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Search for new hidden forces / Introduction

Dark matter represents about 80% of all matters

Dark matter naturally explained by Supersymmetry, but

Absence of Supersymmetry in LHC gives new light to Dark Sector Models

Search for new hidden forces accessible to Belle
PRD 75 115017 (2007)

I Coupling of charged matter to new, dark
photon, A′, q = εe
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I Feynman diagram for the invisible decay
I A′ short or long lived

PRD 89 114008 (2014)

I Coupling of all quarks to new, baryonic
boson, B, gB =

√
4παB

I L = 1
3
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I Feynman diagrams for hadronic ω′ decay
I Above π threshold B short lived

All models point to new particles with mass of the order of MeV – GeV
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Search for new hidden forces / Introduction

Dark matter represents about 80% of all matters

Dark matter naturally explained by Supersymmetry, but

Absence of Supersymmetry in LHC gives new light to Dark Sector Models

Search for new hidden forces accessible to Belle

I Branching ratio for A′ decay

PRD 79 115008 (2008)

I Branching ratio for B decay

PRD 89 114008 (2014)
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All models point to new particles with mass of the order of MeV – GeV
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Dark gauge bosons / Introduction

Dark gauge bosons, or dark photons, A′ = γ′ = A = U, have been searched since the late 80s
and are postulated to have:

Very small couplings to Standard Model particles
Low mass: of order MeV to GeV

Recent interest in dark sector models (Unified DM) that:

Explain observed anomalies
Often introduce, in addition, a dark Higgs boson, h′, by a Higgs mechanism

6

Plot above shows astrophysical and cosmological constraints and experimental limits:

kinetic mixing (χ = ε) vs. A′ boson mass J. Jaeckel and A. Ringwald - arXiv:1002.0329v1

=> BaBar, Belle, and Belle II can cover region between a few MeV/c2 and 10 GeV/c2
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Search for the dark photon and the dark Higgs boson

Belle limits, PRL 114 211801 (2015). Production in the so-called Higgs-strahlung channels,
e+e− → A′h′, with h′ → A′A′.

A′ and h′ assuming prompt decays

mh′ > 2mA′

0.1 < mA′ < 3.5 GeV/c2 and 0.2 < mh′ < 10.5 GeV/c2
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αD : dark sector constant
ε: kinetic mixing

10 exclusive channels: 3(l+l−), 2(l+l−)(π+π−), 2(π+π−)(l+l−), and 3(π+π−), where
l+l− is an electron or muon pair

3 inclusive channels for mA′ > 1.1 GeV/c2: 2(l+l−)X , where X is a dark photon
candidate detected via missing mass

If αD = 1, Higgs-strahlung channels most sensitive to A′
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Event selection / Belle results

Reconstruction of exclusive(inclusive) lepton/hadron final states from e+e− → A′h′ → A′A′A′

3(at least 2) lepton/hadron pairs of opposite charge

Impact parameters and χ2 vertex fit cuts

Require energy conservation

Calculate invariant mass for each combination of leptons/hadrons consistent with
three(two) distinct A′ → l+l−/hadrons

Keep combinations with three masses “equal”

Plots below show signal Monte Carlo simulation events surviving selection with
mh′ = 5 GeV/c2 and mA′ = 2.19 GeV/c2

=> 20 % detection efficiency on average for all channels
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Background estimation method / Belle results

Estimate background using ”same sign” events e+e− → (l+l+)(l+l−)(l−l−)
Order masses of lepton(hadron) pairs m1

ll > m2
ll > m3

ll and plot m1
ll −m3

ll vs. m1
ll

Select region in mll and predict background there using same sign
Sideband used to normalize same sign to opposite sign
Background estimated from the number of counts in the signal regions of the same sign
distributions

I m1
ππ − m3

ππ vs. m1
ππ for 6π

I Projection on m1
ππ − m3

ππ for m1
π = 2 GeV/c2
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Number of events observed / Belle results

18.5 % of events due to 3(π+π−)
73.5 % of events due to 2(l+l−)X , where X is a dark photon candidate detected via
missing mass
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Number of events observed / Belle results

Comparison between predicted background and number of events observed
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Number of events observed after all

selection criteria are applied

Final-state Events Final-state Events
3(e−e+) 1 2(µ+µ−)(e+e−) 1
3(µ+µ−) 2 2(µ+µ−)(π+π−) 1
3(π+π−) 147 2(π+π−)(e+e−) 5

2(e+e−)(µ+µ−) 7 2(π+π−)(µ+µ−) 6
2(e+e−)(π+π−) 2 (e+e−)(µ+µ−)(π+π−) 7

2(e+e−)X 572 (e+e−)(µ+µ−)X 30
2(µ+µ−)X 20

Background: Standard Model 2γ processes
with ρ’s or ω’s in the final state

Discontinuity at 1.1 GeV/c2 due to

2(l+ l−)X

Events measured consistent with background estimation
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Belle limits / results

Belle limits for L = 977 fb−1 on B × σBorn and σBorn

I 90% CL upper limit for each of the 13 final states I 90% CL upper limit on the combined Born cross section
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Limits from 3(π+π−) and 2(e+e−)X are the first placed by any experiment

Igal Jaegle (UF) Dark Sector at Belle (II) QWG2016 11 / 18



Limits on the product of αDε
2 / results

Belle combined limits compared to BaBar combined limits

Belle limits for L = 977 fb−1 based on the Born cross section, ISR effect non negligible
BaBar limits for L = 520 fb−1 based on the visible cross section PRL 108 211801 (2012)
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(2009) 115008

Results scale nearly linearly with integrated luminosity.This bodes well for future searches with Belle II.

Igal Jaegle (UF) Dark Sector at Belle (II) QWG2016 12 / 18



Belle II prospects for the Higgs-strahlung channels

Predicted Belle II upper limits UαDε
2 in the αDε

2 vs mA′ vs mh′ plane by scaling the Belle limits
linearly with the integrated luminosity:

UαDε
2

U0
αDε

2

=
L0

L ,

where the superscript 0 corresponds to Belle values. L is integrated luminosity. The scaling uses
both statistical and systematic uncertainties.
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Belle (II) prospect for the radiative decays

Predicted Belle II upper limits extrapolated from BaBar PRL 113, 201801 (2014) (C. Hearty,
B2TIP2014)

e+e− → γA′, A′ → l+l−, with l = e or µ
Belle II will have an improve low multiplicity trigger compared to Belle
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Belle II will have a better efficiency for low momentum muon compared to Belle
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Belle (II) prospect for the radiative decays

Predicted Belle II upper limits extrapolated from BaBar PRL 113, 201801 (2014) (C. Hearty,
B2TIP2014)

e+e− → γA′, A′ → l+l−, with l = e or µ
Belle II dimuon invariant mass resolution improved by ∼ 35% compared to Belle
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Complementary to fixed target experiments
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Belle (II) prospect for the radiative decays

Predicted Belle II upper limits extrapolated from BaBar arxiv:0808.0017 (C. Hearty, B2TIP2014)

e+e− → γA′, A′ → χχ, χ light dark matter R. Essig et al. arXiv:1309.5084

Require implementation of a single photon trigger in Belle II

 (GeV)    A'm
-210 -110 1 10

  
  

ε

-410

-310

-210

e
(g-2)

σ 2±
µ

(g-2)

favored

BaBar expected

-1Belle II 50 fb

-1500 fb

-15 ab

-150 ab

Left: Belle II prediction. Right: Simulated mono-energetic photon signature for mA′ = 6 GeV/c2

Belle II is expected to have a better single photon trigger with a lower energy sum than BaBar
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Conclusion

Belle limits for prompt decays of the dark photon and the dark Higgs boson:
I 0.1 < mA′ < 3.5 GeV/c2

I 0.2 < mh′ < 10.5 GeV/c2

I We found that:
F No significant excess over the background estimation
F Belle limit improvement scales nearly linearly with integrated luminosity

Belle II will search for dark photon, dark Higgs boson, and dark light matter

With 50 ab−1, Belle II might potentially also cross-check any signals discovered by fixed
target experiments

Belle (II) can contribute to the dark sector searches
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Thanks for your attention
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