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▸ located at IP of e+e- collider SuperKEKB in 
Tsukuba, Japan 

▸ commissioning run from Feb to Jul 2018, 
regular operations started in Mar 2019 

▸ operated at 10.58 GeV 
▸ design luminosity 8x1035 cm-2s-1 
▸ rich physics program: B and D physics, 

quarkonium and low mass dark sector

DARK SECTOR WITH BELLE II 

BELLE II AND SUPERKEKB Dark Sector Physics at BaBar and Belle II (Torben Ferber)

Belle II: Detector

11

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 Cerenkov Counter (ARICH) 

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals, waveform sampling to measure time 
and energy (possible upgrade: pulse-shape) 
Non-projective gaps between crystals 

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 
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( = mΥ(4S))

collect 50 )mes more data than Belle
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DARK PHOTON
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Fig. 201: Combined projections (LDMX, Belle II) and constraints, encapsulating direct pro-

duction LDM constraints in the context of a kinetically mixed Dark Photon coupled to a

LDM state that scatters elastically (or nearly elastically) at beam–dump, missing energy, and

missing momentum experiments (Dark Photon mass mA0 = 3m� and coupling of the Dark

Photon to Dark Matter g� = 0.5 where applicable) [1796, 1797]. The Belle II projection for

Phase 3 is extrapolated from the limit for Phase 2 (see Sec.16.2.1). Note that the relic density

lines assume a standard cosmological history and that there is only a single component of

dark matter, which only interacts via Dark Photon exchange.

not assumed, so the mediator decays dominantly into the heaviest lepton that is kinemat-

ically accessible. The left panel of figure 202 shows model-independent bounds, which only

consider tree-level processes. In this case the leading constraints from Belle II result from

processes where the scalar mediator is radiated from a tau lepton in the final state (orange

dashed). If the mass of the scalar is below the muon threshold, its decay length can become

comparable to the size of the detector, leading to constraints that become weaker for smaller

mediator masses.

The right panel considers a specific UV-completion in terms of a Leptonic Two-Higgs

Doublet Model. In this case, it is possible to calculate the rate for loop-induced rare decays,

such as B ! Kµ+µ� or Bs ! µ+µ�. The corresponding searches from LHCb are found to

give very strong constraints, which may further be improved by Belle II by searching for

displaced vertices in B meson decays. We note that the Leptonic Two-Higgs Doublet Model

also predicts additional tree-level processes, such as h ! SS that can be constrained by

low-energy experiments. We refer to [1781] for details.

For the third example, we consider a pseudoscalar coupling exclusively to quarks with

coupling strength gq = gfmq/v. Again, the pseudoscalar is assumed to decay visibly, so it

can be observed in radiative ⌥ decays, e.g. ⌥ (2S) ! � + hadrons. In figure 203 we show

in blue the bound on this process from BaBar [1784], calculating the ⌥ (2S) branching

ratio following Ref. [1780]. For the Belle II projection (purple dotted), we assume that

the sensitivity scales proportional to the square root of the number of ⌥ (2S) and ⌥ (3S)
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▸ dark photon A’ can couple to the SM photon via kinetic mixing parameter 
▸ consider on-shell A’ decays, different experimental signatures according to mA’ 

- if A’ is the lightest DS particle, decay into SM, peak in invariant mass of decay 
products 

- if A’ is not the lightest DS particle, decay into DM, mono-chromatic ISR photon
single photon trigger

Trigger Rate at full luminosity

E* >1GeV + second cluster 
with E*<0.3GeV

4kHz (barrel) 7kHz 
(endcaps)

E*>2GeV + Bhabha veto 5kHz (barrel)

ϵ



DARK SECTOR WITH BELLE II 

DARK Z’

�4

▸ extend SM by adding a U(1)’ group 
▸ new massive gauge boson Z’ coupled to             via g’ 
▸ focus on invisible Z’ decay produced with pair of muons 
▸ search for two muons with missing energy and bump in 

mass recoiling against two muons

Lμ − Lτ
�

µ+

µ�

Z 0

1

7.4. Upper limits: overall results474

In the previous sections 90% CL sensitivities for the Z 0 cross section measurements were475

presented based on estimates in both frequentist and Bayesian approaches, with slightly476

di↵erent assumptions and approximations.477

These results are shown in FIG. 24 as a function of the recoil mass (here labelled MZ0 for478

obvious reasons).479
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FIG. 24: Expected frequentist based (blue line) and Bayesian based (red line) 90% CL upper limits
to �[e+e ! µ+µ�Z 0(! invisible)].

Cross section results can be translated in terms of upper limits on g0. This is done480

numerically with MadGraph (see SECT. 1), as an analytical expression is not available.481

The expected sensitivities for g0 in both frequentist and Bayesian approaches are shown in482

FIG. 25.483
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FIG. 25: Expected frequentist based (blue line) and Bayesian based (red line) 90% CL upper limits
to g0. The solid line assumes the Lµ � L⌧ predicted rates for Z 0 ! invisible while the dashed line
assumes BF [Z 0 ! invisible]=1. The red band shows the region that could explain the anomalous
muon magnetic moment (gµ � 2)± 2�.
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 Probing Dark Photons and ALPs at B-factories  (Torben Ferber) �17

FIG. 1. Excluded regions in ALP parameter space (figure adapted from [6, 10–12] with added

limits from [13–19]). Our bound is shown in dark blue (“SN decay”).

We focus on SN 1987a, which has already been exploited to derive a variety of limits

on ALPs. Perhaps the simplest one arises from the energy loss implied by significant ALP

emission, which would reduce the measured neutrino burst below the ⇠ 10 s observed by

neutrino detectors [20, 21] (light green region labelled SN 1987a in Fig. 1). For very light

ALPs with masses below ma < few⇥ 10�10 eV a better limit can be obtained by taking into

account that ALPs emitted from the supernova can convert into photons in the magnetic field

of the galaxy [22, 23], but no gamma-ray signal was ever detected after SN 1987a [17, 24–28]

(dark green region labelled SN 1987a)1. For heavier ALPs this does not work because the

reconversion into photons is strongly suppressed.

For su�ciently heavy ALPs with masses in the 10 keV - 100 MeV region however, an-

other process becomes possible: the decay into two photons. This possibility was analysed

1 For a future supernova the sensitivity could be improved employing Fermi-LAT [29].
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FIG. 1. Excluded regions in ALP parameter space (figure adapted from [6, 10–12] with added

limits from [13–19]). Our bound is shown in dark blue (“SN decay”).

We focus on SN 1987a, which has already been exploited to derive a variety of limits

on ALPs. Perhaps the simplest one arises from the energy loss implied by significant ALP

emission, which would reduce the measured neutrino burst below the ⇠ 10 s observed by

neutrino detectors [20, 21] (light green region labelled SN 1987a in Fig. 1). For very light

ALPs with masses below ma < few⇥ 10�10 eV a better limit can be obtained by taking into

account that ALPs emitted from the supernova can convert into photons in the magnetic field

of the galaxy [22, 23], but no gamma-ray signal was ever detected after SN 1987a [17, 24–28]

(dark green region labelled SN 1987a)1. For heavier ALPs this does not work because the

reconversion into photons is strongly suppressed.

For su�ciently heavy ALPs with masses in the 10 keV - 100 MeV region however, an-

other process becomes possible: the decay into two photons. This possibility was analysed

1 For a future supernova the sensitivity could be improved employing Fermi-LAT [29].
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FIG. 1. Excluded regions in ALP parameter space (figure adapted from [6, 10–12] with added

limits from [13–19]). Our bound is shown in dark blue (“SN decay”).

We focus on SN 1987a, which has already been exploited to derive a variety of limits

on ALPs. Perhaps the simplest one arises from the energy loss implied by significant ALP

emission, which would reduce the measured neutrino burst below the ⇠ 10 s observed by

neutrino detectors [20, 21] (light green region labelled SN 1987a in Fig. 1). For very light

ALPs with masses below ma < few⇥ 10�10 eV a better limit can be obtained by taking into

account that ALPs emitted from the supernova can convert into photons in the magnetic field

of the galaxy [22, 23], but no gamma-ray signal was ever detected after SN 1987a [17, 24–28]

(dark green region labelled SN 1987a)1. For heavier ALPs this does not work because the

reconversion into photons is strongly suppressed.

For su�ciently heavy ALPs with masses in the 10 keV - 100 MeV region however, an-

other process becomes possible: the decay into two photons. This possibility was analysed

1 For a future supernova the sensitivity could be improved employing Fermi-LAT [29].
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ALP decays outside of 
the detector or decays 
into invisible particles: 
Single photon final state.

Two of the 
photons  overlap 

or merge.

Three resolved, 
high energetic 
photons.

The searches for 
invisible and visible 
ALP decays veto this 
region.
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Figure 5: Illustration of the di↵erent kinematic regimes relevant for ALP decays into two

photons with Belle II.

It should be noted that while the dominant physics background for this study comes

from e+e� ! ��(�) events, the largest fraction of the trigger rate for trigger thresholds

. 1.8GeV is due to radiative Bhabha events e+e� ! e+e��(�) where both tracks are out

of the detector acceptance.

5.2 ALP decays into two photons

The experimental signature of the decays into two photons is determined by the relation

between mass and coupling of the ALP. This relation a↵ects both the decay length of the

ALP and the opening angle of the decay photons. It leads to four di↵erent experimental

signatures (see figure 5):

1. ALPs with a mass of O(GeV) decay promptly, and the opening angle of the decay

photons is large enough that both decay photons can be resolved in the Belle II

detector (resolved).

2. For lighter ALP masses but large couplings ga�� , the decay is prompt but the ALP is

highly boosted and the decay photons merge into one reconstructed cluster in Belle II

calorimeter if ma . 150MeV (merged).15

3. Even lighter ALPs decay displaced from the interaction point but still inside the

Belle II detector. This is a challenging signature that consists of two reconstructed

clusters, one of which has a displaced vertex and contains two merged photons. The

latter two conditions typically yield a bad quality of the reconstructed photon can-

didate which is not included in resolved searches with final state photons. There

is however enough detector activity in the ECL or KLM that these are vetoed in

searches for invisible final states to reduce high rate e+e� ! �� backgrounds.

15
This corresponds to an average opening angle of about (3� 5)

�
in the lab system that depends on the

position in the detector.

– 17 –

J. High Energ. Phys. (2017) 2017: 94.

Belle II: Axion-Like Particles decaying to photons

DARK SECTOR WITH BELLE II �5

▸ axion-like particles are pseudoscalar bosons appearing in different extensions to the SM 
▸ coupling and mass of ALPs are taken to be independent 
▸ simplest approach at Belle II is via two photon coupling  

- ALP-fusion, dominates, high QED background 
- ALP-strahlung, most promising search channel

gaγγ

Dark Sector Physics at BaBar and Belle II (Torben Ferber)

Belle II: ALPs below 200 MeV?

23

Photon fusion

ALP-strahlung
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Figure 8: Comparison of ALP production in e+e� collisions via ALP-strahlung and via

photon fusion. The left panel shows the total cross section, the right panel the di↵erential

cross section with respect to the longitudinal momentum pz.

explore with Belle II and the LHC. The LHC, on the other hand, is sensitive mostly to the

coupling ga�Z , while Belle II and SHiP directly probe the ALP-photon coupling ga�� . The

combination of these experiments will therefore allow to make significant progress in the

exploration of the ALP parameter space. Moreover, we can hope to see an ALP signal in

more than one experiment, which would potentially enable us to reconstruct its properties

and coupling structure.

5.3 Photon fusion

So far we have focused on the case that the ALP is produced in association with a highly-

energetic photon, which facilitates an e�cient reconstruction of these events. For ALPs

produced in photon fusion the situation becomes more complicated, as the transverse mo-

menta of electron and positron after the collision (and hence their polar angle) are too

small to be detectable.

Searches for ALPs produced in photon fusion are interesting for two reasons: First, as

shown in the left panel of figure 8 the total ALP production cross section from photon fusion

significantly exceeds the one from ALP-strahlung (in particular for small ALP masses), so

that photon fusion is responsible for the vast majority of ALPs produced at Belle II [22, 29].

And second, the production cross section from photon fusion peaks for small ALP momenta,

i.e. ALPs will be produced dominantly at rest (see right panel of figure 8). This means

that, in contrast to ALP-strahlung, the opening angle between the two photons produced

in the ALP decay will typically be large even for low-mass ALPs.

The signature in the Belle II detector will consist of two photons with an invariant mass

equal to the ALP mass and missing energy along the beam-pipe. The azimuthal angles of

the two photons are back-to-back in the centre-of-mass frame. The Belle II acceptance for

ALPs produced in photon fusion is high: For ma = 0.2GeV (ma = 2.0GeV) 66% (89%)

of all ALPs have both decay photons in the ECL acceptance. However, for low mass ALPs

the photon energy is small and often below a typical trigger threshold of 100MeV per

ECL cluster. Studies have shown a very large beam-induced background of low energy

ECL clusters [43], making the detection of ALPs produced in photon fusion very di�cult.

– 21 –

▸ For ALP masses below ~200 MeV, the decay photons 
are reconstructed as one ECL cluster even in offline 
analysis. Currently under study: 

▸ Untagged (electrons not seen) ALP fusion 
production has a much higher cross section and 
produces ALPs with less boost (difficult to trigger). 

▸ Shower shapes for merged cluster are different, 
MVA based reconstruction has better separation 
power (but events have to pass L1 trigger). 

▸ Pair conversion of one decay photon costs 
statistics, but yields a distinctive four particle final 
state.

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg,  
submitted to JHEP (2017), arXiv:1709.00009
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In the same figure we show also the sensitivity for the case in which the ALP decays into light
Dark Matter particles c via a ! cc̄ in ALP-strahlung processes (if mc  1

2 ma). In such a case,
the trigger and selection criteria considered are similar to the search for an invisibly decaying Dark
Photon.
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Figure 4: Expected upper limits (90% CL) on gagg for the process e
+

e
� ! g a for a 20 fb�1 dataset (Phase 2)

and for a 50 ab�1 dataset (Phase 3, full dataset). On the left: limits for a ! cc̄ compared to the parameter
region where one can reproduce the observed DM relic abundance via resonant annihilation of DM into
photons; on the right: limits for a ! gg (where the coupling gagZ is assumed to be much smaller than gagg )
compared to the expected sensitivity from SHiP. Figures taken from [4].

4. Searches for Z
0 (Lµ �Lt model)

It is possible to consider other extensions of the SM, in which a new massive vector boson Z
0,

with a mass in the range mZ0 ⇠ MeV - GeV and a coupling to SM g
0 ⇠ 10�6 - 10�2, is coupled

to the Lµ �Lt current [5]. In this scenario, the Z
0 can not interact directly with the light leptons

(both e and ne). An interesting case to study (not covered by Belle and BaBar) is the one in which
the Z

0 decays into neutrinos (nµ or nt ) or light DM particles, so into an invisible final state. Even
if the decay into DM is kinematically forbidden, the Z

0 still has a sizeable decay width into two
neutrinos1: in the “worst case scenario” (mZ0 � 2 mt ) we have BF(Z0 ! nn̄)⇠ 1/3.

In principle, it is possible to search for a Z
0 produced with a pair of t leptons (e+e

� !
t+t�

Z
0), but due to the experimental difficulties to study this particular process, we focused only

to the Z
0 production accompanied by muons (Fig. 5). In such a case, the experimental signature is

given by two muons in the detector acceptance plus missing energy, and we look for a peak in the
spectrum of the recoil mass with respect to the two muons. It is important to notice that, for this
process, the cross section is proportional to g

02 and it goes to zero when mZ0 approaches
p

s.
1In general, the decay width to one neutrino species is half of the decay width to one charged lepton flavour. The

reason is, of course, that the Z
0 only couples to left-handed neutrino chiralities whereas it couples to both left-handed

and right-handed charged leptons.

4



THANK YOU FOR YOUR ATTENTION!

▸ Belle II: start of data taking, different low mass DS analysis 
▸ Dark Photon: kinetic mixing with SM photon, single photon trigger, ECL hermeticity 
▸ Dark Z’: coupling to muons and tauons, bump in recoil mass, (g-2) anomaly 
▸ ALPs: two photon coupling, different signatures according to mass and coupling

CONCLUSION
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DARK PHOTON
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 Probing Dark Photons and ALPs at B-factories  (Torben Ferber)

BaBar: Invisible Dark Photon decays, backgrounds
�5

Unlike the Belle II electromagnetic calorimeter (see 
pictures), the BaBar calorimeter is symmetric in Φ (and 
hence has projective cracks between the crystals): 

• Excellent to measure charge asymmetries. 
• Not optimal for uniform photon efficiency.

Φ
Belle II 

Belle II ▸ Belle II ECL has no projective cracks in Φ 
▸ excellent to measure charge asymmetries 
▸ not optimal for uniform photon efficiency
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DARK PHOTON
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 Probing Dark Photons and ALPs at B-factories  (Torben Ferber)

Belle II: Invisible Dark Photon decays, backgrounds
�14

Background MC, 40 fb-1  

after selection

ee→eeγ 
both electrons  

out of tracking acceptance

ee→2γ and 3γ 
1γ in ECL 90° gap 

1γ out of ECL acceptance

ee→2γ 
1γ in ECL BWD or FWD gap

ee→3γ 
1γ in ECL BWD gap 

1γ out of ECL acceptance

▸ different background contributions



ALPS

DARK SECTOR WITH BELLE II �10

 Probing Dark Photons and ALPs at B-factories  (Torben Ferber)

Belle II:  γZ couplings and ALPs as mediators for Dark Matter
�19

a

γ
∗

γ

γ

γ

e
+

e
−

10-4 10-3 10-2 10-1 100 101
10-7

10-6

10-5

10-4

10-3

10-2

10-1

ma [GeV]

g
a
�
�
[G

e
V
-

1
]

SHiP

Belle II 3�

(20 fb
-1 )

Belle II 3�

(50 ab
-1 )Belle II � + inv (20 fb

-1)

Belle II � + inv (50 ab
-1)

LHC

ga�Z = -2 tan �W ga��

Figure 7: Projected Belle II sensitivity (90% CL) compared to existing constraints on

ALPs with photon coupling (left) and hypercharge coupling (right), as well as the projected

sensitivities from SHiP [22] and the LHC [28].

photon (three photon) combination (see figure 6). The photon angle separation distance of

2ECL crystals is a conservative estimate of the Belle II o✏ine reconstruction performance

and can likely be improved using advanced reconstruction techniques based on Machine

Learning methods, and by using shower shape techniques similar to those applied in high

energy ⇡0 reconstruction. We show the e�ciency for single ECL crystal di↵erence for

comparison as well.

Events from e+e� ! �(a ! ��) are typically triggered by three energy depositions

of at least 0.1GeV in the ECL. Unlike in the Belle II o✏ine reconstruction, the photon

reconstruction at trigger level is much simpler and has a worse angular separation power.

We expect that a separation of less than 4 ECL crystals will result in merged photon clusters

and make this trigger ine�cient for ALP masses below about 0.5GeV. An ideal trigger will

require at least two highly energetic ECL clusters and must not satisfy e+e� ! e+e�

(Bhabha) vetoes. However, any e+e� ! �� veto decision must be delayed to the high

level trigger where o✏ine reconstruction is available in order to maintain a high trigger

e�ciency for low mass ALPs.

We obtain the expected 90% CL sensitivity as described above. The sensitivity for

long-lived ALPs decaying into two photons is determined from the sensitivity of ALP

decays into DM, taking into account the reduced e�ciency given by eq. (2.6) using a

detector length16 of LD = 300 cm [96]. The projected sensitivities to the coupling ga�� are

summarized as a function of ALP mass ma in figure 7.

We make a number of important observations from figure 7. First of all, we note that

for very light ALPs (i.e. ma ⇠ 1MeV) Belle II single-photon searches can push significantly

beyond current constraints from beam dump experiments and can potentially explore the

16
The event selection includes a veto of energy depositions in the KLM. The detector length is hence

taken as approximate outer radius of the barrel KLM.
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Figure 4: Present and future constraints on ALPs decaying into DM compared to the

parameter region where one can reproduce the observed DM relic abundance via resonant

annihilation of DM into photons. Note that this process is e�cient only if m� is slightly

smaller than ma/2 (see figure 3).

5.1 ALP decays into dark matter

We study decays of ALPs into DM from ALP-strahlung production for ALP masses up to

ma = 8.5GeV. Signal Monte Carlo events have been generated using MadGraph5 v2.2.2

[90]. We have generated samples using a fixed ALP mass per sample in steps of 0.05GeV

with 10,000 events each, using a branching ratio into DM of BR(a ! ��) = 1.0. The final

state consists of a single, highly energetic photon with an energy

E� =
s�m2

a

2
p
s

, (5.1)

where
p
s = 10.58GeV is the collision energy. This search is very similar to the search

of Dark Photon decays into DM described in ref. [44]. The backgrounds for this search

have been found to be due to high cross section QED processes e+e� ! e+e��(�) and

e+e� ! ��(�) where all but one photon are undetected. The background composition is

a complicated function of detector geometry details that cannot be adequately reproduced

without a full Belle II detector simulation. We therefore take the background rates from

ref. [44]. It should be noted that the irreducible background from e+e� ! ⌫⌫̄� is negligible.

We obtain the signal e�ciency for ALPs using generator-level Monte Carlo simulations.

We determine the expected 90% CL upper limit of signal events ns such that the

Poisson probability of observing less than n events when expecting ns+nb events is  0.1,

where n is the integer closest to the number of background events nb. Expected upper limits

on the coupling ga�� are summarized as a function of ALP mass ma in figure 4. The much

better expected sensitivity compared to BaBar is mainly due to the more homogeneous

calorimeter of Belle II. Figure 4 also shows the parameter ranges corresponding to resonant

freeze-out. We observe that, if DM annihilation into photons is resonantly enhanced,
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Relic Dark  
Matter Density

▸ select events with three ECL clusters with E>0.25 GeV and search for 
bump in 2 photon mass spectrum 

▸ main backgrounds are                  ,                and  
▸ requires single photon trigger for long-lived ALPs

ee → γγγ ee → γγ γ → ee


