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Dark Forces
Various models exist in which dark matter arises as part of a
“dark sector” containing its own gauge interactions and particles

● Simplest scenario is to add a new U(1) gauge symmetry, with associated
charge carried by dark-sector fermions �    

– Spin-1 gauge boson “dark photon” A' can mix with SM photon, providing a
“portal” to the dark sector.   Mixing strength characterized by ε  

● Search for decay of  e+e-→ γA'  via  A' → χχ  or into
SM particles

– “visible” A' →  l+l-   , or 

– “Invisible” A' decays, with A' mass determined
from photon energy:

Alternatively, dark sector could be more complex, e.g. with specific couplings
to SM particles: 

– “Muonic dark force” coupling only to 2nd and 3rd generation leptons 
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BABAR measurements
Previous BABAR search for e+e-→ γA' with
 A' → l+l-   (l = e, μ)  using 516 fb-1 of data

● Searched for A' decaying to light leptons in the mass range
0.02 GeV < mA' < 10.2 GeV

● Placed 90% C.L. upper limit on mixing strength ε : 

Phys.Rev.Lett. 113 (2014) no.20, 201801
           arXiv:1406.2980 [hep-ex]

This talk:

Search for invisible decays of a dark photon 

produced in e+e- collisions at BABAR
Phys.Rev.Lett. 119 (2017) no.13, 131804
arXiv:1702.03327 [hep-ex] 

Search for a muonic dark force at BABAR
Phys.Rev. D94 (2016) no.1, 011102
 arXiv:1606.03501 [hep-ex]

l+

l-
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BABAR experiment

The BABAR experiment collected
data from 1999 until 2008

● 432 fb-1 ϒ(4S) “on peak”
(~470 x 106  BB pairs)

● 53 fb-1 non-resonant “off peak” 

● Smaller samples collected at the ϒ(2S)      
and ϒ(3S) energies

9 GeV 

3.1 GeV 
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Invisible A' via  e+e-→ γA'    
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Trigger requirements
Selection relies critically on existence of
single-photon trigger

– NOT what B factories were designed to
do; only implemented by BABAR
during final running period!

● L1 (hardware) :    

– 1 or more clusters with Elab > 0.8 GeV

● L3 (software):

Low Mx  (i.e. High energy photon)

Eγ* > 2GeV

No tracks originating 
from interaction region

High Mx  (i.e. low energy photon)

Eγ* > 1GeV

No tracks originating 
from interaction region

ϒ(4S)                   5.9
ϒ(3S)                  28.0
ϒ(2S)                  14.4
Off-resonance      4.2
Total                   53.0 fb-1  

ϒ(4S)                        -
ϒ(3S)                      20.0
ϒ(2S)                     14.4
Off-resonance         1.5
Total                     35.9 fb-1  

χ

χ
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Offline selection

Low Mx

● e+e-  → γγ  in which a photon
escapes detection   

     Require:

–  Eγ* > 3 GeV in range

     |cos θγ∗| < 0.6

– No drift chamber tracks with
p* > 1 GeV

– Multivariate discriminator

High Mx

● e+e-  → e+e- γ  in which the electron
and positron escape detection

     Require:

– Eγ* > 1.5 GeV  in range

       | cos θγ∗ | < 0.6

– Transverse shower shape
consistent with EM shower

– No drift chamber tracks with
            p* > 0.1 GeV

– Multivariate discriminator

Different backgrounds contribute to the low and high mass regions

 4 GeV2  <  MX
2  <  36 GeV2 24 GeV2  <  MX

2  <     69.0 GeV2     (ϒ(3S))
 63.5 GeV2     (ϒ(2S))
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Multivariate selection

Boosted Decision Tree (BDT) selector to
discriminate signal candidates

● Trained separately for low and high mass samples

● Training samples:

– Simulated signal events with uniform A' mass
distribution

– Background data events from ϒ(3S) sample
(~3 fb-1)  

12 discriminating variables:

– Cluster shape parameters for signal
candidate cluster

– Total calorimeter energy, excluding signal
candidate cluster

– Properties of the second most energetic
cluster: E*, θ*, ΔΦ*

– Properties of the IFR cluster (E*, θ*, ΔΦ*)
closest to the missing momentum direction
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Signal extraction
Selection optimized for best upper limit on A' production cross section

● Use BDT to define “Background” (RB), “Loose” (RL) and “Tight” (RT) *     
selection criteria                                                                             *  lowM only

● Background shape taken from “background” data

– Parametrized as 2nd order polynomial (sum of exponentiated polynomials) in low
(high) M region, plus Crystal Ball peaking function for peaking backgrounds

● Signal parametrized using Crystal Ball function with mass-dependent width
(determined from simulation); validated with e+e-  → γγ control samples   

9 independent samples 4 independent samples
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Signal extraction
Cross section of A' determined from unbinned extended maximum
likelihood fits to MX distribution in range  0 – 8.0 GeV

– Simultaneous fits to ϒ(2S), ϒ(3S)  and (for low-MX) ϒ(4S) samples

– Step size equal to half the mass resolution  

Low mA'

ϒ(2S)
Low mA'

ϒ(3S)
Low mA'

ϒ(4S)

High mA'

ϒ(2S)
High mA'

ϒ(3S)

e+e-  → γγ

e+e- → e+e-γ

Example fits:
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Results

No evidence of signal in fits to 116 mass
hypotheses

● Set limits on coupling ε as a function
of A' mass: 

Limits exclude the
entire region
favoured by g-2
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Muonic dark force
Motivated by various anomalies observed in the muon sector

●  g-2 discrepancy, proton radius puzzle 

● could also account for dark matter as sterile neutrinos by increasing their
cosmological abundance via new interactions with SM neutrinos.    

Search for direct production of a dark sector Z' via “Z'-strahlung” in
4 muon final state:

● Analysis based on 514 fb-1 of data, including  ϒ(4S),  ϒ(3S), ϒ(2S) 
and non-resonant data samples

– ~5% of data sample is used for analysis validation, then discarded;
analysis on remaining data sample is performed “blind” 

e+e-  →   μ+μ- Z' ,  Z' → μ+μ-   
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Signal selection
● Background is primarily from QED processes, in particular

   e+e-  →   μ+μ-μ+μ-        

● Select events with 4 tracks, including two same-sign identified muons;
veto events with additional calorimeter energy exceeding 200 MeV

● ϒ(3S), ϒ(2S)  → π+π- ϒ(1S) backgrounds rejected by vetoing events with
a di-track mass combination within 100 MeV of the ϒ(1S)

● ISR not modelled in simulation;
corrected at analysis level

● Retain events with m(4μ) within
500 MeV of nominal CM energy

● Kinematic fit of 4μ mass to CM
energy and interaction point
imposed

– no rejection applied; improves
di-muon resolution
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Di-muon mass
Consider all di-muon combinations:

 
Reduced dimuon mass:

     mR = (mμμ2 – 4mμ2)1/2

Data/MC discrepancy attributable to missing ISR in MC, but also possible
differences in  particle identification and tracking efficiencies etc

● Use measured ratio to correct signal efficiency estimate

● Signal efficiency ranges from ~35 – 50% as function of  mR  

Background dominated by 
e+e-  → μ+μ-μ+μ-  but also
 visible contributions from  
e+e-  → π+π- J/ψ  and ρ
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Signal extraction
Signal extracted via series of unbinned maximum likelihood fits to mR

– Signal, continuum and peaking background where appropriate

– Statistical significances given by Ss = sign(Nsig)(2 log (L/L
0
))1/2  

– Varying signal mass steps corresponding to 1σ of mR mass resolution,

over interval corresponding to 50σ in mR

– Veto 30 MeV region around J/ψ

● Use 5% data sample to construct background model and validate selection

Fit for mR = 

0.05 GeV

– Background parametrized as second
order polynomial above mR=0.2GeV

(arctan(ax+bx2 +cx3) for lower mass)

– Signal modelled using non-parametric
kernel density function, with shapes
from MC, interpolating between mass
points

– Validated based on J/ψ and 4μ ϒ(nS) 
peak shapes
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Results

Limit on σ(e+e- → μ+μ- Z’, Z’ → μ+μ- ) Limits (90% C.L.) on Z’ coupling

Signal is extracted separately for each data set, then results combined
to yield cross section 

● No signal observed;  cross section limits obtained at 90% C.L. at level of ~0.2 fb
below mZ' of 10 GeV

Improvement on existing limits on Z' coupling from neutrino experiments;
exclude most of region favoured by g-2 results

– No model assumptions in analysis; results more generally applicable
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Summary

● BABAR experiment continues to produce interesting physics
results, thanks to a clean, diverse and high-statistics data
samples

– Excellent environment for searches for low-mass new physics
particles, either via decays to SM particles, or in “invisible”
processes

● Recent limits obtained on invisible decays of light A' boson
aka “dark photon” in the process e+e-→ γA' 

– Complementary to earlier publication of visible decays of A'  to
light leptons

● Limits on the production of a Z' “muonic” dark boson with
couplings to 2nd and 3rd generation leptons in e+e-  →   μ+μ- Z' ,
Z' → μ+μ-         
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DIRC (PID)
144 quartz bars

11000 PMs

1.5T 
Solenoid 

EMC
6580 CsI(Tl) crystals

Drift Chamber
40  layers

Instrumented Flux Return
iron / RPCs  (muon / neutral hadrons)

e  (3.1GeV)

e  (9 GeV)

BABAR Detector

Silicon Vertex Tracker
5 layers, double sided strips
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Data sets
BABAR collected data from 1999-2008 

● 432 fb-1 ϒ(4S) “onpeak”
        (~470 x 106  BB pairs)

● 53 fb-1 non-resonant “offpeak” 

– collected ~40MeV below ϒ(4S) peak

● Samples of “narrow  ϒ” events
collected during last few months of
running:

– 122 x 106  ϒ(3S) decays  

– 99 x 106  ϒ(2S) decays 

Process     Cross section
(nb)
bb                        1.1     
cc                         1.3
light quark qq     ~2.1
ττ                          0.9
ee                       ~40
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Invisible dark photon decays
BABAR provides an excellent environment for missing energy searches

● Precisely known e+e- initial state; hermetic detector

Search for invisible decay of A' → χχ  via e+e-→ γA' 

● Final state has only a single isolated photon in the detector

● A' mass determined from photon energy and CM energy:

Phys.Rev.Lett. 119 (2017) no.13, 131804
arXiv:1702.03327 [hep-ex] 

χ

χ

A' production expected to be independent of Υ resonances, hence can
combine Υ(2S), Υ(3S), Υ(4S) and non-resonant datasets for additional
statistical power   

● Assume  A' width negligible compared to experimental resolution

● Either there is a single A' in the region 0< mA' < 8 GeV, or if more than one, then
they do not interfere
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Invisible decays Results
Cross section of A' determined as a function of assumed mass

● Total of 166 mass hypotheses fit

● Results consistent with null hypothesis

MA' = 6.21 GeV
Local significance 3.1σ
Global significane 2.6σ
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Muonic dark force results

Local significance:  4.3σ
Global significance: 1.6σ 

Most significant fit
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