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Introduction
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This talk will focus on a new result shown for the first time at 
Moriond 2022: 
 

Search for the simultaneous production of a dark photon 
and dark Higgs in the dark Higgsstrahlung process.

Light Dark Matter Tau Lepton Physics

• B-factories have a unique and world-leading reach  
in searches for mediators particles and DM at the  
MeV-GeV scale.

Dark Week@KEK 2019 - M. Villanueva �15
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The B-factories 
provided a sort of 
very interesting 
results along the 
last two decades.

Belle II will not 
be the 
exception.

As the integrated 
luminosity 
increases, many 
of these results 
will be tested/
improved.

Prospects for ! studies

• B-factories are also 𝛕-factories!

• Belle II will deliver the world’s largest sample of

SM measurements and direct searches for new 
physics.

𝛕- pair events, enabling a rich program of precision
• e.g. a massive dark photon (A’) that obtains its mass  

through SSB introducing a dark Higgs boson (h’)



@ KEK 
Tsukuba, Japan

• Next generation B-factory:   e+e- → Y(4S) →       ,  √s ≈ 10.58 GeVBB̄
+ rich program of tau, dark sector and other low-multiplicity physics

• Unprecedented design luminosity of ~6×1035 cm-2s-1  

• World record inst. luminosity of 3.8 × 1034 cm-2s-1 achieved!  
(even with smaller beam currents wrt KEKB)

60

SuperKEKB Accelerator
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⇒  upgraded trigger system  
 and sub-detectors

• Increased beam backgrounds 

• βy = 0.28 (vs 0.42 @ Belle) 
 

⇒ reduced boost requiring
improved vertex reconstruction

• Solid angle coverage > 90% 
 

⇒ high hermeticity for Emiss
measurements

electrons (7 GeV)

positrons  
(4 GeV)

arXiv:1011.0352 Belle II TDR:

Belle II Detector
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Triggers
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•  Main trigger types for Tau & Dark Sector physics: 
- CDC number of full tracks 
- CDC number of short tracks 
- ECL total energy threshold 
- ECL number of isolated clusters 
- ECL low multiplicity 
- ECL di-muon

•  In the dark Higgsstrahlung analysis events are  
 required to fire the so-called “ffo” trigger: 
 

  > 2 full tracks,  pair with Δφ > 90°,  bhabha-veto

• Belle II hardware-based (Level 1) trigger combines information from CDC, ECL, TOP and KLM.  
‣ Designed to reduce rate to at most 30 kHz, while delivering ~100% efficiency for  events 
‣ Novel menu of triggers unavailable in Belle enable a compelling low-multiplicity program!

Υ(4S) → BB̄
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•  In the dark Higgsstrahlung analysis events are  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  > 2 full tracks,  pair with Δφ > 90°,  bhabha-veto

• Belle II hardware-based (Level 1) trigger combines information from CDC, ECL, TOP and KLM.  
‣ Designed to reduce rate to at most 30 kHz, while delivering ~100% efficiency for  events 
‣ Novel menu of triggers unavailable in Belle enable a compelling low-multiplicity program!

Υ(4S) → BB̄

ffo efficiency

•  Main trigger types for Tau & Dark Sector physics: 
- CDC number of full tracks 
- CDC number of short tracks 
- ECL total energy threshold 
- ECL number of isolated clusters 
- ECL low multiplicity 
- ECL di-muon



Luminosity Status and Goals
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• Since 2019 Belle II has recorded  
~286 fb-1 of data. 

• Over the next ~10 years our goal  
is to accumulate 50 ab-1  
(50 x Belle dataset).

• Aiming for a similar data sample  
size as BABAR by summer 2022.
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Dark Higgsstrahlung New for 
Moriond!

Next to minimal dark photon model   

• Dark photon (A’) couples to SM photon via kinetic mixing parameter ϵ 

• A’ mass can be generated via a spontaneous symmetry breaking  
mechanism, adding a dark Higgs boson (h’) to the theory. 
Phys. Rev. D 79, 115008 (2009) 

• No dark Higgs mixing with SM Higgs. 

• Both particles can be produced via dark Higgsstrahlung process.

Mass hierarchy scenarios  

•  :  , 4had,  + 2had ⇒ 6 charged tracks 
Investigated by BaBar (2012) and Belle (2015).  

•  :   is long-lived and thus invisible ⇒ 2 charged tracks 
Partially constrained by KLOE (2015).

mh′� > mA′� h′� → A′�A′� → 4ℓ 2ℓ

mh′� < mA′� h′�

http://www.apple.com/uk
http://www.apple.com/uk
http://www.apple.com/uk
http://www.apple.com/uk
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mh′� > mA′� h′� → A′�A′� → 4ℓ 2ℓ

mh′� < mA′� h′�

Exploring unconstrained territories at BelleII !

Belle II

http://www.apple.com/uk
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Analysis Strategy New for 
Moriond!

Detector signature  
• Looking for invisible  with ⇒  µµ + missing energy 

• 2D peak in in  vs  
 = invariant mass of the system recoiled against µµ.

h′� A′� → μ+μ−

Mμμ Mrec
Mrec

Data sample: 2019 dataset ⇒ 8.34 fb-1

Search strategy: 

•  &  are correlated ⇒ search  
in tilted elliptical mass windows  

• Spacing   resolution in the two 
directions 

• ~9000 overlapping windows 
(large look-elsewhere effect) 

• Counting experiment in each window 
(on average, 1 event in ~3 windows) 

Mμμ Mrec

α M2

Elliptical mass  
windows
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Background suppression New for 
Moriond!

Surviving backgrounds:  
• Main contributions: 

 

 (79%)  
 
 

 (18%)  
 

 (3%) 

• Mostly localised near the  
kinematic limit, especially  
for Mµµ > 9 GeV

μ+μ−(γ)
τ+τ− → μ+μ−,4ν
e+e−μ+μ−

Trigger & pre-selections: 
• Events fire ffo trigger 
• 2 good quality tracks 
• Muon ID,  GeV  
• Recoil points in ECL barrel,  

no nearby ɣ 
• ROE extra energy < 0.4 GeV

pμμ
T > 0.1

Helicity angle ( ):  
• Cut on angle b/w flight direction of A′ in  

the CMS and the µ in the A′ rest frame 
(Punzi FOM in each search window) 

• Signal eff. 10-25% for  > 4 GeV  
(rapidly drops below due to trigger)

Cη

Mμμ
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Systematic Uncertainties New for 
Moriond!

Data validation in control samples:  

• :  require an energetic photon (instead of veto)  
• :  require an electron instead of muon 
 

• Split mass-plane into orthogonal macro-regions 
 

‣ Each enriched by a single source of background 
 

‣ Data vs MC:  normalisation, bkg shape modelling,  
recoil mass resolution. 

‣ Overall good agreement observed.  
Discrepancies assigned as systematic uncertainties.

μ+μ−γ
τ+τ− → e+μ−,4ν

2 - 9.1%
9.3% (region specific)

1%

2.4% (on average)

2 - 5%

4%

2.2 - 12.7%
5.4 - 11.3%

• Almost all of the search plane is statistically limited 
(impact of systematics on ULs < 1%, see next slide) 

• Exception is MA′ > 9 GeV (~25% impact on ULs)



Results New for 
Moriond!

Search for excesses above expected background independently in the ~9k search windows

• Event counts in a single window interpreted as:

with systematic uncertainties taken into account.

• Find no significant excess above background. 
 
90% upper limits computed in a Bayesian approach on the  
cross section from 1.65 - 10.51 GeV in MA’ (Mh’ < MA’)  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World’s first ULs for  4 GeV < MA’ < 9.7 GeV 
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Results New for 
Moriond!

• Upper limits also computed in terms of the effective coupling:

World’s first ULs for 4 GeV < MA’ < 9.7 GeV 
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Paper on updated Z’ invisible search coming soon!  
• Novel “Punzi-net” approach:  Eur.Phys.J.C(2022) 82:121  
• More inclusive trigger, muonID 
• ~300 times larger dataset wrt to previous result  

PhysRevLett.124.141801

Longer term: 
• Heavy QCD axion search 
• LLP in b→s transitions 
• Single photon search 
• Dark showers 
• π+π-π0 contributing to (g-2)µ 
• + more!

Aiming for summer conferences: 
• Searches for visible Z’ with µµ and 𝛕𝛕 decays

Upcoming results from Dark Sector

http://www.apple.com/uk
http://www.apple.com/uk
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Tau Physics: search for τ → ℓα
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Figure 1. Summary of the present bounds and future projections for an ALP with generic couplings
to leptons, i.e., we set C``0 = 1 for all the couplings in Eq. (2.1). For the isotropic case we set
C

V

µe
= 0 and C

A

µe
= 1 (the opposite choice leads to the same results). In the V ± A case we set

C
V

µe
= ±C

A

µe
= 1. The gray shaded regions are excluded by the astrophysical bounds from star

cooling due to Cee and by SN1987A due to Cee and and Cµµ, see Sec. 6.1. We present these bounds
for the isotropic case. The blue shaded region corresponds to a prompt/displaced ALP. The green
solid line is the exclusion due to the bound on µ

+
! e

+
a by Jodidio et al., assuming an isotropic

ALP [9]. The green dotted (dashed) line is our recast of this bound for the V � A (V + A)
case. The sensitivity in the V � A case is worse since then the signal is suppressed in the forward
direction as much as the background. The blue solid (dotted, dashed) lines are the bounds from
the TWIST experiment on isotropic (V � A, V + A) ALP [10]. The dark orange thin solid line
is the MEGII-fwd projection for an isotropic ALP with no magnetic focusing while for the orange
thin solid line we assumed that focusing increases the luminosity in the forward direction by a
factor of 100, cf. Sec. 3.2 for details. The dark red thin solid line is the Mu3e projection from [42],
for the isotropic ALP. The sensitivity for the other chiral structures is expected to be similar since
there is no background suppression in this setup. The purple solid line is the bound from the
⌧ ! ea search by the ARGUS collaboration [43], and does not dependent on the chirality of the
ALP couplings. The purple thin line is the projected reach at Belle-II, see Sec. 5 for details. The
bound on µ

+
! e

+
� from Crystal Box is subdominant, see Sec. 4, and is not displayed for clarity.

When kinematically allowed, the couplings in Eq. (2.1) give rise to LFV decays with the

(invisible) ALP in the final state.3 The corresponding total decay width is given by

�(`i ! `j a) =
1

16⇡

m
3
`i

F
2
`i`j

 
1 �

m
2
a

m
2
`i

!2

, (2.3)

3We note in passing, that while we do not study the phenomenology of the LFV neutrino decays,

⌫i ! ⌫ja, the typical decay time for this process is shorter than the age of the Universe for the ALP decay

constants under consideration. This has interesting phenomenological consequences on neutrino cosmology

– 5 –

Light ALP:  Physics Letters B 762 (2016) 389-398• Search for LFV ,  ( ) and  is an invisible boson. τ± → ℓ±α ℓ± = e±/μ± α

Signature:  
2-body  decay will manifest as a bump in the  distribution in  
the  pseudo-rest frame, against the SM 3-body  background.

τ → ℓα pℓ
τ τ → ℓνν̄

•  could enter from several different New Physics models 
‣ light ALP, LFV Z’  + many more  

α

⇒  With 62.8 fb-1 of data, Belle II can provide world leading ULs  
 on B( ) / B( ).τ → ℓα τ → ℓνν̄

(stat+sys)



Upcoming results from Tau Physics

Paper on search for LFV 𝛕→lα expected soon! 

Aiming for summer: Tau mass measurement 
• Belle II already has comparable systematic errors  

to Belle/BABAR  
• Expect to exceed statistical precision with ~200-300 fb-1

Longer term:  
• Tau lifetime measurement,  tests of LFU 
• Vus determination in hadronic decays 
• Search for other LFV modes  ( , , ,  …) 
• Anomalous magnetic and electric moments 
• CP violation in τ→Ksπv,    + more!

τ → ℓℓℓ ℓV 0 ℓγ

arXiv:2008.04665 
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Conclusion

• Dark sector at Belle II 
• Dark-sector mediators in the MeV-GeV range are being explored at Belle II 
• New results shown for the first time at Moriond:   search for dark Higgsstrahlung (Mh’ < MA’) 

‣ world’s first upper limits on cross section and couplings for 4 GeV < MA’ < 9.7 GeV

• Tau physics at Belle II 
• Belle II will be the leading tau factory in the coming years, and may provide direct and/or  

indirect insights into new physics. 

• More results in the pipeline  
• Update on invisible Z’,  first results on 𝛕→lα,  visible Z’,  tau mass measurement, …



BACKUP



Search for τ → ℓα

• In an ideal world we would search for  in the true  rest frame, where the  spectrum is a monochromatic peak 
at the value corresponding to the  mass.

τ → ℓα τ pℓ
α

The pseudo rest frame (ps)

5/21/2019 EDUARD BURELO, BELLE II, TAU MEETING 2

• 𝐸𝜏 ≈
𝐸𝑐𝑚
2

• Direction of the W given by the opposite to the 3S direction

𝜏 → 𝑙  𝜈𝑙𝜈𝜏
𝜏 → 𝑙𝛼

𝑃3𝜋

-𝑃3𝜋
𝜏 𝜏

𝑙

𝛼

𝜃
𝜃𝑝𝑠

ντ

 channelτ → eα

• Two assumptions:

(2)  

(1)  Eτ = √s/2

Signature:  
2-body  decay will manifest as a bump in the  distribution in 
the  pseudo-rest frame, against the SM 3-body  background.

τ → ℓα pℓ
τ τ → ℓνν̄

• However we cannot access  rest frame directly due to , and so  
we approximate the signal  momentum under some assumptions 

and boost to the  pseudo-rest frame

τ ντ
τ

τ
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• Tau mass measurement in early Belle II data (8.8 fb-1)

Mmin = M2
3π + 2(Ebeam − E3π)(E3π − P3π) ≤ mτ

• Using a pseudomass technique on τ→3πv decays

F(M, ⃗P ) = (P3 + P4M ) ⋅ tan−1[(M − P1/P2)] + P5M + 1

mτ = 1777.28 ± 0.75 (stat) ± 0.33 (sys) MeV/c2
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arXiv:2008.04665 

ττ→1x3 prong

• Mmin is fitted to an empirical mass function (P1 ⇒ mτ) within 
a 1.7-1.85 GeV window:

‣ sharp threshold  
behaviour in region  
close to mτ
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Tau Mass
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FIG. 5: Primary vertex coordinates reconstructed event per event minimizing the function
(3). The nominal coordinates used in the reconstruction are here taken as reference.

where the ⌧ mass is fixed to the PDG-2020 value m⌧ = 1776.7MeV. The proper time
distribution for the 3-prong ⌧ is shown in Fig. 6.
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FIG. 6: Distribution of the reconstructed proper time for the 3-prong ⌧ .

4.1. Proper time resolution

For all the ⌧⌧ events successfully associated to MCparticles, the residual proper decay
time of the 3-prong ⌧ can be computed as the di↵erence trec � tgen between reconstructed
and generated proper times. The distribution of trec � tgen gives the proper time resolution
(Fig. 7). A maximum likelihood fit of this distribution is performed using as pdf the linear
combination of three Gaussians. In table II the optimized parameters are listed. The mean

7

• Exploit the tiny beam  
spot size near IP

⇒   estimate production vertex as the  
  intersection of p-direction with plane = IPy

• Reconstruct 3-prong vertex and estimate p𝝉 using decay products 

• Belle II has 5x higher efficiency (1x3 vs 3x3 prong @ Belle),  
and 2x better proper decay time resolution

⇒ expect competitive results with only ~150 fb-1

• Can relate proper time  
to flight distance and  
momentum in lab frame:

t =
lτ

βγc
= m

lτ
pτ

measure these!

• World-best  
measurement comes  
from Belle (711 fb-1): 
 

 𝜏𝜏 =  290.1  ±  0.53 (stat)  ±  0.33 (sys) fs Phys. Rev. Lett. 112, 031801  

B3Moriond QCD,  23/3/2022P. Rados  

Tau Lifetime
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