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Outline

• Search for doubly strange stable six-quark states at 
BaBar 

• Dark photon and Z′ searches at BaBar 

• Belle II status 

• Belle II projections for single photon analysis and Axion-
like particle search
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Search for a stable doubly-strange six-quark state 
at BaBar
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Six-quark states

• G. Farrar has noted that the 6-quark state uuddss [Q=0, 
B=2, S=-2] is allowed by QCD, and could be the 
astronomical dark matter. 
  - Not everyone agrees that it could be dark matter. 

• This is not Jaffe’s H-dibaryon, which had mass  
~2150 MeV and a typical weak lifetime.  
  - many unsuccessful searches. 
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G. R. Farrar, arXiv:1708.08951 [hep-ph];  
arXiv:1805.03723 [hep-ph]

EW Kolb & MS Turner, arXiv:1809.06003

R. L. Jaffe, PRL 38, 195 
& PRL 38, 617 (1977)

C. Hearty | Dark sector/dark matter searches at BaBar and outlook for Belle II | Dark Interactions BNL



• The six-quark state (S) is absolutely stable if  
  ms <  2(mp + me) = 1878 MeV. 

• Cosmologically stable if  
  1878 < ms < (mΛ + mp + me) = 2055 MeV. 

• Production in Υ decay is expected to be enhanced. 
Our search: Υ → SΛ̄Λ̄.   
  - reconstruct only the two Λ’s.  
  - look for ms < 2050 MeV in recoil.  
  - 90 x 106 Υ(2S) and 110 x 106 Υ(3S). 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Event selection

• Select two Λ  → pπ- (same strangeness) + up to 1 extra 
track (material interactions). 

• Λ satisfy proton ID, mass cut, flight significance, flight 
angle.  

• Extra energy in calorimeter < 0.5 GeV, excluding splitoffs 
from protons and clusters from possible S interactions.  
  - S interaction cross section < neutron cross section.
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aquarks and matter is expected to be similar to that97

of neutrons, albeit with reduced cross-sections. For the98

purpose of simulating the signal, we model these inter-99

actions similarly to those of neutrons. As an extreme100

alternative, we simulate hexaquarks as non-interacting101

particles, and we assign the di↵erence between these102

two models as a systematic uncertainty. To study the103

background, we generate generic ⌥ (2S, 3S, 4S) decays104

with EvtGen [22], while the continuum e+e� ! qq105

(q = u, d, s, c) background is estimated using a data-106

driven approach described below. The detector accep-107

tance and reconstruction e�ciencies are determined using108

a Monte Carlo (MC) simulation based on GEANT4 [23].109

Time-dependent detector ine�ciencies and background110

conditions, as monitored during data-taking periods, are111

included in the simulation.112

We select events containing at most 5 tracks and two113

⇤ candidates with the same strangeness, reconstructed114

in the ⇤⇤ ! p⇡�p⇡� final state with 1.10GeV < mp⇡ <115

1.14GeV. One additional track not associated with a116

⇤ candidate with a distance of closest approach from117

the primary interaction point (DOCA) larger than 5 cm118

is allowed to account for particles produced from sec-119

ondary interactions with the detector material. The120

(anti)protons must be selected by particle identification121

(PID) algorithms. This requirement, which is approx-122

imately 95% e�cient for identifying both protons and123

antiprotons, removes a large amount of background from124

four-pion final states. To further improve the signal pu-125

rity, the ⇤ flight vector is measured as the distance be-126

tween the primary interaction point and the ⇤ decay ver-127

tex. The flight significance of each ⇤ candidate, defined128

as the length of this vector dived by its uncertainty, must129

be larger than 5. The cosine of the angle between the ⇤130

momentum and the flight vector must also be greater131

than 0.9. In addition, the total energy of clusters in the132

electromagnetic calorimeter not associated with charged133

particles, Eextra, must be less than 0.5GeV. To account134

for possible interactions between the hexaquark and the135

calorimeter, the sum excludes clusters that are closer136

than an angle of 0.5 rad to the inferred S direction. More-137

over, the distance between the cluster and the proton is138

required to be greater than 40 cm to reduce the contribu-139

tion of cluster fragments. The Eextra distribution after140

applying all other selection criteria is shown in Fig. 1.141

The selection procedure is tuned to maximize the signal142

sensitivity, taking into account the systematic uncertain-143

ties related to hexaquark production and interaction with144

detector material in the calculation. The p⇡� mass dis-145

tribution obtained after applying these criteria is shown146

in Fig. 2. A total of 8 ⌥ ! S⇤̄⇤̄ candidates are selected.147

The events are then fit, imposing a mass constraint to148

each ⇤ candidate and requiring a common origin, com-149

patible with the beam interaction point within its un-150

certainty. We select combinations with �2 < 25 (for 8151

d.o.f.), retaining half of the previously selected candi-152
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FIG. 1: The distribution of the extra neutral energy, Eextra,

before performing the kinematic fit for the combined ⌥ (2S)
and ⌥ (3S) data sets, together with various background esti-

mates and signal MC predictions. All other selection crite-

ria are applied. The requirement on Eextra is indicated by

a dashed line. Continuum background is scaled from ⌥ (4S)
data using integrated luminosity; the ⌥ (2S, 3S) MC are nor-

malized using Eextra sideband data. The signal MC is nor-

malized to a branching fraction B(⌥ ! S⇤̄⇤̄) = 5⇥ 10
�7
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dates. The signal is identified as a peak in the recoil 153

mass squared against the ⇤⇤ system, m2
rec, in the region 154

0GeV2 <⇠ m2
rec

<⇠ 5GeV2. The recoil mass squared allows 155

for negative values arising from the limited resolution on 156

the reconstructed ⇤ candidates, providing a better esti- 157

mator of the e�ciency near mS ⇠ 0GeV than the recoil 158

mass. The m2
rec distribution is shown in Fig. 3a, together 159

with various background predictions and a simulated sig- 160

nal assuming mS = 1.6GeV. No events are observed in 161

the signal region. 162

The continuum e+e� ! qq (q = u, d, s, c) background 163

is estimated from the data collected at the ⌥ (4S) peak. 164

This data sample contains contributions from both con- 165

tinuum and ⌥ (4S) events. The latter is evaluated from 166

the generic ⌥ (4S) MC sample and found to be negligi- 167

ble, as those decays tend to have higher multiplicity and 168

are much more suppressed than continuum production 169

by our selection. The data collected at the ⌥ (4S) reso- 170

nance are therefore a good representation of the contin- 171

uum background. 172

The ⌥ (2S, 3S) background components are estimated 173

from the corresponding MC simulations. The contribu- 174

tions are normalized using sideband data obtained by ap- 175

plying all the selection criteria previously described but 176

requiring Eextra to be greater than 0.5GeV instead of be- 177

low that threshold. The ⌥ (2S, 3S) MC components are 178

found to underestimate the observed p⇡ yield, and we 179

adjust their overall normalizations to improve the agree- 180

ment with the data. The resulting correction factors are 181
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FIG. 2: The distribution of the p⇡ invariant mass, m(p⇡),
before performing the kinematic fit for the combined ⌥ (2S)
and ⌥ (3S) data sets, together with various background esti-

mates. All other selection criteria are applied. Continuum

background is scaled from ⌥ (4S) data using integrated lumi-

nosity; the ⌥ (2S, 3S) MC are normalized using Eextra side-

band data. Two entries per event are plotted.

then used throughout the analysis.182

A data-driven estimate of the background is also de-183

rived from the sideband data. Similarly to signal events,184

this sample contains predominantly two real ⇤ particles185

with additional (undetected) particles. Since the di↵er-186

ence in Eextra is essentially due to the interaction of those187

particles with the calorimeter, sideband data provide a188

good approximation of the expected background in the189

signal region. The corresponding recoil mass distribution190

is displayed in Fig. 3b. Both MC and data-driven meth-191

ods predict a negligible background in the signal region.192

The e�ciency as a function of the hexaquark mass is193

derived from the corresponding MC sample. For each194

mass hypothesis, we define a signal region in the m2
rec195

distribution as the symmetric interval around the nomi-196

nal hexaquark mass containing 99% of the reconstructed197

S candidates. Its typical size is of the order of 2.5GeV2.198

The e�ciency rises from 7.2% near threshold to 8.2%199

near mS = 2GeV, and is well approximated by a second200

order polynomial. The e�ciency is mainly driven by the201

detector acceptance and the ⇤ ! p⇡ branching fraction.202

The main uncertainties on the e�ciency arise from the203

the modeling of the ⌥ ! S⇤̄⇤̄ angular distribution and204

the limited knowledge of the hexaquark-matter interac-205

tions. The former varies between 4% to 15%, assessed206

by comparing the predictions based on the simplified La-207

grangian to those obtained using a phase space distri-208

bution for ⌥ decays. The latter is estimated by using209

simulations modeling the hexaquark as a neutron or a210

non-interacting particle. The corresponding uncertain-211

ties ranges from 8% to 10%. A systematic uncertainty of212
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FIG. 3: The distribution of the recoil mass squared against

the ⇤⇤ system, m2
rec, after performing the kinematic fit for

the combined ⌥ (2S) and ⌥ (3S) data sets, together with vari-

ous background estimates for (a) the Eextra < 0.5GeV signal

region and (b) the Eextra > 0.5GeV sideband data sample.

A signal spectrum assuming mS = 1.6GeV and a branching

fraction B(⌥ ! S⇤̄⇤̄) = 1 ⇥ 10
�7

is shown as an example.

Continuum background is scaled from ⌥ (4S) data using in-

tegrated luminosity; the ⌥ (2S, 3S) MC are normalized using

Eextra sideband data.

8% is included to account for the di↵erence in ⇤ recon- 213

struction e�ciencies between data and MC, determined 214

from control samples in data [24]. Both the uncertainty 215

on the ⇤ ! p⇡ branching fraction (1.6% [25]) and the 216

limited MC statistics (⇠ 1.5%) are also propagated. 217

In the absence of a significant signal, we derive 90% 218

confidence level (CL) upper limits on the ⌥ (2S, 3S) ! 219

S⇤̄⇤̄ branching fractions, scanning hexaquark masses in 220

the range 0GeV < mS < 2.05GeV in steps of 50MeV 221

(approximately half the signal resolution). For each mass 222

hypothesis, we evaluate the upper bound on the number 223

of signal events from the m2
rec distribution with a profile 224

likelihood method [26]. This approach treats the back- 225
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Eextra distribution Λ candidate mass after Eextra requirement

dominated by true Λ 

• Finally, fit both Λ’s to pdg mass and to a common 
production point in the beam spot (leaves 4 events).  

• Signal = excess in mass2 recoiling against the two Λ.  
  - ~2.5 GeV2 window centered on the ms2 hypothesis. 

BaBar preliminary BaBar preliminary
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Backgrounds

• Background sources: continuum or Υ decay. 

• Continuum: signal branching fraction of Υ(4S) is 
negligible; no background from B decay ⇒ data recorded 
at 10.58 GeV can be treated as pure continuum.  

• Υ decay: scale Υ(2S, 3S) MC so that MC + continuum 
(10.58 GeV) matches Eextra>0.5 GeV sideband. 

• Remaining background ~ 
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FIG. 2: The distribution of the p⇡ invariant mass, m(p⇡),
before performing the kinematic fit for the combined ⌥ (2S)
and ⌥ (3S) data sets, together with various background esti-

mates. All other selection criteria are applied. Continuum

background is scaled from ⌥ (4S) data using integrated lumi-

nosity; the ⌥ (2S, 3S) MC are normalized using Eextra side-

band data. Two entries per event are plotted.

then used throughout the analysis.182

A data-driven estimate of the background is also de-183

rived from the sideband data. Similarly to signal events,184

this sample contains predominantly two real ⇤ particles185

with additional (undetected) particles. Since the di↵er-186

ence in Eextra is essentially due to the interaction of those187

particles with the calorimeter, sideband data provide a188

good approximation of the expected background in the189

signal region. The corresponding recoil mass distribution190

is displayed in Fig. 3b. Both MC and data-driven meth-191

ods predict a negligible background in the signal region.192

The e�ciency as a function of the hexaquark mass is193

derived from the corresponding MC sample. For each194

mass hypothesis, we define a signal region in the m2
rec195

distribution as the symmetric interval around the nomi-196

nal hexaquark mass containing 99% of the reconstructed197

S candidates. Its typical size is of the order of 2.5GeV2.198

The e�ciency rises from 7.2% near threshold to 8.2%199

near mS = 2GeV, and is well approximated by a second200

order polynomial. The e�ciency is mainly driven by the201

detector acceptance and the ⇤ ! p⇡ branching fraction.202

The main uncertainties on the e�ciency arise from the203

the modeling of the ⌥ ! S⇤̄⇤̄ angular distribution and204

the limited knowledge of the hexaquark-matter interac-205

tions. The former varies between 4% to 15%, assessed206

by comparing the predictions based on the simplified La-207

grangian to those obtained using a phase space distri-208

bution for ⌥ decays. The latter is estimated by using209

simulations modeling the hexaquark as a neutron or a210

non-interacting particle. The corresponding uncertain-211

ties ranges from 8% to 10%. A systematic uncertainty of212
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FIG. 3: The distribution of the recoil mass squared against

the ⇤⇤ system, m2
rec, after performing the kinematic fit for

the combined ⌥ (2S) and ⌥ (3S) data sets, together with vari-

ous background estimates for (a) the Eextra < 0.5GeV signal

region and (b) the Eextra > 0.5GeV sideband data sample.

A signal spectrum assuming mS = 1.6GeV and a branching

fraction B(⌥ ! S⇤̄⇤̄) = 1 ⇥ 10
�7

is shown as an example.

Continuum background is scaled from ⌥ (4S) data using in-

tegrated luminosity; the ⌥ (2S, 3S) MC are normalized using

Eextra sideband data.

8% is included to account for the di↵erence in ⇤ recon- 213

struction e�ciencies between data and MC, determined 214

from control samples in data [24]. Both the uncertainty 215

on the ⇤ ! p⇡ branching fraction (1.6% [25]) and the 216

limited MC statistics (⇠ 1.5%) are also propagated. 217

In the absence of a significant signal, we derive 90% 218

confidence level (CL) upper limits on the ⌥ (2S, 3S) ! 219

S⇤̄⇤̄ branching fractions, scanning hexaquark masses in 220

the range 0GeV < mS < 2.05GeV in steps of 50MeV 221

(approximately half the signal resolution). For each mass 222

hypothesis, we evaluate the upper bound on the number 223

of signal events from the m2
rec distribution with a profile 224

likelihood method [26]. This approach treats the back- 225

5

Recoil mass2 distribution

Fails Eextra cut (sideband)

Final event sample

Negligible background in 
signal region, estimated 
from Eextra>0.5 events

signal for ms = 1.6 GeV,  
BF = 1 × 10-7
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• No evidence for a six-quark state in Υ → SΛ̄Λ̄.           
Upper limit on branching fraction is (1.2—1.4) × 10-7.

�10

• Efficiency 7.2%— 8.2%. Systematics:  
  - angular distribution (4%—15%),  
  - interaction cross section (8%—10%). 
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FIG. 4: The 90% CL upper limits on the ⌥ (2S, 3S) ! S⇤̄⇤̄
branching fraction for the ⌥ (2S) and ⌥ (3S) data sets, as well

as the combined sample assuming the same partial width.

ground as a Poisson process whose unknown mean is es-226

timated from the number of observed background events,227

set to zero in this instance. Systematic uncertainties are228

included by modeling the signal e�ciency as a Gaussian229

distribution with the appropriate variance. In addition230

to the contributions previously described, the limits in-231

clude an additional uncertainty of 0.6% associated with232

the uncertainty on the number of ⌥ (2S) and ⌥ (3S) de-233

cays. The results are shown in Fig. 4 for the ⌥ (2S) and234

⌥ (3S) data sets, as well as the combined sample assum-235

ing the same partial width.236

In conclusion, we performed the first search for a sta-237

ble uuddss hexaquark in ⌥ decays. No signal is observed,238

and 90% CL limits on the combined ⌥ (2S, 3S) ! S⇤̄⇤̄239

branching fraction of (1.2� 1.4)⇥ 10�7 are set for mS <240

2.05GeV. These results set stringent bounds on the ex-241

istence of a stable, doubly strange hexaquark.242
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BaBar single photon analysis

• Analysis optimized for and interpreted in terms of a dark 
photon A′ decaying invisibly.  
 
 

• On-shell A′ (mχ < mA′/2) ⇒ monoenergetic photon. 
  - Analysis not sensitive to mχ or the χ / A′ coupling. 

• Uses ~50 fb-1 recorded with single γ trigger in final BaBar 
running period. 
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Backgrounds

• e+e- → γ γ event 

• Could include additional ISR γ down beam pipe. 

• Also  e+e- → e+e- γ, neither e± in detector. 
�12

Figure 5: Event display for a typical e+e� ! �� event where a photon has slipped through a crack
in the EMC and only one photon is detected. Note the deposit in the IFR anti-aligned with the
detected photon.

In the low mass regime, the dominant background contribution is from e+e� ! ��. One
of the photons may miss the crystals in the EMC, and leave what appears to be a single pho-
ton event. However, most photons that manage to evade the EMC undetected still typically
leave some deposit in the IFR anti-aligned to the primary photon, and our IFR variables are
powerful discriminants in weeding out such events (Figure 5).165

In the high mass regime, the background is dominated by low-angle radiative Bhabha events,
e+e� ! �e+e�, where the electrons have escaped down the beampipe or otherwise. The tail
of the �� background is still significant in this region and also contributes to the background
continuum.170

Our analysis improves upon the work in BAD2008 [9] by performing a loose set of cuts,
and then utilizing a multivariate discriminator to enhance our signal e�ciency.

11

photon shower 
detected in muon 
system. Inefficiency 
produces single photon 
events. 

azimuthal gaps 
between crystals 
align with collision 
point

no efficiency in 
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sector boundaries
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BaBar exclusion region for invisible decays of a 
dark photon

• Excludes region that explains (g-2)μ. 
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C. Hearty | Dark sector/dark matter searches at BaBar and outlook for Belle II | Dark Interactions BNL



Search for muonic dark forces at BaBar 

�15

• Dark gauge boson Z′ couples only to 2nd and 3rd 
generations. Few experimental constraints.  
 
 

• No evidence for a signal (narrow peak in μ+μ- spectrum).  

final state = 4 muons

He, Joshi, Lew, Volkas, Phys. Rev. D 43, R22 (1991)

BABAR collab., “Search for a muonic dark force at 
BABAR”,  Phys. Rev. D94, 011102(R) (2016)
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• Can also interpret result in a leptonic Higgs model.  
  - tau pair final state is then preferred. 

�16

Batell, Lange, McKeen, Pospelov & Ritz, 
Phys. Rev. D95, 075003 (2017)
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Belle II status
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Belle II experiment

• Located at SuperKEKB e+e- collider. Goal is 100× data 
set collected by BaBar, 30× combined BaBar+Belle. 

• 23 countries, 100 institutions, 395 PhD physicists,  
280 graduate students.
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Phase 2 commissioning

• SuperKEKB commissioning run 
with colliding beams. April – July 
2018. Full Belle II outer detector, 
but only samples of vertex 
detectors. 

• Goals: 
  - peak luminosity >1034 cm-2s-1 
(KEKB design) to verify nanobeams  
  - check that background levels 
are safe to install vertex detectors. 
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• Per-bunch luminosity goal 
achieved with vertical size < 1μm. 

• Backgrounds are still under 
study, but are low enough to 
install vertex detectors.   
- only 1 layer of pixels available. 

• Integrated luminosity = 0.5 fb-1, 
enough to start detector 
commissioning / calibration.   

• Phase 3 commissioning starts 
March 2019.
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photons from e+e- → μ+μ-γ   

Beam size from beam-beam scans
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SuperKEKB luminosity projection
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peak luminosity by 
summer 2022

50 ab-1 by 
summer 2024

colliding beams 
with full detector 
spring 2019
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Belle II single photon analysis

• Key to improving BaBar limits at low mass is reducing 
and constraining the peaking background from  
e+e- → γγ. Should be lower than BaBar; gaps between 
calorimeter crystals are not projective. 

• Reasonable progress in using Phase 2 data to calibrate 
MC modelling of γ inefficiency in the calorimeter. Less 
work in understanding efficiency of the muon system in 
detecting γ that punch through the calorimeter. 
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• At higher A′ masses, larger calorimeter coverage 
suppresses radiative Bhabhas compared to BaBar: 
  -0.94 < cosθ* < 0.96  Belle II  
  -0.92 < cosθ* < 0.89  BaBar  

• Good trigger efficiency in Phase 2 for Eγ > 1.2 GeV. 
Will retain this low threshold for 2019. 
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Relic curves derived from 
E. Izaguirre, G. Krnjaic, P. Schuster, 
N. Toro, Phys. Rev. Lett. 115, 
251301 (2015)

Belle II Collaboration, “The Belle II Physics 
Book,” arXiv:1808.10567 [hep-ex]
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• Extrapolation to higher luminosity is not clear. Need to 
control systematic error on photon efficiency.



Projected Belle II exclusion region, 20 fb-1 
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Belle II search for Axion-like particles (ALP)

• Search for ALP decaying to γγ. 3γ 
final state, but at low mass, photons  
may overlap in the calorimeter.  

• Can appear to be e+e- → γγ in the level 1 trigger. So far, 
we have not had to prescale (Belle had 100× prescale). 
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Different experimental signatures 
for e+e- → aγ search 
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• Interesting limits are possible with a small dataset. 
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Belle II search for Z′ → invisible

• Low mass Z′ decays 100% to neutrinos.  
  - alternatively, assume 100% to χ χ̄ for all masses.  

• Select muon pair events with missing momentum vector 
pointing at barrel calorimeter, and look for a bump in the 
recoil mass.  

• Significant background from e+e- → τ+τ-.
�28C. Hearty | Dark sector/dark matter searches at BaBar and outlook for Belle II | Dark Interactions BNL

g

 G. De Pietro
g

Z’ ⌅ invisible
g

2 

Model & cross section
Cross section computed with MadGraph

assuming g’ = 10-2

Remember: ⇤ ⌅ g’2



• Difficult to exclude (g-2)μ band, even with full 
luminosity. But even a small dataset will allow us to 
set new limits. 
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5

Belle 2 expected sensitivity
- All backgrounds from previous page, for 20 fb-1 during phase 2 taken into   
  account
- Poisson “counting” 
- Expected upper limits to g’ value at 90% C.L. 
- Bad mass resolution on the signal at low masses affects final sensitivity  

µ g-2
±2σ

- Does not account for all the efficiencies (but sensitivity scale as L1/4…)
there is a minimally noticeable effect when I take into account the total efficiencies, 
however these are not final yet, so as soon as we have a final word on our selection 
criteria I will produce the next update to the sensitivity plot. 
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Summary

• BaBar has found no evidence for a stable six-quark 
bound state in Upsilon decay. 

• Belle II has started commissioning of outer detectors with 
first colliding beam data. First data with full detector will 
be March 2019. 

• Even a relatively small data set will enable interesting dark 
sector searches by Belle II. 
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Backup
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Sources of calorimeter inefficiency (in order of 
importance)
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The Belle II detector
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• Reusing solenoid, iron, part of muon system, calorimeter 
crystals. Remainder optimized for rates and high backgrounds



Beam backgrounds — the major experimental 
challenge

• Beam backgrounds are particles in the detector (typically 
low-energy 𝛾 and n) not due to the event of interest. 
Biggest source is radiative Bhabhas, e+e- → e+e-𝛾.
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tungsten shielding

e- with lower energy is 
steered into beam pipe

superconducting magnets 
steer nominal energy 

electrons in beam pipe 

trajectory of e- 
with full energy

• Despite shielding, many 1—2 MeV photons reach the detector. 



Sources of detector inefficiency
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• Plot all four μ+μ- mass combinations per event, and 
look for a narrow peak on a smooth background.
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• Simulated backgrounds, 20 fb-1. Final sample is 
almost entirely e+e- → γ γ (γ) with ≥3γ. 
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• Low mass region has both peaking and smooth 
backgrounds. Select data using two statistically 
independent cuts on BDT and θ. 
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