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Belle II and SuperKEKB



• super B-factory, located in Tsukuba, Japan 
• asymmetric e+e- collider (e- at 7 GeV, e+ at 4 GeV, 

⟨βγ⟩≈0.284) 
• commissioning run from Feb to Jul 2018 
• regular operations started in Mar 2019 
• operated around 10.58 GeV (=mϒ(4S)) 
• design luminosity 8x1035 cm-2 s-1
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➞ 40 times higher luminosity

SuperKEKB

Michel Bertemes - HEPHY Vienna

2x higher beam currents 
20x smaller beam spot

B2GM 2020/2/3 KEK 12020/2/3

PXD 

Exc.

RF Power 

up

Fill pattern 

change

(1576->2500)

~8E35cm-2s-1

~50 ab-1

by*®0.5mm
by*®0.3mm

• Almost the same results for the case of PXD exc. 2021.

• Long term (~2029)

PXD exc. 2022 (Case M1), RF upgrade 2024

Operation plan and luminosity projection

Long-term luminosities 





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

Belle II: Detector
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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 Cerenkov Counter (ARICH) 

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals, waveform sampling to measure time 
and energy (possible upgrade: pulse-shape) 
Non-projective gaps between crystals 

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

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

Magnet: 
1.5 T superconducting 

Belle II
• 0.5 fb-1 collected during commissioning run in 2018 
• 10.5 fb-1 collected in 2019 
• plan to collect 50 times more data than Belle 
• rich physics program: B and D physics, 

quarkonium, τ, low mass dark sector,…
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→ first physics paper!



Invisible Z’
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Invisible Z’
• extend SM by adding a U(1)’ group  

• new massive gauge boson Z’ couples only to leptons of 2nd 
and 3rd generation 

• Z’ coupled to Lμ-Lτ via g’ 

• focus on invisible Z’ decay produced with a pair of muons 

• invisible decay channel explored for the first time
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★ may serve as mediator between SM and 
DS 

★ may explain (g-2)μ 

★ may address anomalies in b→sμ+μ-

FIG. 1: Example of a Feynman diagram for the production of a light Z 0 boson in e+e� collisions
followed by its invisible decay to neutrinos or to dark matter

and72

�(Z 0 ! ⌫l⌫̄l) =
(g0)2MZ0

24⇡
. (3)

The branching fraction (BF) for Z 0 ! invisible is therefore given by73

BF (Z 0 ! invisible) =
2�(Z 0 ! ⌫l⌫̄l)

2�(Z 0 ! ⌫l⌫̄l) + �(Z 0 ! µ+µ�) + �(Z 0 ! ⌧+⌧�)
(4)

where the branching fraction to one neutrino species is half of the branching fraction to one74

charged lepton flavour. The reason is, of course, that the Z 0 only couples to left-handed75

neutrino chiralities whereas it couples to both left- and right-handed charged leptons. The76

expected branching ratios to neutrino decays of the Z 0 are therefore77

MZ0 < 2Mµ =) BF [Z 0 ! invisible] = 1, (5)

2Mµ < MZ0 < 2M⌧ =) BF [Z 0 ! invisible] ' 1/2, (6)

MZ0 > 2M⌧ =) BF [Z 0 ! invisible] ' 1/3. (7)

Of course in the case of kinematic accessible decays of Z 0 to dark matter particles � (�̄),78

such as Z 0 ! ��̄ if MZ0 > 2M�, one can expect that BF (Z 0 ! ��̄) = 1.79

In the second model that we take under consideration, we allow the Z 0 to couple to all80

leptons, but we also allow for charged LFV which in turn enables us to search for final state81

in which no or little standard model background is to be expected [9] [10].82

In order to check these two models, we perform a search for the following processes:83

e+e� ! µ+µ�Z 0, Z 0 ! invisible, (8)

e+e� ! µ±e⌥Z 0, Z 0 ! invisible. (9)

If one defines the distribution of the mass squared recoiling against the µµ or µe systems as84

M2
r,µµ = s+M2

µ+µ� � 2
p
sECMS

µ+µ� , (10)

M2
r,µe = s+M2

µ±e⌥ � 2
p
sECMS

µ±e⌥ , (11)
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1. INTRODUCTION7

Although the Standard Model (SM) has revealed itself as a very successful and highly8

predictive theory of fundamental particles and interactions, it can not be considered as a9

complete theory of nature due to the fact that many phenomena are not accounted for. This10

is the case for example of neutrino masses, gravity, dark matter or dark energy, just to name11

a few.12

One of the simplest way to extend the SM and include new physics is by adding an13

extra U(1)0 to the gauge group of the SM [1]. Such a U(1)0 group would give rise to an14

extra gauge boson, called a Z 0 boson, that could couple to SM particles as well to new still15

undiscovered particles, such as dark matter particles [2–5]. Since dark matter particles are16

electrically neutral and do not interact (or interact very weakly) with ordinary matter, no17

direct detection in Belle II is expected. To infer its presence in the collision data, it is crucial18

to identify specific processes that can be used to unambiguously identify the production and19

subsequent invisible decay of such a Z 0.20

Amongst the many theoretical frameworks that extend the SM particle content with the21

existence of new dark sector particles and forces, we consider here the invisible decays of a22

light Z 0 boson in two di↵erent models:23

1. A Z 0 belonging to a Lµ � L⌧ symmetry;24

2. A Z 0 which couples to all leptons, being also sensitive to some Lepton Flavour Violation25

(LFV) e↵ects.26

As far as option 1 is concerned, this model is poorly constrained experimentally at low27

masses, and the specific invisible decay topology is being investigated here for the first time.28

At the time this document is being prepared, the only similar measurement for a low mass29

dark Z 0 related to the Lµ � L⌧ symmetry was performed by the BaBar experiment for a Z 0
30

decaying to muons [6].31

Under a Lµ�L⌧ symmetry, the Z 0 boson would couple only to µ and ⌧ (and the respective32

⌫µ and ⌫⌧ ), with a new coupling constant indicated with g0, so that a search for such a boson33

resulting in a null outcome (i.e. background only hypothesis) would result in an upper limit34

to the value of g0. The BaBar experiment has provided 90% confidence level (CL) upper35

limits (UL) to g0 at the level of 10�3 for MZ0 ⇠ few MeV/c2 and at the level of 10�1 for36

MZ0 ⇠ 8 GeV/c2.37

An example of a Feynman diagram depicting how such a process would proceed including38

the invisible decay of the Z 0 is shown in FIG. 1. The interaction Lagrangian for such a model39

is given by40

L =
X

`

✓g0 ¯̀�µZ 0
µ` (1)

where the sum is extended to ` = µ, ⌧, ⌫µ,L, ⌫⌧,L including the heavy leptons and their relative41

(left-handed) neutrino species, with ✓ = �1 if ` = µ, ⌫µ,L and ✓ = 1 if ` = ⌧, ⌫⌧,L. The partial42

widths are obtained from [7]43

�(Z 0 ! l+l�) =
(g0)2MZ0

12⇡

✓
1 +

2M2
l

M2
Z0

◆s

1� 4M2
l

M2
Z0

(2)
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Invisible Z’
• reconstruct recoiling mass against μμ-pair, 

require nothing else to be in rest of event 

• look for a peak in recoil mass distribution 

• main bkgs arise from QED processes: 

μ+μ-(γ) 

τ+τ-(γ), τ➝μνν 

μ+μ-e+e-
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Fig. 2: Recoil mass spectrum of the µ+µ� sample. Simu-
lated samples (histograms) are rescaled for luminosity, trigger
(0.79), and tracking (0.90) efficiencies, and the correction fac-
tor (0.75, see text). Histogram bin widths indicate the recoil
mass windows.

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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Fig. 3: 90% CL upper limits on coupling constant g0. Dark
blue filled areas show the exclusion regions for g0 at 90% CL,
assuming the Lµ � L⌧ predicted BF for Z0 ! invisible; light
blue areas are for BF(Z0 ! invisible) = 1. The solid and
dashed lines are the expected sensitivities in the two hypothe-
ses. The red band shows the region that could explain the
muon anomalous magnetic moment (g � 2)µ ± 2� [1, 5]. The
step at MZ0 = 2mµ for the Lµ � L⌧ exclusion region reflects
the change in BF(Z0 ! ⌫⌫̄).

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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Fig. 4: Recoil mass spectrum of the e±µ⌥ sample. Simu-
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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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Fig. 5: 90% CL upper limits on efficiency times cross section
✏⇥�[e+e� ! e±µ⌥invisible]. The dashed line is the expected
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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.
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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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Invisible Z’ - LFV

• look for LFV Z’ that couples to eμ 

• model-independent search with same 
selection criteria 

• included in same publication
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Fig. 2: Recoil mass spectrum of the µ+µ� sample. Simu-
lated samples (histograms) are rescaled for luminosity, trigger
(0.79), and tracking (0.90) efficiencies, and the correction fac-
tor (0.75, see text). Histogram bin widths indicate the recoil
mass windows.

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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Fig. 3: 90% CL upper limits on coupling constant g0. Dark
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assuming the Lµ � L⌧ predicted BF for Z0 ! invisible; light
blue areas are for BF(Z0 ! invisible) = 1. The solid and
dashed lines are the expected sensitivities in the two hypothe-
ses. The red band shows the region that could explain the
muon anomalous magnetic moment (g � 2)µ ± 2� [1, 5]. The
step at MZ0 = 2mµ for the Lµ � L⌧ exclusion region reflects
the change in BF(Z0 ! ⌫⌫̄).

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

Belle II: ALPs below 200 MeV?

23

Photon fusion

ALP-strahlung
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Figure 8: Comparison of ALP production in e+e� collisions via ALP-strahlung and via

photon fusion. The left panel shows the total cross section, the right panel the di↵erential

cross section with respect to the longitudinal momentum pz.

explore with Belle II and the LHC. The LHC, on the other hand, is sensitive mostly to the

coupling ga�Z , while Belle II and SHiP directly probe the ALP-photon coupling ga�� . The

combination of these experiments will therefore allow to make significant progress in the

exploration of the ALP parameter space. Moreover, we can hope to see an ALP signal in

more than one experiment, which would potentially enable us to reconstruct its properties

and coupling structure.

5.3 Photon fusion

So far we have focused on the case that the ALP is produced in association with a highly-

energetic photon, which facilitates an e�cient reconstruction of these events. For ALPs

produced in photon fusion the situation becomes more complicated, as the transverse mo-

menta of electron and positron after the collision (and hence their polar angle) are too

small to be detectable.

Searches for ALPs produced in photon fusion are interesting for two reasons: First, as

shown in the left panel of figure 8 the total ALP production cross section from photon fusion

significantly exceeds the one from ALP-strahlung (in particular for small ALP masses), so

that photon fusion is responsible for the vast majority of ALPs produced at Belle II [22, 29].

And second, the production cross section from photon fusion peaks for small ALP momenta,

i.e. ALPs will be produced dominantly at rest (see right panel of figure 8). This means

that, in contrast to ALP-strahlung, the opening angle between the two photons produced

in the ALP decay will typically be large even for low-mass ALPs.

The signature in the Belle II detector will consist of two photons with an invariant mass

equal to the ALP mass and missing energy along the beam-pipe. The azimuthal angles of

the two photons are back-to-back in the centre-of-mass frame. The Belle II acceptance for

ALPs produced in photon fusion is high: For ma = 0.2GeV (ma = 2.0GeV) 66% (89%)

of all ALPs have both decay photons in the ECL acceptance. However, for low mass ALPs

the photon energy is small and often below a typical trigger threshold of 100MeV per

ECL cluster. Studies have shown a very large beam-induced background of low energy

ECL clusters [43], making the detection of ALPs produced in photon fusion very di�cult.

– 21 –

▸ For ALP masses below ~200 MeV, the decay photons 
are reconstructed as one ECL cluster even in offline 
analysis. Currently under study: 

▸ Untagged (electrons not seen) ALP fusion 
production has a much higher cross section and 
produces ALPs with less boost (difficult to trigger). 

▸ Shower shapes for merged cluster are different, 
MVA based reconstruction has better separation 
power (but events have to pass L1 trigger). 

▸ Pair conversion of one decay photon costs 
statistics, but yields a distinctive four particle final 
state.

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg,  
submitted to JHEP (2017), arXiv:1709.00009
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ALP-fusion

ALPs
• axion-like particles are pseudoscalar particles that couple to 

bosons and appear in different extensions to the SM 

• coupling and mass of ALPs are taken to be independent 

• simplest approach at Belle II is via two photon coupling  

photon-fusion, high QED background 

ALP-strahlung, most promising channel
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 Probing Dark Photons and ALPs at B-factories  (Torben Ferber) �17

FIG. 1. Excluded regions in ALP parameter space (figure adapted from [6, 10–12] with added

limits from [13–19]). Our bound is shown in dark blue (“SN decay”).

We focus on SN 1987a, which has already been exploited to derive a variety of limits

on ALPs. Perhaps the simplest one arises from the energy loss implied by significant ALP

emission, which would reduce the measured neutrino burst below the ⇠ 10 s observed by

neutrino detectors [20, 21] (light green region labelled SN 1987a in Fig. 1). For very light

ALPs with masses below ma < few⇥ 10�10 eV a better limit can be obtained by taking into

account that ALPs emitted from the supernova can convert into photons in the magnetic field

of the galaxy [22, 23], but no gamma-ray signal was ever detected after SN 1987a [17, 24–28]

(dark green region labelled SN 1987a)1. For heavier ALPs this does not work because the

reconversion into photons is strongly suppressed.

For su�ciently heavy ALPs with masses in the 10 keV - 100 MeV region however, an-

other process becomes possible: the decay into two photons. This possibility was analysed

1 For a future supernova the sensitivity could be improved employing Fermi-LAT [29].
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We focus on SN 1987a, which has already been exploited to derive a variety of limits

on ALPs. Perhaps the simplest one arises from the energy loss implied by significant ALP

emission, which would reduce the measured neutrino burst below the ⇠ 10 s observed by

neutrino detectors [20, 21] (light green region labelled SN 1987a in Fig. 1). For very light

ALPs with masses below ma < few⇥ 10�10 eV a better limit can be obtained by taking into

account that ALPs emitted from the supernova can convert into photons in the magnetic field

of the galaxy [22, 23], but no gamma-ray signal was ever detected after SN 1987a [17, 24–28]

(dark green region labelled SN 1987a)1. For heavier ALPs this does not work because the

reconversion into photons is strongly suppressed.

For su�ciently heavy ALPs with masses in the 10 keV - 100 MeV region however, an-

other process becomes possible: the decay into two photons. This possibility was analysed

1 For a future supernova the sensitivity could be improved employing Fermi-LAT [29].
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We focus on SN 1987a, which has already been exploited to derive a variety of limits

on ALPs. Perhaps the simplest one arises from the energy loss implied by significant ALP

emission, which would reduce the measured neutrino burst below the ⇠ 10 s observed by

neutrino detectors [20, 21] (light green region labelled SN 1987a in Fig. 1). For very light

ALPs with masses below ma < few⇥ 10�10 eV a better limit can be obtained by taking into

account that ALPs emitted from the supernova can convert into photons in the magnetic field

of the galaxy [22, 23], but no gamma-ray signal was ever detected after SN 1987a [17, 24–28]

(dark green region labelled SN 1987a)1. For heavier ALPs this does not work because the

reconversion into photons is strongly suppressed.

For su�ciently heavy ALPs with masses in the 10 keV - 100 MeV region however, an-

other process becomes possible: the decay into two photons. This possibility was analysed

1 For a future supernova the sensitivity could be improved employing Fermi-LAT [29].
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ALP decays outside of 
the detector or decays 
into invisible particles: 
Single photon final state.

Two of the 
photons  overlap 

or merge.

Three resolved, 
high energetic 
photons.

The searches for 
invisible and visible 
ALP decays veto this 
region.
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Figure 5: Illustration of the di↵erent kinematic regimes relevant for ALP decays into two

photons with Belle II.

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

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

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

of the detector acceptance.

5.2 ALP decays into two photons

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

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

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

signatures (see figure 5):

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

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

detector (resolved).

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

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

calorimeter if ma . 150MeV (merged).15

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

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

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

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

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

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

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

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

�
in the lab system that depends on the

position in the detector.

– 17 –

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

Belle II: Axion-Like Particles decaying to photons

ALPs
• different topologies according to ALP mass and coupling 

• search for 3 photons with energies summing up to beam energy and no tracks in event 

• look for peak in di-photon and recoil mass 

• bkgs: 

γγ(γ) 

e+e-(γ) 

Pγ, P=π0/η/η’, P➝γγ

13Michel Bertemes - HEPHY Vienna



ALPs

• Belle II can be competitive 
with Phase 2 dataset 

• results expected (very) soon

14

Dark Sectors at Low Energy Colliders (Torben Ferber) �29

• Background from SM is large and 
partially peaking: 

• ee→γγγ 

• ee→eeγ (early Belle II tracking 
was rather ine!cient) 

• ee→π0/η/η’γ (Form factors help)  

• ee→ωγ, ω→π0γ 

D: Visible ALP searches

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

LEP

SN1987A

electron beam dumps

proton beam dumps

heavy ionγ+invisible

Belle II expected sensitivity for the 2018 dataset (472 pb-1)

no systematic contribution 
only dominant γγ(γ) bkg 
assumption of no γγ trigger veto in barrel for 
135fb-1 projection

Michel Bertemes - HEPHY Vienna
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Dark Photon

• dark photon can couple to SM photon via kinetic mixing parameter ε 

• consider on-shell A’ decays, different experimental signatures according to mA’ 

if A’ is the lightest DS particle, decay into SM, peak in invariant mass of decay 
products 

if A’ is not the lightest DS particle, decay into DM, mono-chromatic ISR photon 

• explore invisible decay first, A’➝χ1χ2

16
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 Probing Dark Photons and ALPs at B-factories  (Torben Ferber)

BaBar: Invisible Dark Photon decays, backgrounds
�5

Unlike the Belle II electromagnetic calorimeter (see 
pictures), the BaBar calorimeter is symmetric in Φ (and 
hence has projective cracks between the crystals): 

• Excellent to measure charge asymmetries. 
• Not optimal for uniform photon efficiency.

Φ
Belle II 

Belle II 

• require one ISR photon and nothing else in the 
event 

• needs a single photon trigger (not available in 
Belle, 10% of data in BaBar) 

• bkgs: 

γγ(γ) 

e+e-γ(γ) 

cosmics 

• advantages over BaBar 

no projective cracks in ECL 

smaller boost and larger calorimeter 

KLM veto

Dark Photon

17
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Fig. 209: Projected upper limits on " for the process e+e� ! �A0, A0 ! invisible, for a

20 fb�1 Belle II data set (solid black curve).

At low A0 masses, we need to quantify the residual beam-energy photon backgrounds from

e+e� ! ��. This will require photon control samples, such as kinematically fit radiative

muon pairs, or e+e� ! �� events in which one photon is reconstructed at full energy and the

other has low energy, corresponding to a late conversion in the ECL crystal. The backgrounds

for high A0 masses are dominated by events with one photon in the backwards barrel/endcap

gap and a second near ✓⇤ = 0. The kinematically fit muon pair sample will be used to map

the photon e�ciency across this gap.

16.2.2. Search for Axion-like particles. Axions were originally motivated by the strong

CP problem and have a fixed relation between coupling strength and mass. While the axion

and its parameters are related to QCD, the coupling and mass of axion–like particles (ALPs)

is taken to be independent and can appear in a variety of extensions to the SM. ALPs are

pseudo–scalars (JP = 0�) with couplings to the di↵erent gauge bosons. The simplest search

for an ALP at Belle II is via its coupling to �� (Fig. 210) [1817]. Depending on the ALP

mass ma and the coupling constant ga�� , the ALP is long lived, producing a single photon

final state, or decays in the detector to ��, producing a three photon final state. A wide

range of ALP coupling to photons and ALP masses has been ruled by previous experiments,

but two regions in the ga��–ma plane are of particular interest for a Belle II analysis. The

first region are light ALPs with ma ⇡ 1 MeV, ga�� ⇡ (10�5 � 10�6) GeV�1 which is out of

reach for beam–dump experiments and only disfavoured by model–dependent limits from

cosmology. The second region are heavier ALPs with 0.1GeV. ma . 10 GeV. Hypercharge

couplings are excluded for gaBB ⇡ (10�2 � 10�3) GeV�1 by re–analysed LEP data, where

the weaker limit is for coupling to photons only.

568/689

Eγ =
s − m2

A′ 

2 (s)

Michel Bertemes - HEPHY Vienna



Conclusion
• broad and active program of DS physics at Belle II 

• available phase-space is probed with many different models 

• further analysis include Higgsstrahlung, LLP,…(some target ICHEP) 

• first results published 

• much more to come



Backup



• extend SM by adding a U(1) group  
• new minimal model includes dark photon (A’ boson), coupled to SM ɣ via kinetic mixing parameter ε 
• introduce in analogy to SM a spontaneous symmetry breaking mechanism of U(1) with new particle, 

dark Higgs h’ 
• e+e-→A’h’ (Higgsstrahlung), distinguish different signatures according to mass hypothesis 

mh’ > 2mA’, h’ decays to A’ pair, six charged particle final state, investigated by BaBar and Belle 
mh’ < mA’, h’ has large lifetime to escape detection, 2 charged particle final state plus missing 
energy, only investigated by KLOE 
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tion of Mµµ-Mmiss masses for the combined sample. There are three values
exceeding the threshold corresponding to a 3σ excess, while 4.2 were expected
on probabilistic base. The excess significance of those points (see fig. 4) are
at the level of 3.1σ, 3.2σ and 3.4σ. In the on-peak and off-peak samples the
most significant values exceeding the 3σ threshold are at the level of 3.9σ and
3.8σ respectively (see fig. 4, left plot) These excesses, even though at quite in-
teresting level, are then lost in the combination of the two samples, becoming
fluctuations of average size.

As no evidence of the dark Higgsstrahlung process was found, 90% confidence
level Bayesian upper limits on the number of events were derived bin by bin
in the Mµµ-Mmiss plane, separately for the on-peak and off-peak samples, and
then converted in terms of αD × ε2. They are shown in fig. 5. Fig. 6 shows the
on-peak and off-peak 90% CL upper limits projected along the mU and mh′

axes after a slight smoothing to make them more readable. The different curves
in mU (mh′) correspond to different values of mh′ (mU). These results were
then combined by taking into account the different integrated luminosities of
the two samples and the respective signal efficiencies and cross sections. The
combined results are almost everywhere dominated by the on-peak sample,
because of the larger available statistics, with the exception of some very
noisy background regions. They are shown in fig. 7. These limits are largely
dominated by the data statistics. Values as low as 10−9÷10−8 of the product
αD× ε2 are excluded at 90% CL for a large range of the dark photon and dark
Higgs masses.
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Fig. 5. 90% CL upper limits in αD × ε2 for the on-peak sample (left plot) and
off-peak sample (right plot).
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