
Probing Dark Photons and ALPs  
at B-factories.

Torben Ferber (torben.ferber@desy.de)
 April 4th 2018, DM@LHC



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

Searches for Dark Photons at B-factories
�2

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

• Searches so far always assume on-shell A’ decays 
(mdecay≤mA’/2). 

• Signal: Peaking ISR photon energy, peaking 
invariant mass of decay products. 

• If A’ is the lightest Dark Sector (DS) particle: 
A’ → SM particles dominates (“visible”). 
Conceptually straight forward. 

• If A’ is the not the lightest Dark Sector particle: 
A’→ Dark Matter dominates (“invisible”).

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

Dark Sector 
U(1)D (massive)×γ A’ 
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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 (mA' > 2mN)

>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

SM leptons (visible) 
or 
Dark Matter (invisible)

γ
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BaBar
�3

• 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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BaBar: Invisible Dark Photon decays, analysis
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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, e.g.: 

• 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: 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 
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BaBar: Invisible Dark Photon decays, backgrounds
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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: Invisible Dark Photon decays, results
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• 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. 9
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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)

e+e-→e+e-γ
Phys. Rev. Lett. 119, 131804 (2017)
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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)

e+e-→γγ

Phys. Rev. Lett. 119, 131804 (2017)
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BaBar: Invisible Dark Photon decays, results
�8
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FIG. 2: Signal significance S as a function of the mass mA0 .
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FIG. 3: Bottom: signal fit for mA0 = 6.21 GeV to a com-
bination of ⌥ (2S) and ⌥ (3S) datasets, shown for illustration
purposes. The signal peak (red) corresponds to the local sig-
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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for the substantial dedicated e↵ort from the comput-
ing organizations that support BABAR. The collaborat-
ing institutions wish to thank SLAC for its support and
kind hospitality. This work is supported by DOE and
NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3
(France), BMBF and DFG (Germany), INFN (Italy),
FOM (The Netherlands), NFR (Norway), MES (Russia),
MINECO (Spain), STFC (United Kingdom), BSF (USA-
Israel). Individuals have received support from the Marie
Curie EIF (European Union) and the A. P. Sloan Foun-
dation (USA).
We wish to acknowledge Adrian Down, Zachary Jud-

kins, and Jesse Reiss for initiating the study of the

Phys. Rev. Lett. 119, 131804 (2017)

Limited by beam 
energy and trigger 

threshold for high mA’

Reduced sensitivity 
due to peaking 

background.

Flat because one cannot 
resolve different masses 
here (single photon with 

~beam energy)

Introduction
• Dark Photon A’ motivated by Dark Matter, g-2, .. 

• Minimal Dark Matter model: Dark Matter particle χ and a 
new scalar or gauge Boson A’ as s-channel annihilation 
mediator (mA’ > 2mχ) 

• Additional U(1)’ symmetry → Kinetic mixing* of massive 
Dark Photon with the SM photon

3
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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 (mA' > 2mN)
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massive dark photon A' with the SM photon
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Eγ=
s−M A'

2

2√ s

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 (mA' > 2mN)

>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



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

SuperKEKB asymmetric e+e- collider at 10.57 GeV
�9

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

KEKB e+/e- 
E (GeV): 3.5/8.0 
I (A): ~ 1.6/1.2 
β*y (mm): ~5.9/5.9 
Crossing angle (mrad): 22

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

SuperKEKB e+/e- 
E (GeV): 4.0/7.0 
I (A): ~ 3.6/2.6 
β*y (mm): ~0.27/0.3 
Crossing angle (mrad): 83 
→ Luminosity increase x40

4.0 GeV

7.0 GeV
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Belle II detector
�10

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 to measure time, 
energy, and pulse-shape. 
No 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 

Trigger: 
Hardware: < 30 kHz 
Software: < 10 kHz
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Belle II projected luminosity
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SuperKEKB luminosity projection
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Phase 1 
w/o QCS/Belle II
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BEAST II, no VXD

Phase 3 
Physics run w/ VXD

40× Belle

Reached 
at Belle

50× Belle 
(100× BaBar)
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Belle II detector during Phase 2 (2018)
�12

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 to measure time, 
energy, and pulse-shape. 
No projective gaps between crystals. 

BEAST II background monitors 
1/8 PXD, 1/16 SVD 
Additional background monitors. 

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

Magnet: 
1.5 T superconducting 

Phase 2

cmarinas@uni-bonn.de
2

• The SuperKEKB accelerator will be 
operating, for the first time, with 
QCS magnets
First operation with focused beams
First beam collisions 

• The Belle II detector, minus the 
vertex detector (VXD), rolled into 
the beam line

Ph
as

e 
2 

(B
EA

ST
 II

)

Phase 2: BEAST and partial  Belle II
Phase 3: Full Belle II detector

x1035

Phase 3

Physics run with VXD

Phase 2 is about to start:
→ Moved from development and installation towards integration and operations

Trigger: 
Hardware: < 8 kHz 
no software trigger
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Belle II during Phase 2
�13

• No vertex detectors: Rather bad vertex resolution. Momentum resolution for high pt tracks almost 
unaffected. 

• Very high relative trigger bandwidth (rate/luminosity): Loose triggers at L1. 

• Low(er) beam backgrounds, but from experience we expect the initial backgrounds to be rather high until 
everything is optimized. 

• No high-level trigger (HLT). 

• Less material in front of calorimeter but also less formal approach setting up the cables and other service 
materials… 

• New accelerator, new detector, new reconstruction software: Learning phase. 

• Small dataset compared to BaBar and Belle → Better sensitivity must come from better triggers or 
detector.
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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
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Belle II: Invisible Dark Photon decays, exp. sensitivity
�15

]2 [GeV/cχm
3−10 2−10 1−10 1

4 )
A'

/m χ
 (m

D
α 2 ε

y 
= 

17−10

15−10

13−10

11−10

9−10

7−10

5−10
4−10

BaBar
NA64

E137
LSND

LEP

Pseudo-Dirac Fermion Relic Target

Scalar Relic Target
   Belle II (Phase 3)
Belle II (Phase 2)

   LDMX2@8GeV
LDMX1@4GeV

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

Belle II: Dark Photons to invisible (``Single photon search’’)
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αD = 0.5 
3mχ = mA’ 

B2TIP, to be submitted to PTEP (2017).

Belle II (20 fb-1) 
Belle II (50 ab-1)  

B2TIP, to be submitted to PTEP (2018)

References: 
J. Alexander et al. (2016), arXiv:1608.08632 
Natalia Toro, private communication (20170 
J. P. Lees et al., BaBar (2017), arXiv:1702.0332 
B2TIP, to be submitted in PTEP (2018)

*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.

Bounds from relic  
Dark Matter density*

Belle II (20 fb-1) 
Belle II (50 ab-1)

Belle II calorimeter has 
no gaps in the barrel.



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

Recoil photon

ALP→2 photons

Belle II: Axion-Like Particles decaying to photons
�16

• Axion-like particles (ALPs) are 
pseudo-scalars and couple to bosons. 
Unlike QCD Axions, ALPs have no 
relation between mass and coupling.  

• Focus on coupling to photons (gaγγ). 

• B-decays give access to coupling to 
charged bosons (need rather large 
datasets ≫1ab-1 to improve). 

• No Belle or BaBar analysis yet.
a

γ
∗

γ

γ

γ

e
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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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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.

10-4 10-3 10-2 10-1 100 101
10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

ma [GeV]

g a
γγ

[G
eV

-1
]

0.1 m
(Belle II lab)

3 m
(Belle II lab)

Displaced

Invisible Merged Resolved

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.
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Belle II: Axion-Like Particles decaying to photons
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Belle II: Axion-Like Particles decaying to photons
�18
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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 [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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• Select events with three ECL clusters with 

E ≥ 0.25 GeV and search for a bump in 
the invariant 2γ mass spectrum. 

• Backgrounds are ee→γγγ and ee→γγ  
followed by γ→ee (pair conversion) 
outside of the tracking volumes. 

• Requires a single photon trigger for long-
lived ALPs and a good cluster separation 
for low mass ALPs at trigger level.
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Belle II:  γZ couplings and ALPs as mediators for Dark Matter
�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 [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,

– 16 –

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

Relic Dark  
Matter Density



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

Belle II: ALPs with intermediate masses are difficult
�20

• For small ma the two decay photons overlap at 
Belle II, reconstruction limits: 

• > 0.2 GeV (HLT and offline) 

• > 0.5 GeV (L1 trigger) 

• Do not prescale ee→γγ events at L1? 

• Additional challenge: SM background ee→γπ0 

• Possible solutions: 

• Improve L1 trigger clustering (detect overlaps) 

• Pair conversion (γ→ee) of one decay photon. 

• Photon fusion production of ALPs.

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 � + inv (20 fb
-1)

Belle II � + inv (50 ab
-1)

Belle II 3�

(20 fb
-1 )

Belle II 3�

(50 ab
-1 )

ga�Z = 0

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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Belle II: Other exotics searches
�21
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Belle II: From 20 fb-1 (2018, Phase 2) to 50 ab-1 (2025, Phase 3)
�22

• Trigger 

• From 8 kHz (L1)/8 kHz (HLT) (@4×1034 cm-2s-1) to 30 kHz (L1)/10 kHz 
HLT (@8×1035 cm-2s-1). Trigger rate is almost only Bhabha debris 
(cannot be easily identified). Single photon triggers probably ok.  
γγ prescale may be challenging for low mass ALPs. 

• Physics background: 

• Mostly relevant for “extra energy” analyses and analyses that use 
photons ≲100 MeV. Single photon ok, ALPs slightly affected 
(efficiency loss due to higher energy selections). 

• Resolution: 

• Most detectors suffer, largest impact on calorimeter. Energy 
resolution at low energies degrades significantly.  [GeV]trueE

1−10 1

 / 
E 

[%
]

E
σ

0

5

10

15 BGx0.0 (no material) Barrel
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BGx1.0 Barrel (MC5)(Belle reco)

Belle II MC

→ Higher event rate, higher beam backgrounds
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Summary
�23

• BaBar single photon search excludes g-2 favoured region of parameter space. 

• Belle II at the SuperKEKB collider in Japan starts data taking this year. The 
planned integrated luminosity is 50 times larger than Belle. 

• Belle II is an ideal place to search for invisible and fully neutral final states 

• Dedicated triggers for Dark Sector searches at Belle II: Ready for 2018 run, we 
aim to have them for the full Belle II running. 

• Already a small dataset (~20fb-1) will give world leading sensitivity for  
invisible Dark Photon decays at Belle II
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Additional information
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Dark Photon: Visible decays
�25

decays to leptonic and hadronic final states, and for displaced decays to lepton pairs. With1654

the large amount of data expected to be collected by the Belle II detector (about two orders1655

of magnitude larger than that available at BaBar), one can expect to observe an excess of1656

events due to a dark photon decays to charged leptons or charged hadrons with a mixing1657

parameter of order of few ⇥10�4. This search requires the implementation of an e�cient L11658

two track triggers and it will also profit from photon triggers due to the presence of a single1659

high energetic ISR photon. In order to maintain a high L1 trigger e�ciency for A0
! e+e�,1660

the unavoidable prescale factor for radiative Bhabha events is ideally implemented as func-1661

tion of track charge and polar angle.1662

1663

One can extrapolate the existing BaBar limits of Dark Photon decays into charged particles1664

to Belle II. The larger drift chamber radius of Belle IIwill yield an improved invariant1665

mass resolution (⇠ factor 2) and better trigger e�ciency for both muons (⇠ factor 1.1)1666

and electrons (⇠ factor 2) is expected. The projected upper limits for di↵erent values of1667

integrated luminosity are shown in Fig. 28.1668
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Fig. 28: Existing exclusion regions (90% CL) on the dark photon mixing parameter " and

mass MA0 (solid regions) for A0
! ``, with projected limits for Belle IIand other future

experiments (lines) (Figure reproduced from [303]).

2.2.4. Search for Dark Photons decaying into Light Dark Matter in e+e� ! A0`+`�. Dark1669

photons can also be searched for in the reaction e+e� ! A0µ+µ�, with subsequent decays1670

of the dark photon (also called a Z 0 in this context) into a variety of final states [304, 305],1671

including invisible ones. BaBar has performed this search for dark photon decays to muonic1672

final states [306], and the same analysis is in preparation at the Belle experiment. For the1673

invisible case, a kinematic fit of the muons can be used to select events in which the missing1674

energy is pointing into the barrel calorimeter, which has the best hermiticity. The trigger1675

for this final state is the muon pair, which may be sensitive to higher A0 masses than the1676

single photon trigger. A sensitivity to the mixing parameter at the level of 10�4–10�3 can1677

be expected in this channel.1678

60/74

B2TIP, to be submitted to PTEP (2018)
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L1 trigger menu: Basic items

ECL trigger objects

Trigger objects using both ECL and CDC 
information 

• For the pair of clusters that satisfy the ECL Bhabha 
requirement, I further require that both clusters are within 
15° in φ (lab) of a track with pt > 1 GeV/c. 

17

nTrkBhabha Bhabhas selected using ECL and CDC

nSameHem1Trk Clusters in the same hemisphere as the track, 1 track event

nOppHem1Trk Clusters in the opposite hemisphere as the track, 1 track event

ECL+CDC trigger objects

CDC tracking objects

7

nTrk2D Tracks (2D)
nTrk3D Tracks (3D)
nTrkZ25 Tracks with |Z0| < 25 cm
nTrkZ10 Tracks with |Z0| < 10 cm

CDC trigger objects

• Sara Pohl has recently updated CDC code to allow 
track finding with only the three innermost axial SL, 
with option to reduce pt threshold to 0.255 MeV/c. 

• I will evaluate impact on efficiencies and rates. Low pt 
is probably most useful for special cases, e.g Y(3S).
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Ef
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L1 tracking eff in mu+mu- events, 3SL and 4SL

ELC endcap/barrel gaps

Tracking efficiency in μ+μ- events, 3 or 4 SL

3 SL

4 SL

ee→μμ(γ)
nClust ECL clusters

n300MeV Clusters with E > 300 MeV

n2GeV Clusters with E*>2 GeV 

n2GeV414 Clusters with E*>2 GeV and ThetaID in [4,14]

n2GeV231516 Clusters with E*>2 GeV and ThetaID = 2, 3, 15 or 16

n2GeV117 Clusters with E*>2 GeV and ThetaID = 1 or 17

n1GeV415 Clusters with E*>1 GeV and ThetaID in [4,15]

n1GeV2316 Clusters with E*>1 GeV and ThetaID = 2, 3, or 16

n1GeV117 Clusters with E*>1 GeV and ThetaID = 1 or 17

nPhiPairHigh Pairs of clusters back-to-back in φ*, both clusters >250 MeV  

nPhiPairLow Pairs of clusters back-to-back in φ*, at least 1 cluster <250 MeV  

n3DPair Pairs of clusters back-to-back in φ* and θ* 

nECLBhabha Bhabhas or γγ selected using ECL only

iBhabha1 Index of 1st cluster in ELCBhabha

iBhabha2 Index of 2nd cluster in ELCBhabha

Number of clusters  with different energy thresholds.

Back-to-back clusters

ECL endcap gaps

Tracks matched to clusters.

Number of tracks

Belle II MC
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L1 trigger menu
Bit Phase 2 description Prescale


Phase 2 Changes for 2020 Prescale

2020

0 3 or more 3D tracks

1 2 3D tracks, ≥1 within 25 cm, not a trkBhabha 2 3D tracks, ≥1 within 10 cm, not a trkBhabha

2 2 3D tracks, not a trkBhabha 20 20

3 2 3D tracks, trkBhabha 2

4 1 track, <25cm, clust same hemi, no 2 GeV clust 1 track, <10cm, clust same hemi, no 2 GeV clust

5 1 track, <25cm, clust opp hemi, no 2 GeV clust 1 track, <10cm, clust opp hemi, no 2 GeV clust

6 ≥3 clusters inc. ≥1 300 MeV, not an eclBhabha ≥3 clusters inc. ≥2 300 MeV, not an eclBhabha

7 2 GeV E* in [4,14], not a trkBhabha

8 2 GeV E* in [4,14], trkBhabha 2

9 2 GeV E* in 2,3,15,16, not eclBhabha

10 2 GeV E* in 2,3,15 or 16, eclBhabha

11 2 GeV E* in 1 or 17, not eclBhabha 10 20

12 2 GeV E* in 1 or 17, eclBhabha 10 20

13 exactly 1 E*>1 GeV and 1 E>300 MeV, in [4,15]

14 exactly 1 E*>1 GeV and 1 E>300 MeV, in 2,3 or 
16 5

15 clusters back-to-back in phi, both >250 MeV, 

no 2 GeV

16 clusters back-to-back in phi, 1 <250 MeV, no 2 
GeV

clust back-to-back in phi, <250 MeV, no 2 GeV, 

no trk>25cm 3

17 clusters back-to-back in 3D, no 2 GeV 5

Tracks only

Clusters

Tracks and clusters

A→Invisible

ϒ(3S)→ππϒ(1S), Z’→Invisible

ISR, ALPs

ALPs from γγ fusion
Endcap muons

ττ 

Phase 2 and 2019 Changes for 2020

low mass ALPs
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L1 Phase 2 & 2019 Summary: L=4×1034 cm-2/s = 40 nb-1/s = 5% nominal

Phase 2 physics: 
75-100% efficiency

B and D physics: 
100% efficiency

Bhabha (0.5°): 
7.4 kHz rate

Sample Note
Generated	
sigma	nb

Percentage	
selected

Accepted	
sigma	nb

Rate	Hz	40	
nb-1/sec

Fiducial	
efficiency	%

Barrel	
efficiency	%

Bhabha 0.5	&	5	deg 122760 0.150 184 7358 92.2 100
gamma	gamma 25.2 12.4 3.1 125 96.9 100
e	e	e	e	 1693 0.28 4.7 188
e	e	mu	mu 67.8 3.1 2.1 84
tau	tau 0.919 91.9 0.8 34 94.6 97.6
mu	mu 1.115 70.8 0.8 32 92.5 100
BB 1.05 100.0 1.1 42
u	u-bar 1.61 90.7 1.5 58
d	d-bar 0.4 90.4 0.4 14
s	s-bar 0.38 95.9 0.4 15
c	c-bar 1.3 100.0 1.3 52
2gamma	production	of	ALP 0.2	GeV 12.1

0.5	GeV 85.9
2	GeV 97.6
10	GeV 99.0 100

2gamma	production	of	pi0 no	tag 2.1 0.2
1	tag

ALP-->	invisible 9.3	GeV 82.7 93.1
ALP	-->	gamma	gamma 0.2	GeV 99.1 100

0.5	GeV 99.3
3	GeV 99.6
9.3	GeV 99.7

a'	-->	e	e 0.5	GeV 97.8 100
a'	-->	invisible 0.5	GeV 83.6 100.0

9.3	GeV 74.4 94.0
gamma	pi+pi- 0.5	GeV 96.3 99.9
tau	-->	e	gamma 99.4 100.0
tau	-->	mu	gamma 98.8 99.8
Y3S	-->	pi	pi	Y1S 44.0 49.8
TOTAL 200 8003
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ALPs: Cluster overlaps
�29

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).

⌘0 masses (our analysis is not sensitive to ma ⇡ m⇡). In the actual analysis a full study

of these backgrounds should be included. Finally, we assume that both beam backgrounds

and pair conversion backgrounds can be reduced to a negligible level using the selections

described above, without significantly a↵ecting the signal selection e�ciency.

Our event selection requires three photons with a CM energy E⇤ > 0.25GeV and a

polar angle in the laboratory frame 17� < ✓lab < 150�. The invariant mass of the two

photons from the ALP decay will peak at the ALP mass. We perform the sensitivity study

twice, once using all three possible photon pair combinations (high mass selection) and

once using only the photon pair combination with the lowest invariant mass (low mass

selection). The latter has a smaller signal e�ciency especially at higher ALP masses but a

lower combinatorial background. For the three photon combination case we select events

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 �m2 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

– 19 –
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SuperKEKB machine parameters
�30

Machine Parameters
2017/September/1 LER HER unit

E 4.000 7.007 GeV

I 3.6 2.6 A

Number of bunches 2,500

Bunch Current 1.44 1.04 mA

Circumference 3,016.315 m

εx/εy 3.2(1.9)/8.64(2.8) 4.6(4.4)/12.9(1.5) nm/pm ():zero current

Coupling 0.27 0.28 includes beam-beam

βx*/βy* 32/0.27 25/0.30 mm

Crossing angle 83 mrad

αp 3.20x10-4 4.55x10-4

σδ 7.92(7.53)x10-4 6.37(6.30)x10-4 ():zero current

Vc 9.4 15.0 MV

σz 6(4.7) 5(4.9) mm ():zero current

νs -0.0245 -0.0280

νx/νy 44.53/46.57 45.53/43.57

U0 1.76 2.43 MeV

τx,y/τs 45.7/22.8 58.0/29.0 msec

ξx/ξy 0.0028/0.0881 0.0012/0.0807

Luminosity 8x1035 cm-2s-1

http://www-superkekb.kek.jp/documents/MachineParameters_170901.pdf


