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● Motivations
● B-Factories, first and second generation
● Search for dark matter portals:

– Dark photon
– Muonic forces
– Axion Like Particles

● Summary & Outlook
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Dark sector: introductionDark sector: introduction
● Many astrophysical observations provide evidence for the existence of a kind of matter that almost does not 

interact with the Standard Model (SM) particles (mostly gravitational interaction) → Dark Matter (DM)Dark Matter (DM)

Flat rotational 
curves 

v(r)=√M(r)/r

Lensing 

1) Detect the energy of nuclear recoil 

2) Detect the flux of visible particles 
produced by DM annihilation and decay 

3) DM weakly couples to SM particles 
and it can be produced in SM-particles 
annihilation at colliders

→ → In this presentation I will focus on the search at electron-positron collidersIn this presentation I will focus on the search at electron-positron colliders

How to search?
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B-Factories: the high intensity frontierB-Factories: the high intensity frontier
B-factories: dedicated experiments at e+e - asymmetric-energy colliders for the production of quantum 
coherent BB pairs → CPV studies.

e+e-  → Υ(4S) S) ) [10.58 GeV] → BB 
First generation of B-factories  First generation of B-factories  

● Clean environment → lower 
background, high resolution

● Hermetic detector with excellent PID 
capability → efficient reconstruction of 
neutrals (π0, , …), recoiling system and ), recoiling system and η, …), recoiling system and 

missing energy final states

Υ(nS) = bound state of nS) = bound state of 
b quark and b anti-quark

First generation of B-factories  First generation of B-factories  

at the PEP II collider 
(SLAC, California)

at the KEKB collider  
(KEK, Japan)
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B-Factories: the high intensity frontier (II)B-Factories: the high intensity frontier (II)
B-factories: dedicated experiments at e+e - asymmetric-energy colliders for the production of quantum 
coherent BB pairs → CPV studies.

e+e-  → Υ(4S) S) ) [10.58 GeV] → BB 
First generation of B-factories  First generation of B-factories  

● Clean environment → lower background, 
high resolution

● Hermetic detector with excellent PID 
capability → efficient reconstruction of 
neutrals ( 0, , …), recoiling system and ), recoiling system and π η, …), recoiling system and 

missing energy final states

at the KEKB collider  
(KEK, Japan)

at the PEP II collider 
(SLAC, California)

Rich physics program:

✔ Discovery of CPV in B mesons

✔ SM test, precision flavor physics

✔ Rare/suppressed/forbidden processes

✔ Search for new particles (quarkonium)Search for new particles (quarkonium)

✔ Search for light Dark Sector and mediatorsSearch for light Dark Sector and mediators

Rich physics program:

✔ Discovery of CPV in B mesons

✔ SM test, precision flavor physics

✔ Rare/suppressed/forbidden processes

✔ Search for new particles (quarkonium)Search for new particles (quarkonium)

✔ Search for light Dark Sector and mediatorsSearch for light Dark Sector and mediators

Υ(nS) = bound state of nS) = bound state of 
b quark and anti-quark

(nS) = bound state of 772 + 4S) 71 )x106 BB
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Second generation of B-Factories: SuperKEKBSecond generation of B-Factories: SuperKEKB

40x KEKB peak luminosity: L = 8·1035 cm-2 s-1

KEKB SuperKEKB

● World highest luminosity, applying the large crossing angle nano-beam 
scheme (nS) = bound state of P.Raimondi for SuperB, M. Bona et al., arXiv:0709.0451).

✔ New final focus system
✔ New Interaction 

Region
✔ New e+ damping ring
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Belle II detectorBelle II detector
● The Belle II detector has better resolution, PID and capability to cope with higher background

Belle II → x50 the data set of its predecessor!Belle II → x50 the data set of its predecessor!

7 GeV

4 GeV
1 full layer + 1/6 of DEPFET pixel detectors (PXD)

=0.28βγ=0.28=0.28βγ=0.28
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Belle II data taking planBelle II data taking plan
Phase 2: April 26th– July 17th 2018Phase 2: April 26th– July 17th 2018  

● Partial VXD installed (one ladder per each layer)
● Verify nano-beam scheme, commission the detector and 

the machine
● Lower backgrounds, flexible hardware triggers and 

passthrough software trigger
● Max peak luminosity 0.5 x 1034  cm-2 s-1

● 0.5 fb0.5 fb-1-1 collected → suitable for Dark Searches collected → suitable for Dark Searches

Phase 3: March 2019 – ...Phase 3: March 2019 – ...
● VXD detector installed

→ 4 full layers of silicon strips 

→ 1 full of pixels +1/6  

(installation finalized ~2021) 
● ~6.5~6.5 fb fb-1-1 collected  collected during spring runs

Expected ≤20 fb-1 by end of the year, ≤200 fb-1 by summer 2020 

 → → FINAL GOAL : 50 abFINAL GOAL : 50 ab-1-1

WE ARE HERE
(βy* squeezing: 2→1 mm 

and beam currents ~300 mA)
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Panoramic view on dark searchesPanoramic view on dark searches

Hidden Sector

Portal XPortal X

Possibility of light dark 
sector motivates the search 
for DM mediator X:

arXiv: 1707.04591
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Panoramic view on dark searches: dark portalsPanoramic view on dark searches: dark portals

Hidden Sector

Portal XPortal X

Possibility of light dark 
sector motivates the search 
for DM mediator X:

➢   Scalar portal ( dark scalar/Higgs)

➢ Vector portal (dark photon A’, Z’ boson)Vector portal (dark photon A’, Z’ boson)

➢ Neutrino portal (sterile neutrinos)

➢ Pseudo-scalar portal (ALPs, axions) Pseudo-scalar portal (ALPs, axions)  

Early luminosity 
benchmark

arXiv: 1707.04591
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The dark photon The dark photon 
● A possible U(1) extension of the SM include a new massive (mA’) 

gauge boson A’ of spin = 1 coupling to the SM through the 
kinetic mixing with strength ε → the dark photondark photon 

● At e+e- colliders we investigate the ISR production ee++ee-- →  → γγ A’ A’.

● If   mA’< 2m  χ  → A’ decays visibly to SM particle (leptons)
● If   mA’ > 2mχ    →  → A’ decays 100 % invisibly into DM particle,  

ee++ee--→→γ=0.28γ=0.28A’, A’ → A’, A’ → χ χ  χ  χ 

514 fb-1                         sensitivity studies

53 fb-1                  early Phase 3 benchmark 
  (~ 20 fb-1 good quality data)
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Dark photon to invisibleDark photon to invisible
● Signal Signature: 

– select events with NOTHING but a single high energetic ISR photon
– Look for a bump in the reconstructed photon energy Eγ=0.28= (s – m2

A’)/2√s
→ only one photon in the detector requires a dedicated single photon trigger single photon trigger 
(at Belle was not available, at BaBar was available only on ~10% data)

Discriminant variables: E*
γ=0.28, θγ=0.28

Belle II Phase 3 (Design)Belle II Phase 3 (Design)
Belle II Signal MC

Bhabha

Effect of selection on E*(θ) for background rejection

(veto clusters above 300 MeV)
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Dark photon to invisible: backgroundsDark photon to invisible: backgrounds
● Background dominated by QED processes:

– ee++ee-- → → (nS) = bound state of ) γ=0.28γ=0.28 γ=0.28(nS) = bound state of ) γ=0.28γ=0.28 γ=0.28 where one photon is not detected (ECL 
gaps) or out of acceptance (dominating low mass 
region)

– radiative Bhabha ee++ee-- →  → ee++ee--  (nS) = bound state of ) γ=0.28 γ=0.28(nS) = bound state of ) γ=0.28 γ=0.28 with the electron-
positron pair out of acceptance (dominating high mass 
region).

ee++ee-- → →  ννγ=0.28 ννγ=0.28 negligible

● Optimize the analysis separately in the Low Mass 
region, MX

2 < 36 GeV2 , and High Mass region,   
24 < MX

2 < 69 GeV2.

● BDT discriminant trained on 12 variables (signal  
cluster shape, cluster properties, additional energy 
deposited in the calorimeter, etc)

● Optimize analysis in model independent approach
● Interpret results for dark photon decay ( , MƐ, M  A’ )

Simulation studies at Belle II
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Invisible dark photon sensitivityInvisible dark photon sensitivity

➢ No ECL cracks pointing to the Interaction region
➢ KLM can compensate ECL photon detection gap
➢ Better hermeticity (smaller boost =0.28βγ=0.28 , larger acceptance)
➢ Improved L1 trigger lines

αD = 0.5, m
 χ  χ ==  mmΑ’/3  

Phys. Rev. Lett. 119, 131804 (2017)
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Muonic dark forces: Muonic dark forces: LL
μμ
-L-L  τ  τ modelmodel

● New gauge boson Z’ coupling only to the 22ndnd and 3 and 3rdrd generation of leptons (LLμμ-L-Lτ τ  )
– May explain the (g-2)  μ  anomaly 
– May solve the light DM puzzle (e.g. sterile neutrinos, Dirac light fermions)
– May explain anomalies observed in rare B decays, B→ K* , Rμ μ K(*)

● Search for the process 
e+e--→ μ +μ -Z’ , Z’→ l, ν, Χ

● Muonic dark force at BaBar: visible final state to two muons 
● Search for a di-muon invariant mass peak in  e+e-→ μ +μ -μ +μ - 

Backgrounds: 
● QED combinatorial
● Resonant e+e-→ π+π- J/ψ (nS) = bound state of → 

μ+μ--)
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Z’ to invisibleZ’ to invisible

If LDMA is accessible, BR(Z’→ DM)~1

   Invisible signature investigated for the first time in the process

e+e-→ μ +μ -+ missing mass
● Search for a peak in the recoil mass spectrum against a μ+μ- pair in event 

where NOTHINGNOTHING else is detected.
● Background from QED processes that can mimic the final state of 2 muons + 

missing mass because of acceptance or undetected particles:

  e+e- → τ +τ - (nS) = bound state of )γ=0.28 , e+e- → μ+μ- (nS) = bound state of ), γ=0.28  e+e- → μ+μ-e+e-

Shuve et al. (nS) = bound state of 2014), arXiv:1403.2727
Altmannshofer et al. , arXiv:1609.04026

MadGraph 5 Simulation 
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Z’ to invisible: results and prospectsZ’ to invisible: results and prospects

Phase 2 resultsPhase 2 results

Paper under collaboration wide reviewPaper under collaboration wide review

To be submitted to PRLTo be submitted to PRL

→  only 276 pb-1 usable 
due to trigger conditions
→ No excess observed 

Phase 3 prospectsPhase 3 prospects
● Reduced systematic 

uncertainty (3%)
● Lint=5, 50 ab-1



L.Zani, Missing mass searches at B-Factories – Venice, 2019.11.21 18

LFV Z’ to invisibleLFV Z’ to invisible
● Could couple to different families of lepton (only e-μ coupling investigated)
● Look for a peak in the mass distribution of the recoil against a e  pairμ 

● Byproduct of the standard Z’ search, with minimal adjustment
● Model independent search: constrain (nS) = bound state of Ɛxσ) product with 90% CL upper limit

Galon et al. https://doi.org/10.1007/JHEP05(nS) = bound state of 2017)083
Galon et al, https://doi.org/10.1007/JHEP03(nS) = bound state of 2017)064

https://doi.org/10.1007/JHEP05(2017)083
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Axion Like Particles (ALPs)Axion Like Particles (ALPs)
● Axion Like Particles are pseudo-scalars 

coupling mainly to bosons
● Unlike for QCD Axions, there is no relation 

between the coupling and the mass
● Explored photon coupling gaγ=0.28γ=0.28 in ALP-

strahlung processes (photon fusion: 
sensitivity under study)

● τ  ~ 1/ma
3g2

aγ=0.28γ=0.28

– Displaced vertex
– Long-lived particle 
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ALPs: experimental signatureALPs: experimental signature
● Signal signatures: 3γ=0.28 final state, several topologies → 4 categories 
● ALPS may also decay to invisible (DM) → single photon topology

Backgrounds: ee++ee-- → → (nS) = bound state of ) γ=0.28γ=0.28 γ=0.28(nS) = bound state of ) γ=0.28γ=0.28 γ=0.28 and pair conversion  
 → γ=0.28 → γ=0.28 ee++ee--    outside the tracking volume
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ALPs: sensitivityALPs: sensitivity

JHEP(2017)17:94.

JHEP(2017)17:94.

➢  No systematic contribution yet in the sensitivity
➢ Only dominant e+e- → (nS) = bound state of )  background includedγ=0.28γ=0.28 γ=0.28

➢ 135 fb-1 assumes no γ=0.28   veto in the barrelγ=0.28
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SummarySummary

→ → First Belle II physics results are coming soon!First Belle II physics results are coming soon!
● Phase 2 (2018) pilot run showed good results for the 

machine and detector commissioning. The 0.5 fb0.5 fb-1-1  
collected data have been used for Dark Searchescollected data have been used for Dark Searches

● Phase 3 started in March 2019, 6.5 fb6.5 fb-1-1 available: 
rediscover resonances, B and charm physics.

→ → New analyses New analyses started!

A rich dark sector program is under investigation at Belle II which has a 
unique potential for searches never done before. 
→ Interplay with theory is crucial to connect with direct searches 
and effectively constrain dark sector models.
More references in The Belle II Physics Book, arXiv:1808.10567 

● Visible Dark Photon
● Υ(1S) to invisible
● Muonic dark forces
● Dark scalars / Higgstrahlung
● Magnetic monopoles
● Long-lived particles
● …), recoiling system and 

● (LFV) Z’ to invisible search to be 
submitted soon to PRL

● ALPs search ready for box opening

● Invisible dark photon (high priority 
with ~20 fb-1 good data)

● Expected by 2020

Ph
as
e 

2
Ph

as
e 

2
Ph
as
e 

3
Ph
as
e 

3

● BaBar pioneered missing mass searches at B-Factories (dark photon to invisible), constraining the 
kinetic mixing strength down to 10-4-10-3 for the mass range < 8 GeV
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BackupBackup
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First generation B-Factory: BaBar experimentFirst generation B-Factory: BaBar experiment
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Production cross section at Production cross section at ΥΥ(4S)S))(4S)S))

The Belle II Physics 
Book, arXiv:1808.10567 
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SuperKEKB NumbersSuperKEKB Numbers
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Belle II Performances in Phase 2Belle II Performances in Phase 2
✔ Nano-beam scheme works

✔ L = 5.5·1033 cm-2 s-1

✔ Collected 0.472 fb-1 

Vertical beam size Longitudinal IP position
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Belle II Performances in Phase 2: photon reconstructionBelle II Performances in Phase 2: photon reconstruction
π0→γ=0.28γ=0.28e+e-→μμγ=0.28

 e+e-→  X   γ=0.28

 e+e-→  ALPS → (nS) = bound state of )γ=0.28 γ=0.28 γ=0.28γ=0.28

After just ONE DAY of data taking!After just ONE DAY of data taking!
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Belle II Phase 3 snapshotBelle II Phase 3 snapshot

D0 lifetime

π0, η, …), recoiling system and →γ=0.28γ=0.28

τ = (nS) = bound state of 370 ± 40) fs
PDG average: 
(nS) = bound state of 410.1 ±  1.5) fs

FEI, B tagging
● Important B factory 

techniques to 
reconstruct decay 
with neutrinos and do 
inclusive searches
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Dark Photon to visible Dark Photon to visible 

● QED backgrounds: eQED backgrounds: e++ee-- → →ee++ee- - (nS) = bound state of (nS) = bound state of μ+μ- ))  , γ=0.28, γ=0.28   ee++ee-- → (nS) = bound state of →γ=0.28γ=0.28 γ=0.28 → (nS) = bound state of →γ=0.28γ=0.28 γ=0.28 ee++ee-- ) )

→ neural network optimized selection (angular variables, electron flight 
length)

● Use simulated templates to model the signal shape
● Extract the signal yield by fitting the dielectron (muon reduced mass, 

mR= √(m2
 μμ -4m2

μ ), easier to model at threshold) → obtain 90% CL 
exclusion limits

Expected improvement of BaBar limits ( ~10-4 mixing 
strength) due to better mass resolution (factor 2) and L1 
trigger performances on two-track events (factor 1.1-2.2).

Belle II Physics Book, arXiv:1808.10567

● Search for a peak in the dilepton ( l= e, μ) invariant mass, in the range 0.02 
< MA’ < 10.2 GeV/c2 (all available CM energies used)

● Select two oppositely charge tracks and a photon with energy E
γ
 > 200 MeV 
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Invisible Dark Photon at BaBarInvisible Dark Photon at BaBar
Phys. Rev. Lett. 119, 131804 (2017)
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Z’ to invisible: analysis overviewZ’ to invisible: analysis overview
● Look for a peak in the recoil mass spectrum 

against a μ +μ - pair  (dimuon candidate) in 
event where nothing else is detected.

● Reject QED background by applying a signal-like 
selection on the distribution of the transverse 
momentum of the dimuon candidate pTμμ 

● e+e- → (nS) = bound state of )τ τ γ=0.28  is the main source of background 
contamination:
– dedicated  suppression optimized by τ 

maximizing Punzi Figure Of Merit
● Intense program of data validation studies and systematic effects 

evaluation on 2018 data (Phase 2, 0.5 fb-1)+ estimation of sensitivities 
● Extract the signal yield by applying a Poisson counting experiment 

technique for each recoil mass bin
● Compute 90% CL upper limit in each mass bin defined for the simulated 

Z’ masses.

FOM
Punzi 

= (t)/(a/2 + ε(t)/(a/2 + √B(t))
a= 1.64 (90% CL)

Before  τ 
suppression
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Z’ to invisible: Z’ to invisible: τ τ  suppression procedure suppression procedure
● Z’ production is a final state radiation from a μ leg
●  background is generated from undetected τ ν’ss 

from both legs 
● Different asymmetry in the event topologies
● Discriminant variables which can quantify this 

different level of asymmetry:
– Projection of the transverse recoil momentum onto the 

direction of the maximum/minimum lepton momentum
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