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Dark Matter Properties
• We are rather sure: 

• Does interact gravitationally. 

• Does not strongly interact via electromagnetic or strong force. 

• Is non-relativistic (or cold). 

• Local density: ρlocal ≈ 0.4 GeV/cm3 ≈ 1 proton mass per 5 M&Ms 

• We are not so sure: 

• Collision-less (assumed in ΛCDM)? 

• Does it interact with the weak force and via the Higgs mechanism?
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Weakly Interacting Massive Particles: WIMPs
• WIMP: Weakly Interacting Massive Particles 

• Weak scale mass (GeV-TeV) 

• Weak scale cross section 

• Perfect candidate: Lightest SUSY Particle 
 
→ correct present relict DM density  
     Ωh2 ≃ 0.1 pb c /〈σv〉

Annihilation cross section 
into SM particles

Relative velocity in 
DM CMS

Thermal averaging

Hubble expansion 
rate of the universe
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WIMP

Z
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Weakly Interacting Massive Particles: WIMPs16 26. Dark matter

Figure 26.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].

June 5, 2018 19:56
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• Since σannihilation ~ mDM2/mmed4:  
Need new mediator between SM and 
Dark Sector if mDM ≲ 2 GeV:  
Light Dark Matter (LDM)

From WIMPs to LDM
SM

SM

LDM

Mediator

LDM

Standard Model Dark Sector
Portal

mediators 
(+gravity)
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New mediators

Only three sizeable interactions (or portals) to a Dark Sector, unsuppressed 
by the (possibly large) NP scale Λ. 

EFT for a (neutral) hidden sector

Generic interactions are irrelevant (dimension > 4), but there are three UV-complete 
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the 

(possibly large) NP scale Λ
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Vector Portal: Massive A’ mixes with SM γ via strength parameter ε. 
Scalar (Dark Higgs) and Neutrino (Sterile Neutrinos) Portals. 
Axion Portal: Massive ALP couples to SM bosons. 
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Intensity vs Energy
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• Different terms for (basically) the same things 

• I will use: 

• Hidden Sector = Secluded Sector = Dark Sector 

• Dark Photon = Hidden Photon = Heavy Photon = U-Boson = γD = γ’ = A’ , 
couples via kinetic mixing α’/α = ε, sometimes ε2 or y(ε) = ε2 αD (mχ/mA)4 

• Relic Dark Matter = χ = χ1 generally is the lightest DM particle 

• Dark coupling αD = gD2 / (4π)

Dark Terminology



Dark Sectors at Low Energy Colliders (Torben Ferber) �12

Mediator decays
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The e+e- collider flagship: Belle II

positrons e+

electrons e-

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

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

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

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

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

Magnet: 
1.5 T superconducting 

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

DEPFET: depleted p-channel field-effect transistor 
WLSF: wavelength-shifting fiber 
MPPC: multi-pixel photon counter

* Some modifications for early data taking
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The e+e- collider flagship: Belle II expected luminosity

http://www-superkekb.kek.jp/img/ProjectedLuminosity_v20190128.png

Belle (1ab-1)

Belle II goal 
(50ab-1)

Belle II up to today: 
0.0005 ab-1
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The e+e- collider flagship: First 2019 events in Belle II
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Golden modes of Dark Mediator decays

*not a minimal model

Visible Dark Photon Searches: 
A’ → ℓ+ℓ-A

Visible ALP Searches: 
a → γγD

Invisible Dark Photon, 
ALP, and Z’ Searches*: 

B: A’ → χχ, a→χχ, C: Z’→χχ B, C

Belle II needs ~5 years data for 

leading sensitivity

Existing Belle II data is world leading

Existing Belle II data is leading (Z’) 

or needs 1 year data (invisible A’, invisible ALPs)
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A: Visible Dark Photon searches
• Bump hunt for ee and μμ over smooth, 

but large SM backgrounds, avoid SM 
resonances. 

• Hadronic final states are more 
challenging, analysed at KLOE 

• ττ channels have not been analysed 
yet (missing energy from neutrinos) 

• So far all searches at low energy 
colliders hunt prompt A’ decays:  
τA’ ~ 1/(ε2 mA’)

e- SM

A’

SMγ e+

γ ×
ε
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FIG. 1: Distribution of the final dielectron (top) and reduced
dimuon invariant masses (bottom), together with the predic-
tions of various simulated SM processes and ISR production
of J/ , (2S), ⌥ (1S), and ⌥ (2S) resonances (collectively la-
beled as R). The fit to the ratio between data and simulated
events is described in the text.

cumulative mass distributions [36]. An uncertainty of
5%-10% in this procedure is assessed by taking the next-
to-closest instead of the closest simulated mass points to
interpolate the signal shape. Samples of simulated and
reconstructed e+e� ! �J/ , J/ ! l+l� events indi-
cate that the simulation underestimates the signal width
by 8% (4%) for the dielectron (dimuon) channel. We
assume that this di↵erence is independent of the dark
photon mass, and we increase the signal pdf width by
the corresponding amount for all mass hypotheses. We
propagate half of these correction factors as systematic
uncertainties on the fitted signal yields.

The radiative Bhabha background below 0.1GeV is de-
scribed by a fourth order polynomial, and elsewhere by
a third order polynomial. The radiative dimuon back-
ground is parametrized by a third order polynomial, con-
strained to pass through the origin for fits in the re-
gion below 0.05GeV. Peaking contributions from the

J/ ,  (2S), ⌥ (1S), and ⌥ (2S) resonances for both final
states are included where appropriate. Their shapes are
modeled as Crystal Ball or Gaussian functions with pa-
rameters extracted from fits to the corresponding Monte
Carlo samples. Similarly to the signal pdf, we increase
their width by 8% (4%) for the dielectron (dimuon) final
states. The interference between vector resonances with
radiative dilepton production is observed for the ! and �
mesons, and is fit with the following empirical function:

f(m) = (a+bm+cm2+dm3)

�����1�Q
m!/��

s�m2
!/� � im!/��

�����

2

where m!/� (�) denotes the mass (width) of the reso-
nance, Q the resonant fraction, and a, b, c, d are free pa-
rameters. We fix the masses and widths to their nom-
inal values [37], and let their fractions float. We ex-
clude the resonant regions from the search, vetoing ranges
of ±30MeV around the nominal mass of the ! and �
resonances, and ±50MeV around the J/ ,  (2S), and
⌥ (1S, 2S) resonances (approximately ±5�R, where �R
denotes the experimental resolution of the resonances).
An alternative signal extraction fit, using parametric pdfs
for signal [21] and a di↵erent background parametriza-
tion has been performed for the µ+µ� channel. The re-
sults of both methods are statistically consistent with
each other. The uncertainty on the background mod-
eling is estimated by using an alternative description of
the radiative Bhabha and dimuon contributions based on
a second or fourth order polynomial, depending on the
mass hypothesis. This uncertainty is almost as large as
the statistical uncertainty near the dielectron threshold,
and can be as large as 50% of the statistical uncertainty
in the vicinity of the ⌥ (1S, 2S) resonances. Outside these
regions, the uncertainty varies from a few percent at low
masses to ⇠ 20% of the statistical uncertainty in the high
mass region. In addition we propagate half of the correc-
tions applied to the signal width, as well as the uncer-
tainties on the ! and � masses and widths, as systematic
uncertainties on the fitted signal yields.
The e+e� ! �A0, A0

! e+e� and e+e� ! �A0, A0
!

µ+µ� cross-sections as a function of the dark photon
mass are obtained by combining the signal yields of each
data sample, divided by the e�ciency and luminosity.
The cross-sections as a function of mA0 are shown in
Fig. 2; the distributions of the statistical significances
of the fits are displayed in Fig. 3. The statistical signif-
icance of each fit is taken as S =

p
2 log (L/L0), where

L and L0 are the likelihood values for fits with a free
signal and the pure background hypothesis, respectively.
We estimate trial factors by generating a large sample of
Monte Carlo experiments. The largest local significance
is 3.4� (2.9�), observed near mA0 = 7.02GeV (6.09GeV)
for the dielectron (dimuon) final state. Including trial
factors, the corresponding p-value is 0.57 (0.94), consis-
tent with the null hypothesis.

5

Phys. Rev. Lett. 113, 201801 (2014)
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A: Visible Dark Photon searches

FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.

83

US Cosmic Visions: New Ideas 
in Dark Matter 2017: 
Community Report 

beyond 2021: 
• NA62, SHiP, SeaQuest, … 
• Belle II 50 ab-1 

• LHCb e+e-
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Dark Photons at the LHC?

• Drell-Yan production pp→A’→μμ 
(some mild model-dep. near Z peak) 

• Dedicated LHCb analysis of 13TeV 
data (incl. meson decays). A future 
analysis of A’→ee from D* is a 
potential game-changer. 

• h→Z*ZD (kinetic mixing) is 
complementary but not very 
sensitive. 

• EW global fits.

Phys. Rev. Lett. 120, 061801 (2018)

Additional Figures
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Suppose that we want now to rescale this ✏ limit for a different integrated luminosity and center of
mass energy

p
s. If we know the ratio by which the signal and background number of expected events

changes,
B2 = rB21B1 , S2 = rS21S1 , (5.3)

we can find the new expected limit on ✏:

✏
95%CL
2 = ✏

95%CL
1 (rB21)

1/4 (rS21)
�1/2

. (5.4)

For the HL-LHC and a 100 TeV collider, the m`` (mZD ) dependent rescalings rB21 (rS21) are easily
estimated by computing the differential DY cross section d�DY/dm`` (signal cross section �pp!ZD )
at different

p
s in MadGraph at LO parton level. Setting m`` = mZD , we obtain the rescaled ✏ limits

shown in Fig. 8.
The figure shows that DY production can be sensitive to ✏ & 9⇥10�4 (4⇥10�4) at the HL-LHC

(100 TeV pp collider) While this is superior to indirect constraints from EWPTs, it does rely on the
ZD decaying directly to SM particles. Direct DY production is also more powerful than h ! ZZD

searches,11 but only by a factor of a few in ✏. Crucially, a discovery in the DY channel only would be
unable to distinguish between a kinetically mixed dark photon, and a new Z

0 which mediates a U(1)

gauge interaction with tiny coupling constant. As we have shown in Sec. 4, the former scenario would
11Improvements of the dilepton mass resolution will not change this conclusion [70].

– 21 –

Phys. Rev. D 90, 075016 
J. High Energ. Phys. (2015) 2015: 157
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• Requirement: 

• Single photon trigger (Eth ≈ 1 GeV for EBeam = 5.3 GeV)  

• Large solid angle coverage of calorimeter 

• Efficient outer detectors to veto calorimeter gaps 

• SM backgrounds if one misses all but one γ: 

• Low mass A’ (= high energy single γ): ee→γγ and 
ee→γγγ 

• High mass A’ (= low energy single γ):  
ee→ eeγ

e- χ

A’

χγ e+

γ ×
ε

Eγ = ((2EBeam)2-MA’2) / (2 EBeam)

Belle II MC

B: Invisible Dark Photon searches
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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

Belle II MC

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
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

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

B: Invisible Dark Photon searches

Belle
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Projective gaps in BaBar’s ECAL: 
Peaking Background from ee→γγ 
that is not present in Belle II
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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.

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

B: Invisible Dark Photon searches
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the parameter y for scalar elastic, scalar inelastic, Majorana and pseudo-Dirac DM. The prescrip-
tion mA0 = 3m� and ↵D = 0.5 is adopted where applicable. For larger ratios or smaller values of
↵D, the accelerator-based experimental curves shift downward, but the thermal relic target remains
invariant. See section V for sensitivity estimates for direct detection experiments. Courtesy G.
Krnjaic.
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mA’ = 3mχ, αD = 0.5

US Cosmic Visions: New Ideas 
in Dark Matter 2017 : 
Community Report 

BDX and LDMX have different beam option with different sensitivity. 
Plot for BDX@CEBAF(A), JLab and LDMX@DASEL, SLAC. 

not in the plots: BESIII (low energy e+e- near charm threshold) has (some) data with single photon triggers.

Scalar DM Pseudo-Dirac DM

US Cosmic Visions: New Ideas 
in Dark Matter 2017 : 
Community Report 

B: Invisible Dark Photon searches
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• Non-minimal vector portal: 

• Mediator Z’ that couples to 
muons and taus but not to 
electrons (Lμ-Lτ)

C: Invisible Z’ searches

e- μ

μe+

γ* 
Z’ 

χ

χ

gZ’
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C: Invisible Z’ searches

2

Systematic e$ects:
● trigger + tracking + PID + mass resolution systematics included (~10%)
● possible additional systematics on background estimate not included (0-30 %)
● analysis optimisation still undergoing -> details might change
● other systematic e$ects expected to be negligible

L=276 pb-1 preliminary

Belle II MC Belle II MC

Z’ sensitivity on phase II data (expected)Z’ sensitivity on phase II data (expected)
 Les Rencontres de Physique de la Vallée d'Aoste La Thuile 10-16/02/2019  Gianluca Inguglia
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Path to publication: data validation, data unblinding.
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Belle II MC Belle II MC

Z’ sensitivity on phase II data (expected)Z’ sensitivity on phase II data (expected)
 Les Rencontres de Physique de la Vallée d'Aoste La Thuile 10-16/02/2019  Gianluca Inguglia

2

μ g-2
±�σ

Path to publication: data validation, data unblinding.

Belle II expected sensitivity for the 2018 dataset (276pb-1)

Track-triggers required
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D: Visible ALP searches e-

e+ γ 

a
γ 

γ 

γ 

Recoil photon

ALP→2 photons

• 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.
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D: Visible ALP searches

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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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.
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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.
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(Belle II lab)
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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.

– 17 –
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• Background from SM is large and 
partially peaking: 

• ee→γγγ 

• ee→eeγ (early Belle II tracking 
was rather inefficient) 

• ee→π0/η/η’γ (Form factors help)  

• ee→ωγ, ω→π0γ 

D: Visible ALP searches

• No systematics 
• Only dominant ee→γγγ background included 
• 135fb-1 assumes no γγ trigger veto in the barrel

LEP

SN1987A

electron beam dumps

proton beam dumps

heavy ion

γ+invisible

Belle II expected sensitivity for the 2018 dataset (472 pb-1)
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D: Visible and invisible ALP searches
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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 –
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What is next?

Not covered today: 

• Transition-tagged ϒ(2S, 3S) decays (Dark Higgs) 
• DM or new mediators in B decays 

• Displaced vertices 

• Missing energy cascades 

• τ and hadronic final states 
• …

Belle and BaBar: Still ongoing analyses.

Belle II: We just started.  Ultimately 
much better triggers, better 
detector, much higher statistics, and 
higher beam backgrounds.
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Summary
• Low energy colliders (Belle, BaBar,Belle II, …) have a  

very broad and active DM program well beyond B physics 

• Access to Dark Photons, Z’, ALPs, light Higgs in simple and complex models 
(You have ideas/theories? Let’s talk!) 

• Orthogonal to direct searches. Not only sensitive to scalar DM. 

• Belle II started physics data taking April 2019, first calibration run in 2018 

• First publications with Belle II data planned for summer 2019 (using 2018 data)
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