randomly initialised. For the pretraining,
a weighted BCE loss function was used. A weighting was
attributed to the signal events such that their correct classi-
fication was of equal importance to the background events.
An outline of the network architecture is given in Figure 1.

BCE

Punzi

1

2

Punzi optimised signal
region

Initial optimisation

Fig. 1 An outline of the network architecture. The first training with
the BCE loss function was used to set the weights and biases of the
net for the second training with the custom loss function based on the
Punzi figure of merit.

1The network size and architecture is not relevant for our approach.
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• extend SM by adding a U(1)’ group  
• new minimal model includes dark photon (A’ boson), coupled to SM γ via kinetic mixing 

parameter ε 
• introduce in analogy to SM a spontaneous symmetry breaking mechanism of U(1)’ with new 

particle, dark Higgs h’ 
• e+e-→A’h’ (Higgsstrahlung), distinguish different signatures according to mass hypothesis 

mh’ > 2mA’, h’ decays to A’ pair, six charged particle final state, investigated by BaBar and 
Belle 
mh’ < mA’, h’ has large lifetime to escape detection, 2 charged particle final state plus missing 
energy, only investigated by KLOE 
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What about a Dark Higgs?
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tion of Mµµ-Mmiss masses for the combined sample. There are three values
exceeding the threshold corresponding to a 3σ excess, while 4.2 were expected
on probabilistic base. The excess significance of those points (see fig. 4) are
at the level of 3.1σ, 3.2σ and 3.4σ. In the on-peak and off-peak samples the
most significant values exceeding the 3σ threshold are at the level of 3.9σ and
3.8σ respectively (see fig. 4, left plot) These excesses, even though at quite in-
teresting level, are then lost in the combination of the two samples, becoming
fluctuations of average size.

As no evidence of the dark Higgsstrahlung process was found, 90% confidence
level Bayesian upper limits on the number of events were derived bin by bin
in the Mµµ-Mmiss plane, separately for the on-peak and off-peak samples, and
then converted in terms of αD × ε2. They are shown in fig. 5. Fig. 6 shows the
on-peak and off-peak 90% CL upper limits projected along the mU and mh′

axes after a slight smoothing to make them more readable. The different curves
in mU (mh′) correspond to different values of mh′ (mU). These results were
then combined by taking into account the different integrated luminosities of
the two samples and the respective signal efficiencies and cross sections. The
combined results are almost everywhere dominated by the on-peak sample,
because of the larger available statistics, with the exception of some very
noisy background regions. They are shown in fig. 7. These limits are largely
dominated by the data statistics. Values as low as 10−9÷10−8 of the product
αD× ε2 are excluded at 90% CL for a large range of the dark photon and dark
Higgs masses.
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Fig. 5. 90% CL upper limits in αD × ε2 for the on-peak sample (left plot) and
off-peak sample (right plot).
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Dark Higgsstrahlung
Mrec

Mμμ

M rec
=

M μμ

M
rec +

M
μμ =

s
• look for two oppositely charged muons plus 

missing energy  
• find a peak in two dimensional distribution of 

recoiling mass vs dimuon mass 
• main SM background contributions arise from 

μ+μ-(γ) 
τ+τ-(γ) 
e+e-μ+μ-  

• main challenge: measurement strategy 
scan+count in elliptical mass windows 
continuous grid of 9k (overlapping) ellipses 

• background suppression based on helicity angle, 
energy asymmetry between muons  

• set UL on the kinemtic mixing parameter times dark 
coupling constant ε2αD 

• very promising result with „small“ dataset 
probing unconstrained regions in 2D mass 
plane 
probing non trivial regions of ε2αD 

• expect huge LEE 
• ongoing analysis, recently unblinded
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Dark Higgsstrahlung

AE



• look for two oppositely charged muons plus 
missing energy  

• find a peak in two dimensional distribution of 
recoiling mass vs dimuon mass 

• main SM background contributions arise from 
μ+μ-(γ) 
τ+τ-(γ) 
e+e-μ+μ-  

• main challenge: measurement strategy 
scan+count in elliptical mass windows 
continuous grid of 9k (overlapping) ellipses 

• background suppression based on helicity angle, 
energy asymmetry between muons  

• set UL on the kinematic mixing parameter times 
dark coupling constant ε2αD 

• very promising result with „small“ dataset 
probing unconstrained regions in 2D mass 
plane 
probing non trivial regions of ε2αD 

• expect huge LEE 
• ongoing analysis, recently unblinded
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Dark Higgsstrahlung

Phys.Lett.B 747 (2015) 365-372
KLOE result
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Dark Higgsstrahlung
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• 90% C.L. UL on ߳ in Dark Photon searches (BaBar) stay in ∼ 10ିଷ regime

Probing non trivial 
regions with 10 fb-1

Dark Sector and Low Multiplicity WG meeting. Dark Higgsstrahlung search (M. Campajola) 

ൎ 7 10ିସ

Expected UL on 𝜖ଶ 𝛼

න࢚ࢊࡸ ൌ  ି࢈ࢌ

Final results
What we can do

UL on 𝜖 (visible searches)

Still unconstrained region 
(beyond KLOE coverage)

H2
UL

KLOE

BaBar limit on ε



Inelastic Dark Matter



Inelastic Dark Matter (iDM)

• model introduces a dark photon A’ and two dark matter states χ1 and χ2 with a small mass splitting  

χ1 is stable (relic) 

χ2 is long-lived at small values of kinetic-mixing coupling 

• unconstrained by direct detection experiments, as both inelastic and elastic scattering suppressed 

• focus on mA’ > mχ1 +mχ2, such that A’→ χ1 χ2 is dominant decay channel 

• production at Belle II via ISR

18Michel Bertemes - HEPHY Vienna

e+

e−

γ

χ2

χ1

A′γ

χ1

e+, µ+, hadron

e−, µ−, hadron

A′∗

Figure 2: The Feynman diagram depicting the photon and displaced fermion signature in

the context of the inelastic DM scenario.

the decay vertex can be reconstructed, one obtains a displaced signature. In this section we

will first review the relevant aspects of the Belle II experiment, present our implementation

of the inelastic DM model and then discuss the sensitivity of Belle II for both of these

signatures.

3.1 The Belle II experiment

The Belle II experiment at the SuperKEKB accelerator is a second generation B -factory

and successor of the Belle and BaBar experiments [19]. Construction was completed in

early 2019. SuperKEKB is a circular asymmetric e
+
e
� collider with a nominal collision

energy of
p

s = 10.58 GeV. The design instantaneous luminosity is 8 ⇥ 1035 cm�2 s�1,

which is about 40 times higher than at the predecessor collider KEKB.

The Belle II detector is a large-solid-angle magnetic spectrometer. The following sub-

detectors are particularly relevant for the searches described in this paper: a tracking

system that consists of six layers of vertex detectors (VXD), including two inner layers of

silicon pixel detectors (PXD)10 and four outer layers of silicon vertex detectors (SVD), and

a 56-layer central drift chamber (CDC) which covers a polar angle region of (17�150)�. The

electromagnetic calorimeter (ECL) comprising CsI(Tl) crystals with an upgraded waveform

sampling readout for beam background suppression covers a polar angle region of (12�155)�

and is located inside a superconducting solenoid coil that provides a 1.5T magnetic field.

The ECL has ine�cient gaps between the endcaps and the barrel for polar angles between

(31.3�32.2)� and (128.7�130.7)�. An iron flux-return is located outside of the magnet coil

and is instrumented with resistive plate chambers and plastic scintillators to mainly detect

K
0
L mesons, neutrons, and muons (KLM) that covers a polar angle region of (25 � 145)�.

We study the Belle II sensitivity for a dataset corresponding to an integrated luminosity

of 20 fb�1 for consistency with [20]. This dataset is expected to be recorded by Belle II in

early 2020. To show the potential reach of Belle II we also estimate the sensitivities for both

10
During the first years of Belle II only the first layer and a fraction of the second PXD layer are instru-

mented. We assume that this has a negligible e↵ect for the searches described in this paper.

– 10 –

5 parameter model: 
mA’ (fixed relative to mχ1) 

mχ1 (scan) 
mass difference Δ=mχ2-mχ1 (categorical) 
dark coupling ɑD (fixed to benchmarks) 

kinetic mixing parameter ε (limit)

JHEP 02 (2020) 039

https://doi.org/10.1007/JHEP02(2020)039


iDM signature
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Figure 4. Schematic view of the Belle II detector (xy-plane) and example displaced signature.

Since the cross section of radiative Bhabha scattering is orders of magnitude larger

than muon- or pion-pair production, we assume that e+e− → e+e−γ and e+e− → γγγ are

the dominant backgrounds.

Unlike searches in high multiplicity hadronic events [65], we expect negligible back-

ground from wrong track combinations that could fake displaced signatures.

3.4.2 Event selection

The strongest background rejection can be achieved by requiring a displaced vertex. We

assume that the Belle II detector can be split into five different regions in the azimuthal

xy-plane for the lepton pair vertex location, where Rxy is the distance between the z axis

and the decay vertex in the plane perpendicular to the z axis.

1. 0 cm ≤ Rxy ≤ 0.2 cm: the vertex location is very close to the nominal interaction

point. We expect prohibitively large prompt SM backgrounds.

2. 0.2 cm < Rxy ≤ 0.9 cm: the vertex location is inside the beam pipe, but outside

of the interaction region. We expect excellent vertex reconstruction efficiency and

negligible SM backgrounds.

3. 0.9 cm < Rxy ≤ 17 cm: the vertex location is inside the region covered by the VXD.

We expect very good vertex reconstruction efficiency, but a sizeable background from

photon conversions due to the material in this detector region. The estimation of

the background is beyond the scope of this paper. We expect that selections based

on the invariant mass of the lepton pair, or opening angle requirements of the two

leptons could reduce the background significantly and this region could be included

in a future analysis also for electron/positron final states.

– 15 –

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Photon Centre-of-Mass Frame Energy (GeV)

0

0.05

0.1

0.15

0.2

0.25

N
or

m
al

iz
ed

 In
te

ns
ity  = 0.2 GeV1χ = -2.8, m∈log 

 = 0.5 GeV1χ = -2.8, m∈log 
 = 2.0 GeV1χ = -3.6, m∈log 
 = 3.2 GeV1χ = -3.6, m∈log 

Belle II Simulation

Bhabha background excluded
Signal Arb. Normalization

=0.1 Dα, 
1
χ=0.4 mΔ, 

1
χ = 2.5 mA'm

FIG. 2. Energy of the ISR photon in the centre-of-mass frame for several iDM signal models,
all corresponding to �/m�1 = 0.4 and mA0/m�1 = 2.5. A feature of the iDM events studied in
this analysis is that the ISR photon centre-of-mass energy distribution is peaking as the photon is
recoiling against the on-shell production of the dark photon.

3

• main challenge: detector signature includes 

an ISR photon 

a displaced vertex which is non-pointing 

missing energy 

• search for a peak in the photon CMS energy distribution 

• bkg contribution arise from  

photon conversion: e+e-➝γγ(γ), γ➝e+e- 

meson decays: e+e-➝ (γ),  decaysK0
sK0

L K0
s



iDM background suppression
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FIG. 5. Magnitude of the centre-of-mass frame momentum of the V 0 selected from background
with several signal samples overlaid. Results are shown after the iDM selection is applied, excluding
the |~p CMS

V 0 | cut [2]. As the �2 decay emits an undetected �1 in addition to the detected leptons
which form the V 0, the V 0 in iDM signal events will tend to have lower momentum relative
to the V 0 reconstructed in backgrounds from e+e� !��(�) and e+e� !K0

SK
0
L(�). The cut of

|~p CMS
V 0 | < 2 GeV/c rejects a large fraction of the e+e� !��(�) and e+e� !K0

SK
0
L(�) background

while maintaining a high signal e�ciency.
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• most of prompt l+l-(γ) background is rejected by requirement of 
displaced vertex 

• cut on V0 momentum can be very effective 

undetected χ1 lowers signal V0 momentum w.r.t 
background 

• the pointing angle αPA offers further discriminating power 

the 3-body iDM decay leads to a non-pointing V0 

most of the considered backgrounds are 2-body 
processes 

χ2

χ1

l+

l−

αPA  momentum vectorV 0

vector connecting  to IPV 0



FIG. 9. Number of signal candidates predicted to be present in a 100 fb�1 dataset after applying
the iDM selection [2], including the final V 0 mass threshold cut describe in the Figure 7 caption.
This preliminary result uses a cut and count method to determine the signal yield whereas the final
analysis will use a template fit. All signal models correspond to �/m�1 = 0.4 and mA0/m�1 = 2.5.

10

Inelastic Dark Matter (iDM)

• estimate signal yield by counting events in ISR photon 
window (final analysis will use template fit) 

• maximum reach of χ1 is determined by 2GeV trigger threshold 

• new displaced vertex trigger under consideration 

• Belle II can explore a large region of new iDM parameter 
space
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Figure 6: Sensitivity of Belle II to the parameter space of inelastic DM for an integrated

luminosity of 20 fb�1 for mA0 = 2.5 m�1 .

As expected, the search for displaced decays performs best precisely in the region

of parameter space where the mono-photon signal is suppressed and promises substantial

improvements in particular for large mass splitting �. But even for small mass splitting

there is substantial room for improvement at large DM masses, corresponding to photon

energies that would be too small to be observed in the absence of an additional lepton

pair. Indeed, the sensitivity of the search for displaced decays extends even into the o↵-

shell region, where mA0 >
p

s. In this region the energy of the visible photon is no longer

mono-energetic and peaks at E(�) ! 0, making the conventional strategy to perform a

bump hunt to search for dark photons impossible. In this region the presence of a displaced

lepton pair is therefore essential.

Figure 7 shows the expected sensitivity for the 2 GeV cluster trigger, the three isolated

clusters trigger, and the displaced vertex trigger separately for an integrated luminosity of
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Figure 6: Sensitivity of Belle II to the parameter space of inelastic DM for an integrated

luminosity of 20 fb�1 for mA0 = 2.5 m�1 .

As expected, the search for displaced decays performs best precisely in the region

of parameter space where the mono-photon signal is suppressed and promises substantial

improvements in particular for large mass splitting �. But even for small mass splitting

there is substantial room for improvement at large DM masses, corresponding to photon

energies that would be too small to be observed in the absence of an additional lepton

pair. Indeed, the sensitivity of the search for displaced decays extends even into the o↵-

shell region, where mA0 >
p

s. In this region the energy of the visible photon is no longer

mono-energetic and peaks at E(�) ! 0, making the conventional strategy to perform a

bump hunt to search for dark photons impossible. In this region the presence of a displaced

lepton pair is therefore essential.

Figure 7 shows the expected sensitivity for the 2 GeV cluster trigger, the three isolated

clusters trigger, and the displaced vertex trigger separately for an integrated luminosity of
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displaced search

invisible search

increased mass splitting

https://doi.org/10.1007/JHEP02(2020)039


Conclusion
• broad and active program of DS physics at Belle II 

• available phase-space is probed with many different models 

• further analysis with displaced vertices include B➝Ka, B➝Kh’… 

• advanced MVA tools developed  

• first results published and more to come
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• Search for long-lived scalar in rare B meson 
decays 

B➝Kh’, h’➝μμ,ππ,KK 
generic scalar that mixes with the Higgs 
sector 
LHCb and Belle II complementary due to 
different B momenta  
reach towards even smaller mixing angle 
by searching for B➝K+invisible

25

Additional searches : B→Kh’
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Prospects for long-lived particle searches at Belle II (Torben Ferber) 6

B→Kh’

Filimonova, Schäfer, Westho!, Phys. Rev. D 101, 095006 (2020), arXiv:1911.03490

• h’ is long-lived 

• mxx peak hunt on small smooth 
background (x = (e), µ, π, K) 

• LHCb and Belle II complementary due to 
very di!erent B momenta, BaBar search 
is inclusive and recast is not competitive 

• Reach towards even smaller mixing 
angle θ by searching for B→K+invisible 

• Recasting existing B→Kνν SM limits 
untrivial (3-body vs 2-body final state)

4

The current upper bound on invisible Higgs decays,
B(h ! inv) < 0.22 [43] excludes mixing angles larger
than ✓ ⇡ 0.015 at 95% CL. Projections for the HL-
LHC predict an extended reach to ✓ ⇡ 0.005.

Scalar mixing also causes a universal reduction of
all Higgs couplings to visible particles by c✓. This
suppresses the Higgs signal strength defined by
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where �h is the Higgs production rate and B(h ! vis)
the branching ratio to visible final states. Current
global analyses constrain universal modifications of
the Higgs couplings, but without allowing for invisible
decays. For the HL-LHC, such an analysis has been
performed assuming Run-2 systematics [47]. The ex-
pected reach for dark scalars depends on the invisible
decay rate �h

��̄. For y� = 1 we expect that mixing
angles down to ✓ ⇡ 0.008 will be probed. The sensi-
tivity is comparable with the current BaBar bounds
from B ! K /E, but less than predicted at Belle II.

IV. DISPLACED VERTEX SIGNATURES

If invisible decays are kinematically forbidden or ab-
sent, dark scalars leave signatures with visible de-
cay products. Due to the flavor-hierarchical cou-
plings, scalar decays to light leptons or mesons are
suppressed, while scalar production through the top-
quark coupling is sizeable even for small mixing ✓.
The scalar has a nominal lifetime of roughly c⌧S =
c/�S ⇡ s

�2
✓ nm and becomes long-lived at detector

scales for ✓ . 10�2. This leads to signatures with
displaced vertices, which are perfect targets for fla-
vor or beam dump experiments.

At e+e� colliders, light scalars can be abundantly
produced from BB̄ pairs at the ⌥(4S) resonance with
subsequent B ! KS decays. Direct production via
e
+
e
�
! S is strongly suppressed by the tiny electron

coupling. Alternative searches for radiative Upsilon
decays ⌥(n) ! S� through the b-quark coupling at
BaBar exclude strong mixing ✓ & 0.1 [48–50].

Measurements of B ! K
(⇤)

µµ̄ decays by BaBar,
Belle and LHCb exclude scalar mixing down to
✓ ⇡ 10�3 [17]. The event selection is typically re-
stricted to prompt decays. LHCb has performed
dedicated searches for displaced muons from long-
lived scalars [51, 52]. By reinterpreting the search
for B+

! K
+
S(! µµ̄) [52] we exclude scalar mixing

down to ✓ ⇡ 10�4, shown in blue in Fig. 2. Ve-
toed regions around the resonances K

0
S ,  (2S) and

 (3770) are partially excluded by a similar search for
B

0
! K

⇤
S(! µµ̄) decays [51].

FIG. 2: Searches for dark scalars with displaced vertices
at flavor experiments. Shown are 95% CL bounds from
B+ ! K+S(! µµ̄) searches at LHCb [52] (blue) and 90%
CL bounds on B(B ! XsS)B(S ! f) with f = µ+µ�

(yellow) and ⇡+⇡� (orange) from an inclusive search by
BaBar [53]. Regions with 3 or more signal events at
Belle II with 50/ab are shown for B ! KS(! f) with
f = ⇡+⇡� +K+K�, µ+µ� and ⌧+⌧� (green). For com-
parison, we show projections for B ! Kµµ̄ for the high-
luminosity phase of LHCb (blue curve).

To date, the only search for long-lived scalars at
e
+
e
� colliders is an inclusive search for displaced ver-

tices of charged leptons, pions or kaons by BaBar [53].
From this analysis BaBar has derived upper bounds
on the branching ratio B(B ! XsS)B(S ! f) for
di↵erent final states f . In Fig. 2 we show our rein-
terpretation of these bounds for f = µ

+
µ
� (yellow)

and f = ⇡
+
⇡
� (orange). The sensitivity is limited

by hadronic backgrounds from K
0
S , ⇤, K

± and ⇡
±

decays and by the available data set, so that only a
few small parameter regions can be excluded.

The fact that BaBar probes very small mixing
without optimizing their analysis for dark scalars sug-
gests that Belle II can reach a better sensitivity with
a dedicated search. We suggest to search for dis-
placed vertices from exclusive B ! KS(! f) decays
at Belle II, where K stands for either K0, K+, or K⇤

excitations. Promising final states are f = µ
+
µ
� and

⇡
+
⇡
�, K+

K
� for scalar masses mS . 2GeV, as well

as ⌧�⌧+, D+
D

� or 4⇡ for heavier scalars.
Let us first focus on displaced muon pairs, which

probe a large range of scalar masses 2mµ < mS <

mB � mK . The signal is defined by a displaced
muon vertex and a kaon, which together reconstruct
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Fig. 2: Recoil mass spectrum of the µ+µ� sample. Simu-
lated samples (histograms) are rescaled for luminosity, trigger
(0.79), and tracking (0.90) efficiencies, and the correction fac-
tor (0.75, see text). Histogram bin widths indicate the recoil
mass windows.

where only values g0  1 are displayed. The observed
upper limits for models with BF(Z 0 ! invisible) < 1 can
be obtained by scaling the light blue curve as 1/

p
BF.
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Fig. 3: 90% CL upper limits on coupling constant g0. Dark
blue filled areas show the exclusion regions for g0 at 90% CL,
assuming the Lµ � L⌧ predicted BF for Z0 ! invisible; light
blue areas are for BF(Z0 ! invisible) = 1. The solid and
dashed lines are the expected sensitivities in the two hypothe-
ses. The red band shows the region that could explain the
muon anomalous magnetic moment (g � 2)µ ± 2� [1, 5]. The
step at MZ0 = 2mµ for the Lµ � L⌧ exclusion region reflects
the change in BF(Z0 ! ⌫⌫̄).

The final recoil mass spectrum of the e±µ⌥ sample is
shown in Fig. 4, together with background simulations.
Again, no anomalies are observed above 3� local signifi-
cance [28]. Model-independent 90% CL upper limits on
the LFV Z 0 efficiency times cross section are computed
using the Bayesian procedure described above and cross-
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checked with a frequentist Feldman-Cousins procedure
(Fig. 5). Additional plots and numerical results can be
found in the supplemental material [28].
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In summary, we have searched for an invisibly decay-
ing Z 0 boson in the process e+e� ! µ+µ�Z 0 and for a
LFV Z 0 in the process e+e� ! e±µ⌥Z 0, using 276 pb�1

of data collected by Belle II at SuperKEKB in 2018. We
find no significant excess and set for the first time 90%
CL upper limits on the coupling constant g0 in the range
5 ⇥ 10�2 to 1 for the former case and to the efficiency
times cross section around 10 fb for the latter. The
full Belle II data set, with better muon identification,
a deeper knowledge of the detector, and the use of mul-
tivariate analysis techniques should be sensitive to the
10�3 – 10�4 g0 region, where the (g� 2)µ band currently
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