
Prospects for long-lived 
particle searches at Belle II.

Torben Ferber (torben.ferber@desy.de)  
on behalf of the Belle II collaboration 

European Physical Society Conference on High Energy Physics (EPS-HEP) 
30.07.2021

mailto:torben.ferber@desy.de


Prospects for long-lived particle searches at Belle II (Torben Ferber) 2

Super B-factory accelerator: SuperKEKB
• 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 (6×1035 cm-2s-1, 
50 ab-1 (50× Belle)) 

• 1.5× higher beam currents, 20× smaller 
beam spot (σy=50 nm) 

• Record: 3.12×1034 cm-2s-1 (June 22 2021)  

• Total dataset up to now: 213 fb-1

Tokyo (~50 km)

EPS @ Hamburg (~9400 km)
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Nano beam scheme.
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Super B-factory detector: 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
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Long-lived particle (LLP) signatures
Belle II Detector (Torben Ferber) 32

• LLPs from B meson decays: 

• Mediator mass limited by meson 
mass (~5 GeV) 

• Couplings to top quarks or W 
bosons (dark Higgs, ALPs) 
 

• LLPs in e+e- collisions: 

• Mediator mass limited to collision 
energy (~10 GeV) 

• Coupling to photons or leptons 
(dark photons, ALPs)

Displaced vertex with charged 
particles, pointing back to interaction 

point

Displaced vertex with charged 
particles and missing energy, not 
pointing back to interaction point

Displaced vertex with photons 
without pointing resolution.
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Long-lived particle performance
• Tracking: 

• Vertex efficiency >30% out to ~60 cm 

• Vertex resolution <100μm 

• Calorimeter (ECL): 

• Timing resolution ~2ns @ 2GeV 

• No longitudinal segmentation, coarse lateral 
segmentation → no pointing resolution 

• Trigger 

• No dedicated displaced vertex track trigger, 
but can exploit the other B for searches in B 
decays (at Belle II, B’s come from ϒ(4S)→BB̄) 

• Calorimeter triggers are efficient if there are 
electrons or photons in the final state

Bianca Scavino                                                                                                                                                                                                                                                    University of Mainz10

  Drop in efficiency (vs xy-distance)  
   as a function of BG level is more 
   severe for Λ decaying far from the  
   interaction point 

Reconstruction efficiency for different background levels 

Belle II (Simulation)
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Effect of the inner detectors on the resolution 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Effect of the inner detectors on the resolution 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Effect of the inner detectors on the resolution 

Belle II  
(Simulation)

Belle II  
(Simulation)

Belle II  
(Simulation)

current beam background levels

Λ → pπ

close to interaction within VXD within CDC

xy-distance resolution [mm] xy-distance resolution [mm] xy-distance resolution [mm]
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B→Kh’

Filimonova, Schäfer, Westhoff, Phys. Rev. D 101, 095006 (2020), arXiv:1911.03490

• h’ is long-lived 

• mxx peak hunt on small smooth 
background (x = (e), µ, π, K) 

• LHCb and Belle II complementary due to 
very different B momenta, BaBar search 
is inclusive and recast is not competitive 

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

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

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

Belle II collaboration, “Search for B+→K+νν decays using 
an inclusive tagging method at Belle II” (arXiv:2104.1262)

b W s

t h′
f

f̄

BaBar  
ππ 

μμ
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B→Kh’
• Event selection is very clean, but 

not quite at zero background 

• Mild lifetime dependence on mass 
resolution and mass asymmetries

preliminary selection
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B→Ka
• 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
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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

b su/c/t

W−

a

γ

γ

γ1

γ2

a
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B→Ka at BaBar

Shuve, ICHEP 2020, https://indico.cern.ch/event/868940/contributions/3814877/
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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!
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FIG. 4: The 90% CL upper limits on the B± ! K±a branch-
ing fraction for ma < 2.5 GeV and c⌧a between 0 and 100 mm.
The gray bands indicate the regions excluded from the search
in the vicinity of the ⌘ and ⌘0 masses.
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BABAR preliminary

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

FIG. 5: The 90% CL limits on the coupling gaW as a function
of the ALP mass (area above solid black line), together with
existing constraints [27] (shaded regions).

The 90% CL upper limits on the B± ! K±a, a ! ��256

branching fractions are plotted in Fig. 4. The limit de-257

grades at long lifetime because of the broadening of the258

signal shape and lower e�ciency. The lifetime depen-259

dence of the limit is less pronounced at higher masses260

because the ALP is less boosted and has a shorter decay261

length in the detector.262

The 90% CL limits on the ALP coupling, gaW , are pre-263

sented in Fig. 5. The limits take into account the finite264

ALP lifetime by mapping the branching fraction upper265

limit as a function of c⌧a. We determine the value of266

gaW such that the theoretically predicted lifetime and267

branching fraction correspond to the 90%-CL-excluded268

value at the same lifetime. The resulting bounds con-269

strain ALP couplings below 10�5 GeV�1, improving cur-270

rent constraints by more than two orders of magnitude. 271

At ma = 0.175 GeV, the limit on the coupling corre- 272

sponds to a lifetime of c⌧a = 50mm, while the lifetime at 273

the excluded value of gaW decreases below c⌧a = 1 mm 274

at ma = 2.5 GeV. 275

In summary, we report the first search for axion-like 276

particles in the process B± ! K±a, a ! ��. The results 277

strongly constrain ALP couplings to electroweak gauge 278

bosons, improving upon current bounds by several orders 279

of magnitude, except in the vicinity of the ⇡0, ⌘, and ⌘0
280

diphoton resonances. Our results demonstrate the sensi- 281

tivity of flavor-changing neutral current probes of ALP 282

production, which complement existing searches for the 283

direct ALP coupling to photons below the B meson mass. 284
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LONG-LIVED ALPS
• Fit has trouble disentangling lower signal tail & continuum 

background, giving larger systematic uncertainties on signal yield 
from background description

BABAR 
preliminary

• No significant 
signal, set 90% 
CL limits for 
each lifetime

• Otherwise, 
systematics 
comparable to 
before

19

https://indico.cern.ch/event/868940/contributions/3814877/
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χ1χ2

γ

χ1

e+
e-

iDM

10

Inelastic Dark Matter
Duerr, TF, Hearty, Kahlhoefer, Schmidt-Hoberg, Tunney, J. High Energ. Phys. 2020, 39 (2020), arXiv:1911.03176

e+

e−

γ

χ2

χ1

A′γ

χ1

e+, µ+, hadron

e−, µ−, hadron

A′∗

five free parameters: 
• dark photon mass mA’ (fixed relative to mχ1) 

• χ1 mass (stable dark matter candidate) (scan) 
• mass difference Δ=mχ2 - mχ1 (categorical) 
• dark coupling αD (fixed to benchmarks) 
• kinetic mixing parameter ε (limit)
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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

– 20 –
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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

– 20 –
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Inelastic Dark Matter
Duerr, TF, Hearty, Kahlhoefer, Schmidt-Hoberg, Tunney, J. High Energ. Phys. 2020, 39 (2020), arXiv:1911.03176

displaced search

invisible search

increased mass splitting
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GAZELLE

TF, Westhoff et al., contribution to Snowmass (2021), arXiv:2105.12962

Where to put GAZELLE?

beam

L-GAZELLE

Baby-GAZELLE

GODZILLA

CDC

Ruth Schäfer (Heidelberg University) GAZELLE, [2105.XXXXX] May 24th, PHENO ’21 6 / 14
LLP Benchmark models

I Clean ⌧ production
) HNLs: N

⌧�

ū, ⌫̄ f̄

N

W�

⌫⌧
Z

d, `

f

U⌧ U⌧

I Displaced vertices
) iDM: h0

e

µ
e � A0

A0

h0

µ
sin ✓

I Rare B decays
) ALPs: a B

`

a

K

`cl

FIPs’20: [2102.12143]

Ruth Schäfer (Heidelberg University) GAZELLE, [2105.XXXXX] May 24th, PHENO ’21 9 / 14

• Study “realistic” dedicated LLP detector 
near Belle II: GAZELLE* 

• Three benchmarks studied (HNL, iDM, 
ALPs) 

• No significant gain compared to Belle II 
due to moderate boost, and excellent solid 
angle coverage and low backgrounds for 
missing energy searches at Belle II

*GAZELLE is the Approximately Zero-background Experiment for Long-Lived Exotics
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Summary
• Existing LLP triggers at Belle II rely on calorimeter information, dedicated LLP 

track trigger development has started 

• Study of a possible dedicated LLP detector GAZELLE revealed excellent LLP 
sensitivity for Belle II itself 

• Multiple searches with LLPs in the final state started using the existing 200 fb-1 
Belle II dataset: B→Kh’, B→Ka, inelastic DM, dark Higgs, …
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Backup
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Inelastic Dark Matter and Dark Higgs

Duerr, TF, Garcia-Cely, Hearty, Schmidt-Hoberg, J. High Energ. Phys. 2021, 146 (2021), arXiv:2012.08595
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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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