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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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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.
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Figure 3: Histograms of various observables for our signal (top left: invariant mass of

the lepton pair, top right: opening angle of the lepton pair, bottom left: maximum lepton

energy, bottom right: photon energy). Note that the opening angle is given in the Belle II

lab frame, whereas the maximum lepton energy and the photon energy are given in the

centre-of-mass frame in this figure and in the text. In the lower right panel, the curves for

� = 0.4 m�1 and � = 0.1 m�1 for mA0 = 1GeV completely overlap.

ECMS(�) > 0.1 GeV and a maximal rapidity of the photon ⌘max = 2.028698 in the centre-

of-mass frame.

We point out a number of relevant features:

• The invariant mass of the di-lepton pair must satisfy the requirement m`+`�  �

and typically peaks at around half of this value.

• The opening angle of the di-lepton pair in the laboratory frame depends sensitively

on the boost (and hence the mass) of �2, i.e. lighter �2 will have higher boost and

hence lead to smaller opening angles of the di-lepton pair.

• The maximum lepton energy is a combination of the two previous e↵ects, i.e. it

increases both with the mass splitting and with the boost of the �2.

– 12 –
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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 with Dark Higgs theory paper in preparation
M. Duerr, TF, C. Hearty, C. Garcia-Cely, K. Schmidt-Hoberg (in preparation)
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Figure 1: The Feynman diagram depicting the displaced fermion signatures in the context

of the inelastic DM scenario with a dark higgs h’.

The scalar sector: After symmetry breaking, the scalar field � and the neutral com-

ponent of the Higgs doublet mix and acquire non-zero vacuum expectation values (vev).

Hence, in the unitary gauge

H =

 
0

vH+cos ✓ h̃+sin ✓ �̃p
2

!
and � =

v� � sin ✓ h̃+ cos ✓ �̃p
2

. (2.3)

The parameters of the Lagrangian can be expressed in terms of physical masses and the

mixing angle as

�H =
m

2
h
cos2 ✓ +m

2
�
sin2 ✓

2v2
H

, �� =
m

2
h
sin2 ✓ +m

2
�
cos2 ✓

2v2
�

, (2.4)

 =
(m2

�
�m

2
h
) sin 2✓

2 vH v�
.

For convenience we commit a small abuse of notation, and from now on also label the mass

eigenstates with h and �, where mh = 125 GeV.

The gauge sector: The most general renormalisable Lagrangian for the SM with a new

U(1)X gauge boson X̂ with mass m
X̂

is given by

L = LSM � 1

4
X̂µ⌫X̂

µ⌫ +
1

2
m

2
X̂
X̂µX̂

µ � ✏

2cW
X̂µ⌫B̂

µ⌫
, (2.5)

where the SM Lagrangian contains

LSM � �1

4
B̂µ⌫B̂

µ⌫ � 1

4
Ŵ

a

µ⌫Ŵ
aµ⌫ +

1

2
m

2
Ẑ
ẐµẐ

µ
. (2.6)

We denote the gauge fields (and the corresponding masses) in the original basis before

diagonalisation by hats, such that B̂µ⌫ , Ŵµ⌫ , and X̂µ⌫ are the field strength tensors of

U(1)Y , SU(2)L, and U(1)X , respectively. We choose to normalize the kinetic mixing

– 2 –
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Inelastic Dark Matter with a Dark Higgs

M. Duerr, TF, C. Hearty, C. Garcia-Cely, K. Schmidt-Hoberg (in preparation)

work in progress
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�D=0.1 �=0.0005 f=0.28 (m�2/m�1=2) �=0.0001 mA'/mDM=4

m
D

M
(G

e
V
)

R� <1 cm 20 < R� < 60 cm R� > 150 cm

R�2 <1 cm 1 2 3

20 < R�2 < 60 cm 4 5 6

R�2 > 150 cm 7 8 9

Table 1: Region numbering.

R� <1 cm 20 < R� < 60 cm R� > 150 cm

R�2 <1 cm 4 IP trk, 2 e clst, 2 mip clst 2 IP trk, 2 e clst, 2 mip clst 2 IP trk, 2 e clst

20 < R�2 < 60 cm 2 IP trk, 2 e clst, 2 mip clst 0 IP trk, 2e clst, 2 mip clst 0 IP trk, 2 e clst, 0 mip clst

R�2 > 150 cm 2 IP trk, 0 e clst, 2 mip clst 0 IP trk, 0 e clst, 2 mip clst 0 IP trk, 0 e clst, 0 mip clst

Table 2: Simplified description of decay topologies for the di↵erent regions.

3.2 Triggers

We consider the following triggers, to be able to cover the various interesting regions

discussed below. The trigger conditions are approximately the combined Belle II hardware

and software triggers.

• 2 GeV energy: Requires at least one calorimeter cluster with ECMS > 2GeV and

20� < ✓lab < 139� 22� < ✓lab < 139.3�. Only the electrons coming from the �2 decay

can potentially deposit this amount of energy (they hardly ever will pass this trigger),

which is not possible for the muons from the � decay. This trigger does not work for

a displacement larger than the radius of the electromagnetic calorimeter, which we

take to be RECL = 1.35m.

• Three isolated clusters: Requires at least three isolated calorimeter clusters with

a minimum distance of dmin = 30 cm. At least one of the three clusters needs to have

Elab > 0.3GeV Elab > 0.5GeV (which can only be deposited by the electrons from the

�2 decay), and there need to be two additional clusters with Elab > 0.18GeV, which

can be either electrons or muons. All three clusters need to have 20� < ✓lab < 139�

18.5� < ✓lab < 139.3�. This trigger will potentially be prescaled for the full Belle II

data set.

• Four isolated clusters: Requires at least four isolated calorimeter clusters with

a minimum distance of dmin = 30 cm with Elab > 0.10GeV Elab > 0.18GeV, which

can be either electrons or muons. All four clusters need to have 20� < ✓lab < 139�

18.5� < ✓lab < 128.7�. At least one of the four clusters needs to have Elab > 0.3GeV.

• Two tracks: Requires two tracks with a transverse momentum pT > 300MeV each

and 30� < ✓lab < 130� 38� < ✓lab < 127�, as well as an azimuthal opening angle at

the interaction point in the lab system �' > 90�. We assume this trigger is not

e�cient beyond a radius of Rmax = 1 cm Rmax = 16 cm.

– 5 –

prompt

invisible

displaced

• Trigger is very challenging and efficiency varies over the 
parameter space: 

• three isolated clusters (one > 500 MeV) 

• four isolated clusters (> 180 MeV) 

• two tracks with large opening angle (prompt only) 

• three tracks (prompt only) 

• proposed: displaced vertex trigger (20<R<60cm, pt > 100 MeV)
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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

analysis in preparation (new PhD starting soon)

Belle II Detector (Torben Ferber) 13

γ

ALP

γ γ

a



Long-lived particles at Belle II. (Torben Ferber) 12

Long-lived ALPs

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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It should be noted that while the dominant physics background for this study comes

from e+e� ! ��(�) events, the largest fraction of the trigger rate for trigger thresholds

. 1.8GeV is due to radiative Bhabha events e+e� ! e+e��(�) where both tracks are out

of the detector acceptance.

5.2 ALP decays into two photons

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

between mass and coupling of the ALP. This relation a↵ects both the decay length of the

ALP and the opening angle of the decay photons. It leads to four di↵erent experimental

signatures (see figure 5):

1. ALPs with a mass of O(GeV) decay promptly, and the opening angle of the decay

photons is large enough that both decay photons can be resolved in the Belle II

detector (resolved).

2. For lighter ALP masses but large couplings ga�� , the decay is prompt but the ALP is

highly boosted and the decay photons merge into one reconstructed cluster in Belle II

calorimeter if ma . 150MeV (merged).15

3. Even lighter ALPs decay displaced from the interaction point but still inside the

Belle II detector. This is a challenging signature that consists of two reconstructed

clusters, one of which has a displaced vertex and contains two merged photons. The

latter two conditions typically yield a bad quality of the reconstructed photon can-

didate which is not included in resolved searches with final state photons. There

is however enough detector activity in the ECL or KLM that these are vetoed in

searches for invisible final states to reduce high rate e+e� ! �� backgrounds.

15
This corresponds to an average opening angle of about (3� 5)

�
in the lab system that depends on the

position in the detector.
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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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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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for couplings gaγγ < 10-4  a sizeable 
fraction of ALP decays is long-lived

M. Dolan,. TF, C. Hearty, F. Kahlhoefer, K. Schmidt-Hoberg, JHEP 1712 (2017) 094
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LIMITS ON ALP COUPLING
• The coupling         predicts both ALP BF and lifetime

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

gaW

<latexit sha1_base64="tDbdCLxj4saZw2KduY5HKr6XEbo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HtzO//cS04Uo+2EnCgpgMJY84JdZJrWE/I+1pv1zxqt4ceJX4OalAjka//NUbKJrGTFoqiDFd30tskBFtORVsWuqlhiWEjsmQdR2VJGYmyObXTvGZUwY4UtqVtHiu/p7ISGzMJA5dZ0zsyCx7M/E/r5va6CrIuExSyyRdLIpSga3Cs9fxgGtGrZg4Qqjm7lZMR0QTal1AJReCv/zyKmldVP1a9fq+Vqnf5HEU4QRO4Rx8uIQ63EEDmkDhEZ7hFd6QQi/oHX0sWgsonzmGP0CfP63ejzg=</latexit>

gaW

<latexit sha1_base64="tDbdCLxj4saZw2KduY5HKr6XEbo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HtzO//cS04Uo+2EnCgpgMJY84JdZJrWE/I+1pv1zxqt4ceJX4OalAjka//NUbKJrGTFoqiDFd30tskBFtORVsWuqlhiWEjsmQdR2VJGYmyObXTvGZUwY4UtqVtHiu/p7ISGzMJA5dZ0zsyCx7M/E/r5va6CrIuExSyyRdLIpSga3Cs9fxgGtGrZg4Qqjm7lZMR0QTal1AJReCv/zyKmldVP1a9fq+Vqnf5HEU4QRO4Rx8uIQ63EEDmkDhEZ7hFd6QQi/oHX0sWgsonzmGP0CfP63ejzg=</latexit>

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

19B. Shuve, ICHEP 2020 (https://indico.cern.ch/event/868940/contributions/3814877/)
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Long-lived ALPs if production and decay have different mechanisms, 
LLPs do not necessarily come with tiny couplings

SEARCH FOR AN AXION-
LIKE PARTICLE IN       

Brian Shuve 
July 28, 2020 
ICHEP 2020

B± ! K±a, a ! ��
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AT BABAR

Zoom discussion: see link on Indico, available 19:45-20:45 CET

• no dedicated optimization in 
BaBar analysis: 

• efficiency loss from 
photon shower shape 
distortion  

• energy bias for LLP ALPsB±→K±a

https://indico.cern.ch/event/868940/contributions/3814877/
https://indico.cern.ch/event/868940/contributions/3814877/
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GAZELLE: A dedicated LLP detector for Belle II
• This is not yet an proposal or a TDR - we are currently investigating the physics reach and 

backgrounds, and are preparing a white paper in the context of the US snowmass process 

• Basic design (not studied in detail yet): 

• “Cheap” O(5×5×5)m3 detector with O(10cm) tracking and O(100 ps) timing resolutions, 
O(1m) concrete shielding, O(20m) away from Belle II IP 

• Add on option 1: high granularity calorimeter for decays into neutrals  

• Add on option 2: lead/emulsion targets (like OPERA) 

• Synchronized readout with Belle II to exploit e+e- kinematics 

• Belle II triggers GAZELLE and vice versa (maximum distance limited by L1 latency)

e.g. X Chen, Z. Hou, Y Wu (arXiv:2001.0438)

GAZELLE: “GAZELLE is the Approximately Zero-background Experiment for Long-Lived Exotics” 
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GAZELLE: Physics and backgrounds

• Benchmark models under investigation: 

• B→KS (light scalar mixing with Higgs) 

• B±→Nℓ±, B→ND±ℓ±, τ→Nπ±  (heavy 
neutral leptons) 

• ALPs 

• Light Dark Photons A’ 

• inelastic DM

• Backgrounds under investigation: 

• ,  
or  from cosmics and 
ee→μμ(γ) 

•  (decays in flight) from 
cosmics and ee→μμ(γ) 

•  from continuum and B 
decays 

• neutrons

μ + A → K0
L /K0

S /Λ + X K0
L → πππ0

K0
L → πℓν

μ → πℓν

K0
L, K0

S , Λ

easy hard
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GAZELLE simulation 500 fb-1 

any decay with at least one particle in GAZELLE

work in progress

16

Backgrounds: μ + A → K0
L /K0

S /Λ + X
• Reduction possible:  

• For beam muons (see plot): 

• veto muons in Belle II (~99%) 

• use cuts on pointing angles to 
reduce 3-body decays 

• For cosmic muons: 

• correlate with Belle II trigger 
time 

• use pointing information from 
3-body decays 

• need a muon veto on top?

Belle II

GAZELLE

co
nc

re
te
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Letter of interest for Snowmass 2021

RF6-2 Letter of Interest (LOI) for Snowmass 2021:1

Long-lived particles at Belle II2

S. Dreyer,1 T. Ferber,1, ⇤ A. Filimonova,2 C. Hearty,3, 4 S. Longo,13

R. Schäfer,5 M. Tammaro,6, 7 K. Trabelsi,8 S. Westhoff,5, ⇤ and J. Zupan6
4

1Deutsches Elektronen–Synchrotron, 22607 Hamburg, Germany5
2NIKHEF, NL-1098 XG Amsterdam, The Netherlands6

3Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada7
4Institute of Particle Physics (Canada), Victoria, British Columbia V8W 2Y2, Canada8

5Institute for Theoretical Physics, Heidelberg University, 69120 Heidelberg, Germany9
6Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221,USA10

7Jozef Stefan Institute, Jamova 39, Ljubljana, Slovenia11
8Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France12

We plan to explore the full potential of Belle II to search for GeV-scale hidden sectors with long-

lived particles. This requires the development of new search strategies for charged and neutral final

states, including new reconstruction algorithms and optimized triggers. Motivated by the particle

dark matter hypothesis, we plan to define simple models as representatives of a mechanism that

sets the relic abundance in the early universe, like co-scattering or freeze-in. Based on these models,

we predict typical signatures with long-lived particles that guide the new searches at Belle II. In

addition we plan to explore the reach of a dedicated long-lived particle project called GAZELLE.

This detector would be placed O(10m) away from the Belle II interaction point.

Belle II is expected to be able to probe phenomenologically interesting new physics scenarios with long-lived particles13

(LLPs). We plan to focus on hidden sectors of new particles in the MeV to GeV range and explore the full range of LLP14

signatures at Belle II. While such hidden sectors are predicted in many extensions of the standard model (SM) [1],15

in this LoI we base our predictions on feebly-interacting dark matter. Viable scenarios of GeV-scale dark matter16

often require suppressed couplings to standard model particles, in order to obtain the observed relic abundance from17

freeze-out via co-annihilation [2] or co-scattering [3], or from freeze-in [4]. By searching for long-lived mediators of18

such a new force at Belle II, we may learn about dark matter production in the early universe. Previous searches19

for hidden sectors at e+e� experiments have focused mostly on final states with prompt particles or missing energy.20

These categories probe mediators that are heavy and/or strongly coupled (prompt decays), or mediators that either21

decay into dark matter or are so light that they leave the detector before decaying (missing energy). Signatures with22

long-lived particles, in turn, probe mediators with displaced decays to visible particles, as they are predicted in viable23

scenarios of dark matter. Searches for visible displaced decays of long-lived mediators bridge the existing sensitivity24

gap in regions that cannot be accessed by searches for prompt decays or missing energy.25

LONG-LIVED PARTICLES IN BELLE II26

Depending on the interactions with the standard model, mediators � can be produced in different processes at27

Belle II. Mediators with lepton couplings can be produced directly through e+e� ! � [2, 3, 5, 6], while mediators28

with couplings to quarks can be produced via ⌥ decays, ⌥ ! �X [4], or in meson or decays like M1 ! M2� [7–9].29

The LLP is not necessarily the mediator of the dark force, but can also be an additional state from a larger dark30

sector, as for instance in models for inelastic dark matter [2]. The decay modes of a mediator are model-dependent31

and allow us to probe a large variety of possible interactions. We classify these in terms of the signatures we expect32

at Belle II (see Fig. 1 left). It should be noted that Belle II has very good sensitivity for fully invisible LLP decays33

(e+e� ! � + inv., B ! K⌫⌫̄, B ! inv., ⌥ ! inv., ...) [10], which sometimes offer an alternative way to look for the34

same physics.35

Belle II offers a uniquely clean environment to probe B decays with LLPs by reconstructing the full final state (see36

Fig. 1 right). On the other hand, if LLPs are produced directly in e+e� collisions, Belle II track-triggers are currently37

not sensitive to the displaced vertex. Instead the events must be triggered on associated particles such as initial-state38

radiation photons. Note that LLPs from B meson decays are generally triggered with high efficiency by the prompt39

decay products of the other B in the event, that Belle II does not have a missing energy trigger, and that Belle II40

calorimeter hardware cluster triggers are very efficient also for displaced photons (but they have no discrimination41

power on whether the event contained a displaced photon).42

43

For Snowmass Phase 2:  
“Let a hundred thousand 

flowers bloom and write white 
papers” (T. Browder)

For Snowmass Phase 1:  
LOI (1,500 in total)

Snowmass Phase 3: 
Workshop summer 2021 in 

Seattle, WA



Long-lived particles at Belle II. (Torben Ferber) 18

Summary
• First LLP analysis at Belle II have started: iDM and B→KS, aiming for publication with 

O(100fb-1) in 2021, and joining the lifetime frontier 

• Triggers for LLP low multiplicity states are a challenge, since many LLP models predict 
low momentum VOs and/or missing energy 

• Tracking and vertexing for LLPS are challenging since the Belle II reconstruction is not 
optimized for (very) off-IP tracks 

• Displaced photon identification under study, also for L1 trigger 

• GAZELLE is a possible new Belle II subdetector. We are currently working on a theory LLP 
whitepaper in the context of the US Snowmass process, including GAZELLE: Get in touch 
with Susanne and/or me if you are interested to join!
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