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▸ Part I: BaBar 

▸ Experiment overview 

▸ Dark Photon to Dark Matter

▸ Part II: Belle II 

▸ Experiment overview 

▸ Dark Photon to Dark Matter 

▸ Axion-Like Particles 

▸ Other planned searches
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▸ First generation B-factory:  
BaBar at PEP-II, USA, took  
data until 2008. 

▸ Very high luminosity: ~1.2×1034 /cm2/s 

▸ Collision energy at Y(nS): 
Mainly at ECM = 10.58 GeV.  
BR(Y(4S)→BB) > 96% 

▸ Asymmetric beam energies: 
9 GeV (e-) / 3.1 GeV (e+)  
→ Boosted BB̄ pairs.

IFR

EMC
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▸ In the Vector Portal, a (massive) Dark 
Photon A’ can mix with the SM photon with 
strength ε. 

▸ Searches at BaBar and Belle II assume on-
shell A’ decays (mdecay≤mA’/2): 

▸ Mono-energetic ISR photon. 

▸ Invariant di-lepton mass equals mA’. 

▸ If A’ is the not the lightest Dark Sector 
particle, it will decay into Dark Matter (DM).

ϵ

γ A′

Initial State Radiation (ISR)

SM leptons 
or 
Dark Matter

Standard Model 
SU(3)C x SU(2)L x U(1)Y

Dark Sector 
U(1)D (massive)×γ A’ 

13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 

and a new scalar or gauge boson A'  as s-channel 

annihilation mediator (m
A'
 > 2m

N
)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 

massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s
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▸ Single photon trigger was 
implemented for final BaBar running 
period (~10% of all data): 

▸ 48 fb-1 for high mA′ (low Eγ), mostly 
at ECM=ϒ(2S) and ECM=ϒ(3S) 

▸ 53 fb-1 for low mA′ (high Eγ),
(additional 5 fb-1 at ECM=ϒ(4S)). 

▸ Trigger threshold: Eγ* > 1.5 GeV. 
Usable at analysis level: 
Eγ* > 1.8 GeV (calibration issues).

▸ Signal selection using a BDT with 12 
variables, including: 

▸ Energies and polar angles of highest 
two energetic γ’s. 

▸ Distance of missing momentum vector 
to EMC crystal edges. 

▸ Additional clusters in muon system (IFR). 

▸ … 

▸ Trained on 3 fb-1 ϒ(3S) data and simulated 
signal samples uniform in mA′.
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BaBar: Dark Photons to invisible (``Single photon search’’)
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▸ Backgrounds: 

▸ e+e-→γγ, 1γ undetected: 
Peaking, identical to the signal for 
mA′ < 1.6 GeV/c2. Photons can 
escape undetected through 
azimuthal gaps between 
calorimeter crystals and other 
inefficient detector regions. 

▸ e+e-→γγγ, 1γ undetected, 2nd out 
of the detector acceptance.

▸ e+e-→e+e-γ, both electrons out of 
the detector acceptance (γ energy 
limited by kinematics).  

▸ Beam background photons do not 
fake signal γ, but can be the 2nd γ 
in a signal event. 

▸ Irreducible SM background  
e+e-→ ννγ is negligible.
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BaBar: Dark Photons to invisible (``Single photon search’’)

7

to
 a

pp
ea

r i
n 

PR
L 

(2
01

7)
, a

rX
iv

:1
70

2.
03

32
7 

8

EPAPS MATERIAL

The following includes supplementary material for the Electronic Physics Auxiliary Publication Service.

)2 (GeV2
XM

0 5 10 15 20 25 30

 ) 
 

2
Ev

en
ts

 / 
( 1

 G
eV

0

1

2

3

4

5

6

7

8 /df = 16.8/352χ

0 5 10 15 20 25 30

Pu
ll

2−
0
2

(a)

)2 (GeV2
XM

0 5 10 15 20 25 30

 ) 
 

2
Ev

en
ts

 / 
( 1

 G
eV

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5 /df =  6.6/352χ

0 5 10 15 20 25 30

Pu
ll

2−
0
2

(b)

)2 (GeV2
XM

0 5 10 15 20 25 30 35

 ) 
 

2
Ev

en
ts

 / 
( 1

 G
eV

0

2

4

6

8

10

12

14

16
/df = 29.7/382χ

0 5 10 15 20 25 30 35

Pu
ll

2−
0
2

(c)

)2 (GeV2
XM

0 5 10 15 20 25 30 35

 ) 
 

2
Ev

en
ts

 / 
( 1

 G
eV

0

1

2

3

4

5

6
/df = 14.1/382χ

0 5 10 15 20 25 30 35

Pu
ll

2−
0
2

(d)

)2 (GeV2
XM

0 5 10 15 20 25 30 35

 ) 
 

2
Ev

en
ts

 / 
( 1

 G
eV

0

1

2

3

4

5

6
/df = 11.5/382χ

0 5 10 15 20 25 30 35

Pu
ll

2−
0
2

(e)

)2 (GeV2
XM

0 5 10 15 20 25 30 35

 ) 
 

2
Ev

en
ts

 / 
( 1

 G
eV

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5 /df =  9.7/382χ

0 5 10 15 20 25 30 35

Pu
ll

2−
0
2

(f)

FIG. 6: Distributions of the missing mass squared M2
X in the “lowM” data samples collected near (a,b) ⌥ (2S), (c,d) ⌥ (3S),

and (e,f) ⌥ (4S) resonances. Data are selected with (a,c,e) R
0
L and (b,d,f) RT selections. The solid blue line represents the

background-only fit with "2 ⌘ 0. Normalized fit residuals are shown above each plot.

Background only fit 
(ε=0)
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FIG. 7: Distributions of the missing mass squared M2
X in the “highM” data samples collected near (a) ⌥ (2S) and (b) ⌥ (3S)

resonances. The solid blue line represents the background-only fit with "2 ⌘ 0. Normalized fit residuals are shown above each
plot.

Background only fit 
(ε=0)

▸ High A′ mass region (low γ energy)  
mA′ >5.5 GeV/c2 is dominated by radiative 
Bhabha background smooth in recoil mass.

▸ Low A′ mass region has both peaking and 
smooth backgrounds. Select data using two 
statistically independent cuts on BDT and θ. 

e+e-→γγ

e+e-→e+e-γ

https://arxiv.org/abs/1702.03327


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

BaBar: Dark Photons to invisible (``Single photon search’’)

8

6

 (GeV)A'm
0 1 2 3 4 5 6 7 8

)
σ

Si
gn

ifi
ca

nc
e 

(

0

0.5

1

1.5

2

2.5

3

FIG. 2: Signal significance S as a function of the mass mA0 .

)2 (GeV2
XM

25 30 35 40 45 50 55 60

 ) 
   

2
Ev

en
ts

 / 
( 0

.5
 G

eV

1−10

1

10

/df = 69.0/772χ

25 30 35 40 45 50 55 60

Pu
ll

2−
0
2
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nificance S = 3.1 (global significance of 2.6�). Blue solid
line shows the full PDF, while the magenta dashed line cor-
responds to the background contribution. Top: distribution
of the normalized fit residuals (pulls).

the frequentist profile-likelihood limits [29]. Figure 5
compares our results to other limits on " in channels
where A0 is allowed to decay invisibly, as well as to the
region of parameter space consistent with the (g � 2)µ
anomaly [5]. At each value of mA0 we compute a limit
on " as a square root of the Bayesian limit on "2 from
Fig. 4. Our data rules out the dark-photon coupling as
the explanation for the (g�2)µ anomaly. Our limits place
stringent constraints on dark-sector models over a broad
range of parameter space, and represent a significant im-
provement over previously available results.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and
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(g � 2)µ anomaly [5].
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7/34Torben Ferber, DESY

Nano beam scheme.

KEKB Super-KEKB

L=
γ±

2er e

(1+
σ y

*

σ x

*
)
I± ξ y±

βy±

RL

Rξy

vertical beta function at IP

beam current

factor 2-3factor 20

83mrad

e+

KEKB 
I (A): ~ 1.6/1.2 
β*y (mm): ~5.9/5.9 
Crossing angle (mrad): 22
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Nano beam scheme.

KEKB Super-KEKB

L=
γ±

2er e

(1+
σ y

*

σ x

*
)
I± ξ y±

βy±

RL

Rξy

vertical beta function at IP

beam current

factor 2-3factor 20

83mrad

e+

SuperKEKB 
I (A): ~ 3.6/2.2 
β*y (mm): ~0.27/0.3 
Crossing angle (mrad): 83
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positrons e+

electrons e-
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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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Belle II“Phase 3” goal: 
50x the integrated 
luminosity of Belle:  

50ab-1 by 2025.

SuperKEKB luminosity projection
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 Belle: ~1 ab-1 

  BaBar: ~0.5 ab-1

Belle II “Phase 2” goal: 
Peak luminosity as at the 

end of Belle: 1×1034 
cm-2s-1

Belle II “Phase 2” 
dream: 

20 fb-1 of physics 
data at the ϒ(4S).
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‣ Effects of beam background: 

‣ Degrades energy resolution. 

‣ Radiation damage. 

‣ Pile-up and increased event size. 

‣ Physics background. 
 
→ Upgrades of hardware (detector) and software (reconstruction) are crucial.
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Energy resolution in Belle II barrel:
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Simulated event: 
e+e-→γA’, A’→χχ̄
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▸ Goal is to produce a competitive single 
photon measurement using the Phase 2 
data (2018): 

▸ Belle II calorimeter is more hermetic 
than BaBar’s (no projective gaps): 
Better sensitivity for low mass A’ than 
BaBar. 

▸ Aim for trigger energy threshold Eγ
* > 

1.0 GeV, at least during initial low 
luminosity running: Higher mass reach 
than BaBar. 

▸ Belle had no triggers for this physics.



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

Triggers

28

Trigger Rate at full luminosity 
[kHz]

1 GeV* 4 kHz (barrel) 
7 kHz (endcaps)

2 GeV*  5 kHz (barrel)

Belle II MC Preliminary (BG16), C. Hearty

E*>1 GeV and second cluster E* < 0.3 GeV

E*>2 GeV and Bhabha veto

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

Belle II: Dark Photons to invisible (``Single photon search’’)
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▸ Qualitatively the same backgrounds 
as in the BaBar analysis, but: 

▸ Almost no backgrounds from 
ee→γγ outside the endcap gaps.

ee→3γ, ECL 90° gap

ee→
2γ, endcap gaps

ee→3γ, endcap 
gaps 

ee→eeγ

Background MC, 40 fb-1 after selection (not fully optimized)

almost entire 
trigger rate
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▸ Axion-like particles (ALPs) are pseudo-
scalars and couple to bosons. Unlike 
Axions, ALPs have no relation between 
mass and coupling.  

▸ They can be Dark Matter candidates, 
Dark Sector mediators, and they 
appear in many BSM scenarios. 

▸ Focus on coupling to photons (gaγγ) in 
this talk. B-decays give access to 
coupling to charged bosons (not in 
this talk).

2. RESEARCH PLAN

The experimental signature for this process depends on the coupling strength and mass of the
ALP. The ALP may decay outside of the detector with a similar signature as the mono–photon
Dark Photon search, it may produce two resolved clusters, or one merged cluster in the electro-
magnetic calorimeter. Such a search has never been performed at a low energy e+e� collider
before.

The reconstruction of photons in the Belle II detector is not only of utmost importance for
the searches of Dark Photons and ALPs, but a key ingredient for most of the Belle II analyses.
An excellent performance of Belle II for particle decays with neutral final states will be a ma-
jor advantage of Belle II over LHCb. The proposed YIG will lead the work on improvements
of the reconstruction software of the calorimeter. It will focus on machine learning methods
to separate overlapping calorimeter clusters and reject non–photon backgrounds, for example
from hadronic split o↵s and beam backgrounds. The group leader of the proposed YIG is the
main author and software coordinator of the ECL reconstruction software group, and leads the
“Neutrals reconstruction working group” as one of the collaboration’s experts for photon and
neutral pion reconstruction.

Most of the aforementioned analyses require a precise photon e�ciency calibration of the
calorimeter and outer muon system to reduce systematic uncertainties. The proposed YIG will
contribute to the detector calibration e↵orts. It will focus on the electromagnetic calorimeter
and especially the photon e�ciency calibration required for the mono–photon final state. The
proposed YIG will contribute to the calorimeter cluster energy calibration to reach the required
Belle II energy resolution for neutral final states. This calibration relies in part on precision
Monte Carlo event generators that are part of the group leader’s current responsibilities within
the Belle II software group.

ϵ

γ A′

χ1

χ2

γ

(a) Dark Photon.

a

γ

γ

γ

γ

e
+

e
−

(b) ALP.

Figure 2: Feynman diagram of (a) Dark Photon A0 production and decay
into Dark Matter and of (b) ALP production and decay into photons.

6

ALP-strahlung

Simulated event:  
e+e-→γa, a→γγ  
(ma=1 GeV)
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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.

15This corresponds to an average opening angle of about (3� 5)� in the lab system that depends on the

position in the detector.
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Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg,  
submitted to JHEP (2017), arXiv:1709.00009

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 m
a

< 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 m
a

< 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 m
a

< 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.

Nominal analyses veto 
long-lived topologies. 

https://arxiv.org/abs/1709.00009


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

Belle II: ALPs decaying into Dark Matter

19

10-1 100 101 102
10-6

10-5

10-4

10-3

10-2

ma [GeV]
g a

γγ
[G
eV

-1
] BaBar γ + inv

LEP γ + inv

SN 1987A

Belle II γ + inv (20 fb-1)

Belle II γ + inv (50 ab-1)

gaγZ = 0

Ωh2 = 0.12 via
resonant freeze-out
mχ = 0.45 ma

mχ = 0.46 ma

mχ = 0.47 ma
mχ = 0.48 ma

mχ = 0.49 ma

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).

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. [43]. 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. [43]. 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,

existing experiments are not yet sensitive to the values of ga�� implied by the observed

DM relic abundance, but Belle II has a unique potential to probe the parameter regions of

particular interest.

The sensitivity to high mass ALPs is limited by the trigger threshold for a single

photon that will be implemented in Belle II. We conservatively assume a trigger energy

threshold of 1.8GeV which limits the search to ALP masses below ma=8.6GeV. If the

trigger threshold can be lowered to 1.2GeV, the sensitivity extends to ALP masses up to

ma=9.3GeV. A higher collision energy close to the ⌥(6S) resonance could further extend

the sensitivity to about ma=9.7GeV for a trigger threshold of 1.2GeV.

– 16 –

▸ ALP decays can be invisible because 
the ALP decays outside of the 
detector or because the ALP decays 
into an invisible final state: Dark 
Matter. 

▸ We re-interpreted BaBar’s Dark 
Photon analysis in terms of ALPs 
decaying into Dark Matter. 

▸ We studied the Belle II sensitivity for 
ALPs decaying into Dark Matter.

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg,  
submitted to JHEP (2017), arXiv:1709.00009
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Figure 2: Existing constraints on ALPs with photon coupling (left) and hypercharge

coupling (right). Proton beam dump constraints are taken from ref. [21], LEP constraints

on e

+

e

� ! �� from ref. [20], CDF constraints on Z ! �� from ref. [27], bounds from

horizontal branch stars from ref. [10] and bounds from visible decays of ALPs produced

in SN 1987A from ref [49]. All other constraints have been revisited and updated in the

present work.

decay modes [25, 27]. These interactions however only appear when considering e↵ective

operators of dimension 6 or higher, and they are not directly linked to the interactions

between ALPs and SM gauge bosons. While it is instructive to include these interactions

in a general e↵ective field theory approach, they are not generic and may be absent in

specific UV completions. We will therefore not consider exotic Higgs decays in this work

and instead focus on the phenomenology of the interactions between ALPs and gauge

bosons.

3 Review of bounds on the ALP parameter space

In this section we review existing bounds on the ALP parameter space, updating constraints

wherever new data or more precise calculations have become available. Most of the con-

straints that we will discuss only probe the e↵ective ALP-photon coupling ga�� . The only

exception are constraints from high-energy colliders, which depend on whether the ALP

couples to photons or hypercharge. We show a summary of all relevant constraints for

both cases in figure 2. All collider and beam dump bounds are provided at 95% confidence

level (CL), with the exception of the bounds from BaBar, which are provided at 90% CL.

Given that the parameter space under consideration covers many orders of magnitude, the

di↵erence between the two choices of CL is imperceptible.

3.1 Bounds from electron-positron colliders

Mono-photon searches at LEP. Relevant bounds on the ALP parameter space are

obtained from so-called mono-photon searches, i.e. searches for highly-energetic photons in

– 6 –

Decay  
too late.

Decay 
too early.

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg, submitted to JHEP (2017), arXiv:1709.00009

LEP
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LEP

LEP

with couplings to Z’sonly couplings to γ’s
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▸ Select events with three ECL clusters 
with ma ≥ 0.2 GeV and search for a 
bump in the invariant 2γ mass spectrum. 

▸ Main backgrounds: 

▸ e+e-→γγγ (reduced by helicity cuts) 

▸ e+e-→γγ + beam background γ 
(reduced by timing cuts) 

▸ e+e-→γγ, γ→e+e- outside of tracking 
volume (reduced by angular cuts)

▸ Trigger: For small ALP masses, events 
look like e+e-→γγ events. 

▸ At BaBar/Belle: Prescaled at L1. 

▸ At Belle II: Delay trigger decision, 
no prescale at L1.

Low mass selection, min 1 ECL crystal
Low mass selection, min 2 ECL crystals
Low mass selection, min 4 ECL crystals
High mass selection
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Figure 6: Belle II 3� e�ciency as function of ALP mass after the final selection. The

di↵erent low mass selections correspond to a minimum photon separation of 1, 2, and 4

crystals in the ECL which is an approximation for the expected performance of an improved

reconstruction, the default reconstruction and the reconstruction in the first trigger level

(see text for details).

where the maximum absolute cosine of the three helicity angles is less than 0.9, and for

the two photon combination case we keep events where the absolute cosine of the helicity

angle is less than 0.6. These selection criteria maximize the ratio of
p
S/B, where S is the

number of signal events and B is the number of background events, after all other selection

criteria have been applied. It should be noted that the helicity selection criteria not only

reduce e

+

e

� ! ��� backgrounds, but will also suppress backgrounds from e

+

e

� ! ��

combined with a random third photon from beam backgrounds. We require that all three

photons are separated by at least 2ECL crystals in both polar and azimuthal direction.

We do not constrain the three photon invariant mass to the collision energy since our

MadGraph signal Monte Carlo does not include additional photon radiation whereas the

background Monte Carlo does.

We finally select candidates within [�3�m2 ,+1.5�m2 ] around the generated ALP mass,

where m
2

is the invariant mass resolution of the decay photon pair. For high mass ALPs we

select events within [�3�� ,+1.5�� ] around the expected recoil photon energy (see equation

5.1) instead. The ranges contains about 85% of the previously selected signal events. The

signal e�ciency after all selections is flat and about (35–40)% ((50–55)%) for the two

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

– 19 –
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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 [21] and the LHC [27].

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 L
D

= 300 cm [91]. 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

triangular region around ga�� ⇠ 10�5GeV�1, which is currently only constrained by model-

dependent cosmological considerations. For heavier ALPs (i.e. 150MeV < ma < 10GeV)

Belle II searches for three resolved photons can significantly improve over existing bounds

from LEP even with early data (20 fb�1). With larger data sets, Belle II will be able to

probe couplings of the order of ga�� ⇠ 10�4GeV�1 over a wide range of ALP masses.

Improvements in the Belle II reconstruction software could push the sensitivity for three

resolved photons to slightly lower masses and a dedicated search for displaced photons

could extend the long-lived search towards higher masses.

Comparing the two panels in figure 7 we note furthermore that there is a remarkable

complementarity between Belle II, SHiP and LHC. SHiP will have greatest sensitivity in

the parameter region where the ALP decay length is O(1–100)m, which is di�cult to

16The 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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Limited by statistics  
(and/or background)

ALPs decay  
inside Belle II.

LEP

BaBar LEP

LEP

with couplings to Z’sonly couplings to γ’s

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg, submitted to JHEP (2017), arXiv:1709.00009
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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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▸ Search for Dark Photons decaying 
into pseudo-Dirac DM: *** 

▸ A’→χ1χ2, χ2→χ1A’, A’→e+e-. 

▸ Off-shell A’ decays. *** 

▸ Long-lived neutral particle decays. 

▸ Visible Dark Photon decays. 

▸ Dark Scalar: e+e- → τ+τ-S, S→ℓ+ℓ- 

▸ Magnetic monopoles with small 
magnetic charges. ***

▸ Invisible ϒ(1S) decays via  
ϒ(3S)→ ϒ(1S)π+π- (Requires beam 
energies at ϒ(3S)). 

▸ Muonic Dark Force:  

▸ e+e- →μ+μ-Z’, Z’→μ+μ- 

▸ e+e- →μ+μ-Z’, Z’→Invisible *** 

▸ Dark Higgs 

▸ …

*** Possible during  Phase 2 (2018 data)
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▸ BaBar single photon search excludes 
g-2 region of parameter space.  

▸ Still ongoing Dark Sector searches in 
BaBar and Belle. 

▸ The Belle II search for light dark matter 
is competitive with BaBar already with 
expected 2018 data due to the more 
hermetic calorimeter and better 
triggers.

* https://confluence.desy.de/display/BI/B2TiP+ReportStatus

▸ The early running of Belle II offers 
possibilities for many unique physics 
analyses in the Dark Sector. 

▸ Belle II Physics Book in preparation* 
(Belle II detector, simulation, software, 
analysis tools, physics program incl. 
dark sectors), to be submitted to PTEP 
(2017).

https://confluence.desy.de/display/BI/B2TiP+ReportStatus
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• Degrades calorimeter resolution. 

• Radiation damage. 

• Pile-up and event size. 

• Physics background.
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Trigger Rate at full luminosity 
[kHz]

1 GeV* 4 kHz (barrel) 
7 kHz (endcaps)

2 GeV*  5 kHz (barrel)

Belle II MC Preliminary (BG16), C. Hearty

E*>1 GeV and second cluster E* < 0.3 GeV

E*>2 GeV and Bhabha veto


