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B-factories: Belle@KEKB and BaBar@PEP-II
• Very high luminosity: ~2×1034 /cm2/s (Belle)


• Collision energy at Y(nS):  
Mainly at  
BF(Y(4S)→ BB̄) > 96%


• Asymmetric beam energies: 
e.g. 8.0 GeV (e-) / 3.5 GeV (e+) (Belle) 
→ Boosted BB̄ pairs


• Many analysis still statistically limited

s = 10.58 GeV
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Super B-factory accelerator: SuperKEKB Searches for Dark Matter at Belle II  (Torben Ferber) �5

From high luminosities (KEKB) to extreme luminosities (SuperKEKB)
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Nano beam scheme.
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• Asymmetric beam energies: 
e.g. 7.0 GeV (e-) / 4.0 GeV (e+) 


• Large crossing angle of 83 mrad


• Major upgrade to the accelerator with 30× 
the KEKB design luminosity (6x1035 cm-2s-1)


• 1.5× higher beam currents


• 20× smaller beam spot (σy=50 nm):  
“Nano-beam scheme”


• Ultimate goal: 50 ab-1 (50× Belle)



Light Dark Matter searches at (Super) B-Factories (Torben Ferber) 4

KEK in Tsukuba (Japan)

Bilder k 2019 Google,Bilder k 2019 CNES / AirbYs,Ma\ar Technologies,Kartendaten k 2019 100 m 

SuperKEKB

Linac

Belle II

Tokyo (~50 km)

Mainz (~9400 km)
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Luminosity
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Super B-factory detector: Belle II

positrons e+

electrons e-

KL and muon detector (KLM): 


Scintillator + WLSF + MPPC (endcaps, inner barrel)

Particle Identifi 


Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Electromagnetic calorimeter (ECL): 
 


Vertex detectors (VXD): 
 


Central drift chamber (CDC): 
 


Magnet: 


Trigger: 
Hardware: < 30 kHz

Software: < 10 kHz

DEPFET: depleted p-channel field-effect transistor 
WLSF: wavelength-shifting fiber 
MPPC: multi-pixel photon counter
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6

Figure 1: This figure shows the invariant mass distribution of ⇡0 ! �� in 5 pb�1 of collision
data. Events are required to contain at least three good tracks to purity the sample with
processes of the type e+e� ! hadrons, while rejecting beam induced background, Bhabha
scattering, and other low multiplicity background sources. The photon daughters of the
⇡0 candidates are required to have an energy of greater than 150 MeV, and to be within
the acceptance of the Central Drift Chamber (CDC). The internal document reference is
BELLE2-NOTE-PH-2018-002.

1

TF, BELLE2-NOTE-PL-2018-009

achieved: 2.9×1034 cm-2 s-1



Light Dark Matter searches at (Super) B-Factories (Torben Ferber) 8

direct production

•mediators coupled to e, μ, τ, 
hadrons (‘g-2 anomaly’)


•visible or invisible final states

•probe light mediator masses 

up to ~10 GeV

meson decays

•mediators coupled D, B, or ϒ

•visible (incl. LFV) or invisible 

final states

•probe light mediator masses 

up to respective meson 
mass

precision physics

• loop induced effects or LFU 
at tree level (‘B-anomalies’)


•probe (only) very high 
mediator masses

++

Dark matter at B-factories
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Mediator mass vs DM mass
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Lifetime (simplified)

mediator mass mM

co
up

lin
g short lifetime

long lifetime

“brute force” probe tiny 
couplings → displaced 

decay vertices

very long lifetimes: 
decays are invisible 

(and SM backgrounds 
often small)

“decouple” production 
(large couplings → high 
rate) and decay (small 

coupling→ long lifetime)
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Model dependency
• Most (if not all) searches and studies at Belle II are performed for simplified 

“benchmark” models


• Recasting limits to account for different angular distributions (e.g. A’ vs. ALPs) is 
usually rather straight forward


• Trigger and selections (accept and veto) for low multiplicity final states are very 
sensitive to the presence or absence of additional particles


• Generally: The more model-dependent a search, the more free parameters and 
the stronger the limits
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• Typically “bump-hunts” on locally smooth, but 
large QED backgrounds


• Very few particles in the final state


• Challenging to trigger these events, especially 
with electron or photon final states (Bhabha 
background at e+e- colliders)


• World-leading sensitivity for vanilla dark photons 
(A’), flavour-sensitive dark mediators (Z’), and 
axion-like particles (ALPs)

direct production

•mediators coupled to e, μ, τ, 
hadrons (‘g-2 anomaly’)


•visible or invisible final states

•probe light mediator masses 

up to ~10 GeV
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Axion-like Particles (ALPs) at Belle II

Belle II Detector (Torben Ferber) 12
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FIG. 1: Feynman diagram for ALP production e
+
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! �a ! �(��) via ALP-strahlung
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In the above expressions, ga�� is the coupling strength of the ALP-photon interaction, ma207

is the mass of the ALP,
p
s = 10.58GeV, and ↵ is the electromagnetic coupling.208

209

The experimental signature of the decays into two photons is determined by the relation210

between mass and coupling of the ALP. It leads to four di↵erent experimental signatures (see211

Fig. 2) depending on the ALP lifetime and the opening angle between the decay photons.212

In this analysis we focused on the resolved case. In this case the lifetime of the ALP is213

very short and the opening angle between the decay photons is large enough to resolve two214

separate ECL clusters.215

216

Existing constraints on ALPs with photon coupling are shown in Fig. 3. Limits for high217

ALP masses come from peripheral ion collisions at ATLAS. The intermediate mass range218

0.05GeV/c2 . ma . 7.0GeV/c2 is only weakly constraint from LEP searches1. For even219

lighter ALPs, proton and electron beam dump experiments and searches for invisible final220

states provide strong constraint even for small couplings.221

222

1 LEP limits for hypercharge couplings are significantly stronger.

11
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ALPs at Belle II

ma < 6.85 GeV/c2 ma ≥ 6.85 GeV/c2
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FIG. 1: Feynman diagram for ALP production e
+
e
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! �a ! �(��) via ALP-strahlung

and the subsequent decay into two photons.
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In the above expressions, ga�� is the coupling strength of the ALP-photon interaction, ma207

is the mass of the ALP,
p
s = 10.58GeV, and ↵ is the electromagnetic coupling.208

209

The experimental signature of the decays into two photons is determined by the relation210

between mass and coupling of the ALP. It leads to four di↵erent experimental signatures (see211

Fig. 2) depending on the ALP lifetime and the opening angle between the decay photons.212

In this analysis we focused on the resolved case. In this case the lifetime of the ALP is213

very short and the opening angle between the decay photons is large enough to resolve two214

separate ECL clusters.215

216

Existing constraints on ALPs with photon coupling are shown in Fig. 3. Limits for high217

ALP masses come from peripheral ion collisions at ATLAS. The intermediate mass range218

0.05GeV/c2 . ma . 7.0GeV/c2 is only weakly constraint from LEP searches1. For even219

lighter ALPs, proton and electron beam dump experiments and searches for invisible final220

states provide strong constraint even for small couplings.221

222

1 LEP limits for hypercharge couplings are significantly stronger.

11

Belle II collaboration, “Search for Axion-Like Particles produced 
in e+e- collisions at Belle II”, Phys. Rev. Lett. 125, 161806 (2020)
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ALPs at Belle II

Belle II collaboration, “Search for Axion-Like Particles produced 
in e+e- collisions at Belle II”, Phys. Rev. Lett. 125, 161806 (2020)
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ALPs at Belle II

Belle II collaboration, “Search for Axion-Like Particles produced 
in e+e- collisions at Belle II”, Phys. Rev. Lett. 125, 161806 (2020)
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ALPs at Belle II

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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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
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cτ ≈ 1m

prompt ALP decays

LLP ALP or 
ALP decays into DM

merged 
clusters

single photon final 
state (ALP decay 
outside of Belle II)

Belle II collaboration, “Search for Axion-Like Particles produced 
in e+e- collisions at Belle II”, Phys. Rev. Lett. 125, 161806 (2020)
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Invisible Dark Photon (A’) decays

Belle II Detector (Torben Ferber) 9
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FIG. 1: The production of a dark
photon by kinetic mixing,
with an initial-state
radiated photon. The
kinetic mixing is
parameterised with the ✏
parameter. This is the
default new-physics
scenario considered in
this analysis.

1. INTRODUCTION

Dark-sector theories of particle dark matter are a category of models where the dark
matter only interacts with the Standard Model (SM) particles via an indirect coupling to
a so-called portal particle. These models should be seen in contrast to weakly-interacting
massive particle (WIMP) models where the dark matter candidate has a mass and coupling
on the electroweak scale.

The addition of a U(1) vector boson field, a so-called dark photon (A0), is one such theory
which has been established for some time [1, 2]. Dark photons are massive, and couple only
to the electromagnetic photon via kinetic mixing. This production by kinetic mixing is
shown in Fig. 1.

A pseudoscalar axion-like particle (ALP) features in many extensions of the SM. Such a
particle could also act the a portal to a dark sector.

We present a search for single photon events in e+e� collisions at Belle II. These events
can be caused by the direct production of a dark photon with an initial-state radiation (ISR)
photon, or by a long-lived ALP which decays outside of the detector volume [3]. The latter
corresponds to the green region in the right hand side of Fig. 2. The production of an ALP
is shown to the left of Fig. 2.

This analysis is designed to be model-independent, however we take dark photon model
as our default for signal sensitivity.

1.1. Overview of the literature

A competitor search for single photon events (interpreted as dark photon e+e� ! �A0 !
�(��̄)) has been performed by BaBar [5]. This su↵ered from a large systematic uncertainty
caused by the gaps between calorimeter crystals in combination with less e�cient triggers.
Related searches for the visible final state of the dark photon, namely: e+e� ! �A0 !
�(`+`�), have been performed by BaBar [6] and BESII [7]. The analysis at Belle II was
proposed as part of the B2TiP report [8], and extended in terms of the ALP interpretation
in Ref. [3]. A preliminary projected sensitivity with the dark photon interpretation is shown
in Fig. 3, and the ALP sensitivity is shown in Fig. 4.

3
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A’→invisible at Belle II

(without KLM veto, background enriched)
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Simulated signal m=7.2 GeV/c2

A’→invisible at Belle II

(without KLM veto, background enriched)
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ee→eeγ

2e out of ECL acceptance

θ

ee→γγγ

2γ out of ECL acceptance

θ

A’→invisible at Belle II

(without KLM veto, background enriched)
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ee→2γ and 3γ

1γ in ECL 90° gap


(1γ out of ECL acceptance)

ee→2γ and 3γ

1γ in ECL BWD gap


(1γ out of ECL acceptance)

ee→2γ and 3γ

1γ in ECL FWD gap


(1γ out of ECL)acceptanceee→2γ

1γ “punchthrough”

A’→invisible at Belle II

(without KLM veto, background enriched)
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A’→invisible at Belle II: Triggers

FIG. 2: (a) Center of mass energy of photons in the radiative muon control sample in
black, overlaid in red with the subset passing the level 1 lml13 0.5GeV single-cluster

trigger. (b) Same events presented as a plot of e�ciency versus energy.

FIG. 3: (a) Center of mass energy of photons in the radiative muon control sample in
black, overlaid in red with the subset passing the HLT 1GeV single-cluster trigger. (b)

Same events presented as a plot of e�ciency versus energy.

3.2. High level trigger e�ciency122

The experiment 10 radiative muon pair control sample is also used to study the e�ciency123

of the HLT filters, with the added requirement that the event satisfy an HLT muon pair124

or single muon trigger, or a two-track trigger. Figure 3 shows the resulting e�ciency as a125

function of the center of mass energy of the photon for the 1GeV trigger that covers the126

full ECL barrel. Note the slightly rounded turn on curve due to imperfect ECL calibration127

at the time of the HLT decision. The e�ciency is 98% above 1.1GeV. Figure 4 shows the128

results for the HLT 0.5GeV trigger, where the e�ciency above 0.5GeV is also 98%. The 2%129

loss of e�ciency is due to the ZMVA > 0.5 requirement.130

The e�ciency of the 2GeV HLT trigger in the barrel, which does not have a requirement131

on ZMVA, is 100% above 2.1GeV.132

5

FIG. 4: (a) Center of mass energy of photons in the radiative muon control sample in
black, overlaid in red with the subset passing the HLT 0.5GeV single-cluster trigger. (b)

Same events presented as a plot of e�ciency versus energy.

[1] A. Hershenhorn, T. Ferber, and C. Hearty, “ECL shower shape variables based on Zernike133

moments”, BELLE2-NOTE-TE-2017-001.134

6

ε = 98%

Rate reduced by 93%


using Zernike shower shapes   
and timing

ε = 99.5%

hardware  
trigger

BaBar collaboration, “Trigger efficiencies for single photon events”, 
BELLE-NOTE-PL-2020-0 (2020)

software  
trigger



Light Dark Matter searches at (Super) B-Factories (Torben Ferber)

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

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 A0 mixing strength "2 for the 166 mA0 hypothe-
ses. The values of “local” significance of observation
S ⌘

p
2 ln(Lmax/L0), where Lmax is the maximum

value of the likelihood, and L0 is the value of the like-
lihood with the signal yield fixed to zero, are shown in
Fig. 2. The most significant deviation of ✏2 from zero
occurs at mA0 = 6.21 GeV and corresponds to S = 3.1.
Parametrized simulations determine that the probability
to find such a deviation in any of the 166 mA0 points
in the absence of any signal is ⇡ 1%, corresponding to
a “global” significance of 2.6�. A representative fit for
mA0 = 6.21 GeV is shown in Fig. 3.
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squared "2 as a function of mA0 . Shown are the Bayesian
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line) and the profile-likelihood limit (blue dashed line).

function of mA0 are shown in Fig. 4. We compute both
the Bayesian limits with a uniform prior for "2 > 0 and
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.
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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.

24

A’→invisible at BaBar

Background only fit 
(ε=0)

7

 (GeV)  A'm
3−10 2−10 1−10 1 10

   
  

ε

4−10

3−10

2−10

e
(g-2) NA64

ννπ→K

σ 2±
µ

(g-2)
favored BABAR 2017

FIG. 5: Regions of the A0 parameter space (" vs mA0) ex-
cluded by this work (green area) compared to the previous
constraints [7, 18–20] as well as the region preferred by the
(g � 2)µ anomaly [5].

from the Marie-Curie IEF program (European Union)
and the A. P. Sloan Foundation (USA).

We wish to acknowledge Adrian Down, Zachary Jud-
kins, and Jesse Reiss for initiating the study of the
physics opportunities with the single photon triggers in
BABAR, Rouven Essig for stimulating discussions and for
providing data for Fig. 5, and Farinaldo Queiroz for cor-
recting a typo in Fig. 5.

⇤ Now at: Wuhan University, Wuhan 43072, China
† Now at: Università di Bologna and INFN Sezione di
Bologna, I-47921 Rimini, Italy

‡ Deceased
§ Now at: University of Huddersfield, Huddersfield HD1
3DH, UK

¶ Now at: University of South Alabama, Mobile, Alabama
36688, USA
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where only values g0  1 are displayed. The observed
upper limits for models with BF(Z 0 ! invisible) < 1 can
be obtained by scaling the light blue curve as 1/

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

of data collected by Belle II at SuperKEKB in 2018. We
find no significant excess and set for the first time 90%
CL upper limits on the coupling constant g0 in the range
5 ⇥ 10�2 to 1 for the former case and to the efficiency
times cross section around 10 fb for the latter. The
full Belle II data set, with better muon identification,
a deeper knowledge of the detector, and the use of mul-
tivariate analysis techniques should be sensitive to the
10�3 – 10�4 g0 region, where the (g� 2)µ band currently
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The final recoil mass spectrum of the e±µ⌥ sample is
shown in Fig. 4, together with background simulations.
Again, no anomalies are observed above 3� local signifi-
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In summary, we have searched for an invisibly decay-
ing Z 0 boson in the process e+e� ! µ+µ�Z 0 and for a
LFV Z 0 in the process e+e� ! e±µ⌥Z 0, using 276 pb�1

of data collected by Belle II at SuperKEKB in 2018. We
find no significant excess and set for the first time 90%
CL upper limits on the coupling constant g0 in the range
5 ⇥ 10�2 to 1 for the former case and to the efficiency
times cross section around 10 fb for the latter. The
full Belle II data set, with better muon identification,
a deeper knowledge of the detector, and the use of mul-
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Figure 1: Feynman diagrams depicting the leading search channels for inelastic DM: A0

production in association with a single photon (left) and A
0 production in association with

a dark Higgs h0 (right) with subsequent decays into both visible and dark sector states.

add-ons to the LHC such as FASER [50], MATHUSLA [51], and CODEX-b [52] or possible

future beam dumps such as LDMX [53] and SeaQuest [46]. Also the bounds on the direct

production and observation of the dark Higgs h0 will become ever more stringent, see e.g.

[14] for a recent overview.

3 Light dark Higgs at Belle II

The current scenario can lead to a number of di↵erent signatures at Belle II. One signature

arises from direct production of the dark Higgs h
0 in B decays, B ! K

(⇤)
h
0 as discussed

in [17]. Assuming visible decays with branching ratios as expected from Higgs mixing,

Belle II can reach a sensitivity down to a mixing angle of ✓ ⇠ 10�5, assuming a final

integrated luminosity of 50 ab�1.

Another possibility is direct production of the dark photon A
0 through the kinetic

mixing with the SM photon with subsequent decay into dark matter states �1 and �2 as

depicted in Fig. 1. The production of A0 in association with a photon (left panel) has been

discussed in detail in [26]. Depending on the decay length of �2 the signature is either (i) a

single photon with a displaced pair of charged particles and missing energy or (ii) a single

photon with missing energy. Below we will implement these searches as described in [26].7

The process we will mainly concentrate on in this work includes a dark Higgs h
0 in

the intermediate state as depicted in the right panel of Fig. 1, leading to a signature with

missing energy and two pairs of charged particles. Specifically we will consider �2 !

�1�
+
�
� with � = e, µ,⇡,K and h

0
! �

+
�
� with � = µ,⇡,K, ⌧ . The decay h

0
! e

+
e
�

is very suppressed due to the small Yukawa coupling and charged hadrons other than

⇡,K are typically too short-lived to contribute to the signature. Pions and kaons behave

similar to muons in the detector, so we will treat all of these particles identically in our

analysis. To reduce backgrounds we will concentrate on the case where at least one pair of

charged particles has a significant displacement. Before we enter a detailed discussion of

the signature however, let us first describe the relevant aspects of the Belle II experiment.

7
In the current work we improve the description of the total �2 decay width as described in the appendix.
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add-ons to the LHC such as FASER [50], MATHUSLA [51], and CODEX-b [52] or possible

future beam dumps such as LDMX [53] and SeaQuest [46]. Also the bounds on the direct

production and observation of the dark Higgs h0 will become ever more stringent, see e.g.

[14] for a recent overview.

3 Light dark Higgs at Belle II

The current scenario can lead to a number of di↵erent signatures at Belle II. One signature

arises from direct production of the dark Higgs h
0 in B decays, B ! K

(⇤)
h
0 as discussed

in [17]. Assuming visible decays with branching ratios as expected from Higgs mixing,

Belle II can reach a sensitivity down to a mixing angle of ✓ ⇠ 10�5, assuming a final

integrated luminosity of 50 ab�1.

Another possibility is direct production of the dark photon A
0 through the kinetic

mixing with the SM photon with subsequent decay into dark matter states �1 and �2 as

depicted in Fig. 1. The production of A0 in association with a photon (left panel) has been

discussed in detail in [26]. Depending on the decay length of �2 the signature is either (i) a

single photon with a displaced pair of charged particles and missing energy or (ii) a single

photon with missing energy. Below we will implement these searches as described in [26].7

The process we will mainly concentrate on in this work includes a dark Higgs h
0 in

the intermediate state as depicted in the right panel of Fig. 1, leading to a signature with

missing energy and two pairs of charged particles. Specifically we will consider �2 !

�1�
+
�
� with � = e, µ,⇡,K and h

0
! �

+
�
� with � = µ,⇡,K, ⌧ . The decay h

0
! e

+
e
�

is very suppressed due to the small Yukawa coupling and charged hadrons other than

⇡,K are typically too short-lived to contribute to the signature. Pions and kaons behave

similar to muons in the detector, so we will treat all of these particles identically in our

analysis. To reduce backgrounds we will concentrate on the case where at least one pair of

charged particles has a significant displacement. Before we enter a detailed discussion of

the signature however, let us first describe the relevant aspects of the Belle II experiment.

7
In the current work we improve the description of the total �2 decay width as described in the appendix.

– 8 –

Belle II Detector (Torben Ferber) 19

χ1
χ2

χ1

e+
e-

iDM+Dark Higgs

h’

μ+ μ-



Light Dark Matter searches at (Super) B-Factories (Torben Ferber) 29

Long-lived particles: Inelastic Dark Matter

10�2 10�1 100 101

m�1 [GeV]

10�5

10�4

10�3

10�2

10�1

�

LEP

N
u
C

al

C
H

A
R

M

�D = 0.1, mA� = 2.5 m�1, � = 0.05 m�1

thermal target (�DMh2 = 0.12)
1 cm �2 decay length
60 cm �2 decay length
Belle II mono-� proj. rescaled
Sensitivity of displaced search
BaBar mono-� limit rescaled

10�2 10�1 100 101

m�1 [GeV]

10�5

10�4

10�3

10�2

10�1

�

LEP

N
uC

al

CHARM

�D = 0.1, mA� = 2.5 m�1, � = 0.1 m�1

thermal target (�DMh2 = 0.12)
1 cm �2 decay length
60 cm �2 decay length
Belle II mono-� proj. rescaled
Sensitivity of displaced search
BaBar mono-� limit rescaled

10�2 10�1 100 101

m�1 [GeV]

10�5

10�4

10�3

10�2

10�1

�

LEP

N
uCal

CHARM

�D = 0.1, mA� = 2.5 m�1, � = 0.2 m�1

thermal target (�DMh2 = 0.12)
1 cm �2 decay length
60 cm �2 decay length
Belle II mono-� proj. rescaled
Sensitivity of displaced search
BaBar mono-� limit rescaled

10�2 10�1 100 101

m�1 [GeV]

10�5

10�4

10�3

10�2

10�1

�

LEP

NuCal

CHARM

�D = 0.1, mA� = 2.5 m�1, � = 0.4 m�1

thermal target (�DMh2 = 0.12)
1 cm �2 decay length
60 cm �2 decay length
Belle II mono-� proj. rescaled
Sensitivity of displaced search
BaBar mono-� limit rescaled

10�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

y
=

�2
�

D
(m

�
1
/m

A
�
)4

10�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

y
=

�2
�

D
(m

�
1
/m

A
�
)4

10�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

y
=

�2
�

D
(m

�
1
/m

A
�
)4

10�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

y
=

�2
�

D
(m

�
1
/m

A
�
)4

Figure 6: Sensitivity of Belle II to the parameter space of inelastic DM for an integrated

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

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

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

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

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

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

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

shell region, where mA0 >
p

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

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

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

lepton pair is therefore essential.

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

clusters trigger, and the displaced vertex trigger separately for an integrated luminosity of
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Figure 3: Expected sensitivities of the di↵erent searches at Belle II in the ✏�mA0 parameter

plane for integrated luminosities of 100 fb�1 (solid lines) and 50 ab�1 (dashed lines). Left

plot is for ↵D = 0.1, right plot for ↵D = 0.5.

The sensitivity of Belle II towards the monophoton signature (green) is significantly

improved compared to BaBar due to a more hermetic calorimeter. To obtain the monopho-

ton sensitivity for 100 fb�1 and 50 ab�1 we rescale the published sensitivity for 20 fb�1 using

that the expected sensitivity S(✏) / 4
p
L.9 We then perform a second rescaling as above

using Monte Carlo runs to account for �2 decays and corresponding acceptances within the

detector. We observe that for small values of mA0 the sensitivity is as good as for the usual

monophoton search as basically all �2 particles decay outside the detector. For larger mA0

this is no longer true and we observe a significant weakening (which is delayed for larger

luminosities due to the smaller values of ✏ and therefore larger �2 decay lengths).

In orange we show the sensitivity due to the signature with a single photon and a

displaced pair of charged particles (denoted by ‘displaced+�’ in the figure legend). We

observe that there is very good sensitivity towards large dark photon masses mA0 and

rather small values of ✏. In violet we show the corresponding sensitivity for the signature

with two pairs of charged particles, where we require at least one of those to have a non-zero

displacement (denoted by ‘displaced’ in the figure legend). While the typical sensitivity is

very similar to the ‘displaced+�’ signature, it extends to large values of ✏ which are not

covered by any other signature. The reason is that we can allow for prompt �2 decay in

this case as the decay products of the dark Higgs h
0 are basically always displaced. We

further note that the constraints extend significantly into the o↵-shell regime with dark

photon masses mA0 . 12GeV for mh0 = 1GeV.

9
The assumptions under which such a rescaling is valid are discussed in detail in [26].
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Figure 4: Expected sensitivities of the di↵erent searches at Belle II in the ✓�mh0 parameter

plane for integrated luminosities of 100 fb�1 (solid lines) and 50 ab�1 (dashed lines). We

also show current limits from DarkSide [60], LHCb, CHARM and E949.

Because the relic density depends primarily on the process �1�1 ! h
0
h
0, the thermal

relic target does not depend on " or ✓.

In Fig. 4 we show the limits in the ✓ � mh0 parameter plane. Here general searches

for dark scalars mixing with the SM Higgs boson are relevant and we show results from

LHCb, CHARM and E949 as given in [43]. We also show limits from direct dark matter

searches, taking into account the fact that for the regions in parameter space where �1

does not make up all the DM (to the left of the ‘thermal relic’ line), the limits have to be

rescaled with a factor ⌦�1h
2
/0.12.

Regarding future sensitivities we show estimates for NA62 (as given in [16]), SHiP (as

given in [43]) and a possible Belle II search for the rare decay B ! Kh
0 [17]. For the given

set of parameters the monophoton as well as the ‘displaced+�’ searches are not sensitive.

The signature associated with the dark Higgs however is sensitive down to very small values

of the mixing angle ✓. This remarkable sensitivity can be understood from the fact that

the production cross section is large and does not depend on ✓. The lower boundary of

the sensitivity is therefore just given by the maximal h0 decay length which still allows for

2.3 events to decay within the sensitive region of the detector. The maximal decay length

which Belle II can be sensitive to corresponds to more than 105m.

In Fig. 5 we show the sensitivities of the di↵erent Belle II searches in the mh0 � mA0

plane (left) and in the mh0 �↵f plane (right). Note that we assume that in the parameter

region around mh0 ⇠ 0.5GeV the search does not have any sensitivity due to large KS

backgrounds (see the selection cuts in Tab 4), explaining the gap in our sensitivity. In

Fig. 6 we show the same planes as in Fig. 5 but restrict ourselves to the case of 100 fb�1 to
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FIG. 1. Schematic display of LLP final state signatures (left) and a B ! KS decay with displaced muon pair (right) in Belle II.

The displayed detector plane is perpendicular to the beam axis.

Displaced charged final states Long-lived neutral mediators � can decay into pairs of displaced SM charged parti-44

cles. The final state can be fully visible (� ! ``, e.g. a dark photon A0 [11]) or include missing energy (� ! ``+inv.,45

e.g. inelastic DM [2]).46

47

Displaced neutral final states If decays to SM fermions are kinematically forbidden or suppressed (e.g. B ! KS48

with mS < 2me), long-lived neutral mediators � will generally decay into pairs of (displaced) photons. Neutral final49

states also arise in models with long-lived pseudo-scalar mediators a with decoupled production and decay, e.g. in50

models with multiple axion-like particles (ALPs) a1 ! a2a2, a2 ! ��, or in B ! Ka, a ! �� decays. Light vector51

mediators A0 may decay into 3� if mA0 < 2me [12]. The Belle II calorimeter offers excellent energy and timing52

reconstruction of O(ns), but the lateral segmentation does not allow to reconstruct displaced photons directly. We53

plan to explore the option to use shower shape information or advanced reconstruction methods, as well as pair-54

conversions or Dalitz-decays to detect non-pointing photons and displaced multi-photon vertices. Using the Belle II55

muon detector, we plan to investigate longer lifetimes, however at the expense of a significantly lower energy resolution.56

57

Disappearing and kinked tracks Light charged mediators �± may result in decays of �±
! `±+inv. (kinked track)58

or �±
! inv. (disappearing tracks if the charged decay daughter is too soft). While these scenarios are often severely59

constrained from precision measurements of ↵QED(Q) or the electron magnetic moment (g � 2)e, we plan to study60

possible signatures that may have escaped detection so far.61

A DEDICATED LLP DETECTOR: GAZELLE62

We propose to study the search potential for LLPs with longer lifetimes at a new experiment GAZELLE (GAZELLE63

is the Approximately Zero-background Experiment for Long-Lived Exotics) at SuperKEKB, to search for LLPs.64

GAZELLE would be housed in the same building as Belle II and observe the same e+e� collisions. The relatively65

quiet background environment will allow GAZELLE to search for LLPs in a large variety of neutral and charged final66

states. The low boost of decay products typically results in wide angular separation which will allow a precise LLP67

mass determination. If the GAZELLE readout is synchronized with the Belle II readout, the visible decay products68

associated with the production of the LLP can be measured in Belle II and can lead to significant improvements of the69

LLP mass determination and rejection of backgrounds in GAZELLE. We will study the possibility to use GAZELLE70

as L1 and/or software trigger for Belle II, which is expected to increase the sensitivity to detect directly produced71

LLPs that leave little energy deposition in Belle II. Background levels are expected to be small compared to the72

LHC and beam-dump experiments. One focus will be the optimization of position of shielding against background73

that arise from K0
L decays produced in meson decays. The GAZELLE detector will require a timing resolution of74

O(100 ps) and a position resolution of O(10 cm) to detect displaced charged final states. For displaced neutral final75

states or charged particles with very low momentum, a highly-segmented electromagnetic calorimeter could increase76

the sensitivity significantly. We plan to include studies of an optional add-on detector that utilizes emulsion/lead77

brick targets and is positioned in front of GAZELLE to search for neutrinos and very low momentum particles.78

79
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• Typically “bump-hunts” on low backgrounds


• Production and decay decoupled: LLPs!


• Many particles in the final state:


• There always is another B in the event that 
can be used to constrain the total energy, to 
tag the B flavour, or just ignored (it still helps 
triggering the event)


• World-leading sensitivity for light scalars and 
ALPs with coupling to b-quarks

meson decays

•mediators coupled D, B, or ϒ

•visible (incl. LFV) or invisible 

final states

•probe light mediator masses 

up to respective meson 
mass
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B→Kh’ decays 4

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

Scalar mixing also causes a universal reduction of
all Higgs couplings to visible particles by c✓. This
suppresses the Higgs signal strength defined by

µ =
�h ⇥ B(h ! vis)

�h ⇥ B(h ! vis)SM
= c

2
✓

c
2
✓�

h
SM

c
2
✓�

h
SM + s

2
✓�

h
��̄

, (11)

where �h is the Higgs production rate and B(h ! vis)
the branching ratio to visible final states. Current
global analyses constrain universal modifications of
the Higgs couplings, but without allowing for invisible
decays. For the HL-LHC, such an analysis has been
performed assuming Run-2 systematics [47]. The ex-
pected reach for dark scalars depends on the invisible
decay rate �h

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

IV. DISPLACED VERTEX SIGNATURES

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

�2
✓ nm and becomes long-lived at detector

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

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

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

Measurements of B ! K
(⇤)

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

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

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

0
S ,  (2S) and

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

0
! K

⇤
S(! µµ̄) decays [51].

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

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

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

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

+
µ
� (yellow)

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

by hadronic backgrounds from K
0
S , ⇤, K

± and ⇡
±

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

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

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

⇡
+
⇡
�, K+

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

as ⌧�⌧+, D+
D

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

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

mB � mK . The signal is defined by a displaced
muon vertex and a kaon, which together reconstruct

A. Filimonova, R. Schäfer, S. Westhoff, Phys. Rev. D 101, 095006 (2020)

• h’ is long-lived


• LHCb and Belle II complementary due to 
very different B momenta


• BaBar search is inclusive and recast is 
not competitive


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


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

Belle II collaboration, “Search for B+→K+νν decays using 
an inclusive tagging method at Belle II” (arXiv:2104.1262)
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B→Ka decays
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Figure 66: Limit on B±
! K±a, a ! �� branching fraction as a function of ALP mass

and lifetime from Run 3 data.

e�ciency: take data/MC ratio as systematic). Since the e�ciency and signal resolution1009

systematics are much smaller than the systematics arising from the uncertainty on the1010

background shape, this gives us confidence that a small mis-estimate of these systematics1011

would have no quantitative impact on the outcome of the analysis.1012

In the absence of a signal, we set Bayesian 90% CL limits using the same method1013

as for the prompt analysis. The limits on the branching fraction are shown in Fig. 66.1014

Except for di↵erences that are small compared to statistical fluctuations, we see that1015

the results are identical for lifetimes 0–1 mm, with slight di↵erences appearing for 101016

mm. At longer lifetimes, the sensitivity is reduced as expected. Indeed, the sensitivity to1017

the branching fraction decreases inversely with lifetime at small masses by the time the1018

lifetime is longer than 100 mm. This is qualitatively expected because the probability of1019

decaying in the inner detector scales like L/c⌧ (where L is the detector length), giving an1020

inverse proportionality.1021

We can then calculate a limit on the coupling of the axion to the W boson, gaW . To do1022

this, we first calculate a 90% CL limit on the branching fraction for each Ma and simulated1023

c⌧ . We then construct a 2D interpolating function using over these masses and lifetimes,1024

BrexcludedB+!K+a(c⌧, Ma), using Mathematica. Using Mathematica’s numerical root solver, we1025

determine for each mass the value of the coupling gaW such that BrtheoryB+!K+a(gaW , Ma) =1026

BrexcludedB+!K+a(c⌧(gaW ), Ma). The theory value of the lifetime is found from the width,1027

�(a ! ��) =
g2
aW sin4 ✓WM3

a

64⇡
, (10)

where ✓W is the weak mixing angle.1028

For each mass Ma and 90%-CL-excluded value of gaW , we can calculate the lifetime.1029

This will tell us, for example, whether the coupling limits are predominantly coming from1030

the short- or long-lifetime samples. We show this in Fig. 67. We see that the lifetime at1031

71

• Search for ALPs that predominantly 
couple to electroweak gauge bosons


• Dominant decay for ma ≪ mW into 
photons  
 
 

• Light ALPs naturally long-lived, but 
decay in general model-dependent

B. Shuve, ICHEP 2020 (preliminary) 
https://indico.cern.ch/event/868940/contributions/3814877/ 

LONG-LIVED ALPS

18

• Search optimized for prompt ALPs, performed search on long-lived 
ALPs without dedicated optimization to assess search sensitivity 

• Apply same selections, fit procedures for
• Restricted to ma < 2.5 GeV
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• Bias in reconstruction of signal mass at longer lifetimes
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FIG. 1: The diphoton mass distribution of ALP candidates,
m�� , together with Monte Carlo predictions of leading back-
ground processes normalized to data luminosity.

the B± candidate constituents and the second with the98

ROE; particle identification information on the kaon can-99

didate; second Legendre moment of the ROE, calculated100

relative to the B± thrust axis; helicity angle of the most101

energetic photon forming the a candidate and helicity an-102

gle of the kaon candidate; energy of most energetic pho-103

ton forming the a candidate; invariant mass of the ROE;104

multiplicity of neutral candidates in the event; invariant105

masses of diphoton pairs, defined to include only one of106

the photons forming the a candidate, that are closest to107

the masses of the ⇡0, ⌘, and ⌘0 mesons. The ALP mass108

is specifically excluded to limit potential bias in the clas-109

sifier. Both BDTs are trained on samples of promptly110

decaying signal events and simulated backgrounds.111

The final dataset is selected by applying criteria on112

the two BDT scores (a minimum score of 0.13 on113

the continuum-trained BDT, 0.15 on the B+B�-trained114

BDT), allowing multiple candidates per event. These115

criteria are independent of the particular ALP mass hy-116

pothesis. The resulting diphoton invariant mass distribu-117

tion is shown in Fig. 1. The background is dominated by118

continuum quark production, together with peaking con-119

tributions from B± ! K±h0 and B± ! ⇡±h0 decays for120

h0 = ⇡0, ⌘, ⌘0. We observe an excess at the ⌘c mass with121

a local significance of 2.6�, consistent with the measured122

world average BF (B± ! K±⌘c, ⌘c ! ��) [43]. We set123

conservative upper limits on an ALP signal at that mass124

by assuming the events in the excess originate from the125

ALP signal. Agreement between data and MC predic-126

tions of event counts is observed to be 18% or better for127

all diphoton masses below 1.5GeV, and is observed to be128

22% on average over the range ma > 1.5GeV.129

We extract the signal yield of promptly decaying ALPs130

by performing a series of unbinned maximum likelihood131

fits of a hypothetical signal peak over a smooth back-132

ground. We perform fits for 461 signal mass hypotheses133
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FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays.

with a scan step size equal to the signal resolution, �. 134

The latter is determined by fitting the signal sample at 135

each simulated ALP mass with a double-sided Crystal 136

Ball function [41], and interpolating the results to the 137

remaining mass hypotheses. The resolution ranges from 138

8MeV nearma = 0.175GeV to 14MeV nearma = 2GeV, 139

and decreasing back to 2MeV near ma = 4.78GeV as a 140

result of the constraint imposed on the mass of the B±
141

meson candidate in the kinematic fit. The MC predic- 142

tions are validated using a sample of B± ! K±⇡0 and 143

B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso- 144

lutions agree with the data within 3%. 145

The unbinned likelihood fits are performed over dipho- 146

ton mass intervals, each of which has a width varying 147

between 30–70� with the constraint 0.11GeV < ma < 148

4.8GeV. The mass-dependent interval size is established 149

to be su�ciently broad as to fix the continuum back- 150

ground shape. The likelihood function includes contri- 151

butions from signal, continuum background components, 152

and, where needed, peaking components describing the 153

⇡0, ⌘ and ⌘0 resonances. The signal probability den- 154

sity function (pdf) is described by a non-parametric ker- 155

nel density function modeled from the signal MC mass 156

distribution and extrapolated between simulated mass 157

points [42]. The systematic uncertainty on the signal 158

yield derived from this procedure is estimated to be on 159

average 3% of the corresponding statistical uncertainty. 160

The continuum background is modeled by a second- 161

order polynomial for ma < 1.35GeV, and by a first-order 162

polynomial at larger masses. The shape of the peak- 163

ing ⇡0, ⌘ and ⌘0 resonances contain two components: a 164

narrow peak from B± ! K±h0 decays, and a broader 165

resonance peak originating from continuum quark pro- 166

duction. We therefore model the peaks as a sum of the 167

signal template shape and a Gaussian whose mean and 168

width are fixed by fits to MC. The normalization of each 169
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ground processes normalized to data luminosity.

the B± candidate constituents and the second with the98

ROE; particle identification information on the kaon can-99

didate; second Legendre moment of the ROE, calculated100

relative to the B± thrust axis; helicity angle of the most101

energetic photon forming the a candidate and helicity an-102

gle of the kaon candidate; energy of most energetic pho-103

ton forming the a candidate; invariant mass of the ROE;104

multiplicity of neutral candidates in the event; invariant105

masses of diphoton pairs, defined to include only one of106
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sifier. Both BDTs are trained on samples of promptly110

decaying signal events and simulated backgrounds.111

The final dataset is selected by applying criteria on112

the two BDT scores (a minimum score of 0.13 on113

the continuum-trained BDT, 0.15 on the B+B�-trained114

BDT), allowing multiple candidates per event. These115

criteria are independent of the particular ALP mass hy-116

pothesis. The resulting diphoton invariant mass distribu-117

tion is shown in Fig. 1. The background is dominated by118

continuum quark production, together with peaking con-119

tributions from B± ! K±h0 and B± ! ⇡±h0 decays for120

h0 = ⇡0, ⌘, ⌘0. We observe an excess at the ⌘c mass with121

a local significance of 2.6�, consistent with the measured122

world average BF (B± ! K±⌘c, ⌘c ! ��) [43]. We set123

conservative upper limits on an ALP signal at that mass124

by assuming the events in the excess originate from the125

ALP signal. Agreement between data and MC predic-126

tions of event counts is observed to be 18% or better for127

all diphoton masses below 1.5GeV, and is observed to be128

22% on average over the range ma > 1.5GeV.129

We extract the signal yield of promptly decaying ALPs130

by performing a series of unbinned maximum likelihood131

fits of a hypothetical signal peak over a smooth back-132

ground. We perform fits for 461 signal mass hypotheses133

 (GeV)am
0 1 2 3 4 5

   
S

N

-100

-50

0

50

100

 (GeV)am
0 1 2 3 4 5

   
SS

-5

0

5

FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays.

with a scan step size equal to the signal resolution, �. 134

The latter is determined by fitting the signal sample at 135

each simulated ALP mass with a double-sided Crystal 136

Ball function [41], and interpolating the results to the 137

remaining mass hypotheses. The resolution ranges from 138

8MeV nearma = 0.175GeV to 14MeV nearma = 2GeV, 139

and decreasing back to 2MeV near ma = 4.78GeV as a 140

result of the constraint imposed on the mass of the B±
141

meson candidate in the kinematic fit. The MC predic- 142

tions are validated using a sample of B± ! K±⇡0 and 143

B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso- 144

lutions agree with the data within 3%. 145

The unbinned likelihood fits are performed over dipho- 146

ton mass intervals, each of which has a width varying 147

between 30–70� with the constraint 0.11GeV < ma < 148

4.8GeV. The mass-dependent interval size is established 149

to be su�ciently broad as to fix the continuum back- 150

ground shape. The likelihood function includes contri- 151

butions from signal, continuum background components, 152

and, where needed, peaking components describing the 153

⇡0, ⌘ and ⌘0 resonances. The signal probability den- 154

sity function (pdf) is described by a non-parametric ker- 155

nel density function modeled from the signal MC mass 156

distribution and extrapolated between simulated mass 157

points [42]. The systematic uncertainty on the signal 158

yield derived from this procedure is estimated to be on 159

average 3% of the corresponding statistical uncertainty. 160

The continuum background is modeled by a second- 161

order polynomial for ma < 1.35GeV, and by a first-order 162

polynomial at larger masses. The shape of the peak- 163

ing ⇡0, ⌘ and ⌘0 resonances contain two components: a 164
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LONG-LIVED ALPS
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• Search optimized for prompt ALPs, performed search on long-lived 
ALPs without dedicated optimization to assess search sensitivity 

• Apply same selections, fit procedures for
• Restricted to ma < 2.5 GeV
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• Bias in reconstruction of signal mass at longer lifetimes
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FIG. 1: The diphoton mass distribution of ALP candidates,
m�� , together with Monte Carlo predictions of leading back-
ground processes normalized to data luminosity.

the B± candidate constituents and the second with the98

ROE; particle identification information on the kaon can-99

didate; second Legendre moment of the ROE, calculated100

relative to the B± thrust axis; helicity angle of the most101

energetic photon forming the a candidate and helicity an-102

gle of the kaon candidate; energy of most energetic pho-103

ton forming the a candidate; invariant mass of the ROE;104

multiplicity of neutral candidates in the event; invariant105

masses of diphoton pairs, defined to include only one of106

the photons forming the a candidate, that are closest to107

the masses of the ⇡0, ⌘, and ⌘0 mesons. The ALP mass108

is specifically excluded to limit potential bias in the clas-109

sifier. Both BDTs are trained on samples of promptly110

decaying signal events and simulated backgrounds.111

The final dataset is selected by applying criteria on112

the two BDT scores (a minimum score of 0.13 on113

the continuum-trained BDT, 0.15 on the B+B�-trained114

BDT), allowing multiple candidates per event. These115

criteria are independent of the particular ALP mass hy-116

pothesis. The resulting diphoton invariant mass distribu-117

tion is shown in Fig. 1. The background is dominated by118

continuum quark production, together with peaking con-119

tributions from B± ! K±h0 and B± ! ⇡±h0 decays for120

h0 = ⇡0, ⌘, ⌘0. We observe an excess at the ⌘c mass with121

a local significance of 2.6�, consistent with the measured122

world average BF (B± ! K±⌘c, ⌘c ! ��) [43]. We set123

conservative upper limits on an ALP signal at that mass124

by assuming the events in the excess originate from the125

ALP signal. Agreement between data and MC predic-126

tions of event counts is observed to be 18% or better for127

all diphoton masses below 1.5GeV, and is observed to be128

22% on average over the range ma > 1.5GeV.129

We extract the signal yield of promptly decaying ALPs130

by performing a series of unbinned maximum likelihood131

fits of a hypothetical signal peak over a smooth back-132

ground. We perform fits for 461 signal mass hypotheses133
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FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays.

with a scan step size equal to the signal resolution, �. 134

The latter is determined by fitting the signal sample at 135

each simulated ALP mass with a double-sided Crystal 136

Ball function [41], and interpolating the results to the 137

remaining mass hypotheses. The resolution ranges from 138

8MeV nearma = 0.175GeV to 14MeV nearma = 2GeV, 139

and decreasing back to 2MeV near ma = 4.78GeV as a 140

result of the constraint imposed on the mass of the B±
141

meson candidate in the kinematic fit. The MC predic- 142

tions are validated using a sample of B± ! K±⇡0 and 143

B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso- 144

lutions agree with the data within 3%. 145

The unbinned likelihood fits are performed over dipho- 146

ton mass intervals, each of which has a width varying 147

between 30–70� with the constraint 0.11GeV < ma < 148

4.8GeV. The mass-dependent interval size is established 149

to be su�ciently broad as to fix the continuum back- 150

ground shape. The likelihood function includes contri- 151

butions from signal, continuum background components, 152

and, where needed, peaking components describing the 153

⇡0, ⌘ and ⌘0 resonances. The signal probability den- 154

sity function (pdf) is described by a non-parametric ker- 155

nel density function modeled from the signal MC mass 156

distribution and extrapolated between simulated mass 157

points [42]. The systematic uncertainty on the signal 158

yield derived from this procedure is estimated to be on 159

average 3% of the corresponding statistical uncertainty. 160

The continuum background is modeled by a second- 161

order polynomial for ma < 1.35GeV, and by a first-order 162

polynomial at larger masses. The shape of the peak- 163

ing ⇡0, ⌘ and ⌘0 resonances contain two components: a 164

narrow peak from B± ! K±h0 decays, and a broader 165

resonance peak originating from continuum quark pro- 166

duction. We therefore model the peaks as a sum of the 167

signal template shape and a Gaussian whose mean and 168

width are fixed by fits to MC. The normalization of each 169
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result of the constraint imposed on the mass of the B±
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meson candidate in the kinematic fit. The MC predic- 142
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B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso- 144

lutions agree with the data within 3%. 145
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4.8GeV. The mass-dependent interval size is established 149
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ground shape. The likelihood function includes contri- 151

butions from signal, continuum background components, 152

and, where needed, peaking components describing the 153

⇡0, ⌘ and ⌘0 resonances. The signal probability den- 154

sity function (pdf) is described by a non-parametric ker- 155

nel density function modeled from the signal MC mass 156
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points [42]. The systematic uncertainty on the signal 158

yield derived from this procedure is estimated to be on 159
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order polynomial for ma < 1.35GeV, and by a first-order 162
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• The coupling         predicts both ALP BF and lifetime

• Use limit on BF as function of lifetime to set limit on

gaW
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BABAR preliminary

• Improve limit on 
coupling by over 
2 orders of 
magnitude for 
many masses!

https://indico.cern.ch/event/868940/contributions/3814877/
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Summary

• Belle is often not very competitive due to trigger limitations


• BaBar is still producing DM-related papers (data taking ended 2010)


• Belle II has just started with a huge DM program

discussed today
Belle BaBar Belle II recasts

A0 ! invisible – ✏ < 10
�3

(53 fb
�1

) [1] – –

A0 ! `` – ✏ < 5⇥ 10
�4

(514 fb
�1

) [2] – –

a ! �� – – ga�� < 10
�3

GeV
�1

(0.45 fb
�1

)[3] –

A0 ! �1�2 – – – [4]

A0 ! A0h0, A0 ! �1�2 – – – [5]

A0 ! A0h0, h0 ! A0A0 ↵D✏ < 10
�9

(977 fb
�1

) [6] – – –

DM bound states – – – [7]

Z0
µ ! invisible – – g0 < 10

�1
(0.27 fb

�1
) [8] –

Z0
µ ! µµ – g0 < 10

�3
(514 fb

�1
) [9] – –

Z0
⌧ ! `` – ⇠ < 1 (514 fb

�1
) [10] – –

B ! Kh0, h0 ! ``/hh – – – [11]

B± ! K±a, a ! �� – gaWW < 10
�5

(424 fb
�1

) [12]
⇤

– –

B0 ! A0A0
BF < 10

�7
[13] – – –

B ! X`⌫H (HNL) |U |2 < 5⇥ 10
�5

(711 fb
�1

) [14] – – –

⌥(2S, 3S) ! S⇤̄⇤̄ – BF < 10
�7

(90⇥10
6
⌥(2S), 110⇥10

6
⌥(3S)) [15] – –

⌥(2S) ! ⌥(1S)⇡⇡,⌥(1S) ! � invisible BF < 10
�6

(157⇥10
6
⌥(2S)) [16] BF < 10

�6
(98⇥10

6
⌥(2S)) [17] – –

2

+many more 
(ref. in backup)
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