
Searches for a  
low-mass CP-odd  

Higgs boson at BABAR 

Higgs Hunting, July 2014 

Daphna Peimer 

Tel Aviv University 
super 

 



Possibility of a CP-odd light Higgs A0 

• Next-to-Minimal Supersymmetric Standard Model (NMSSM) predicts  
7 Higgs bosons  [Maniatis, Int. J. Mod. Phys. A25.3505] 

 

 
 

 

 

 

 

 

 

• The lightest Higgs (A0) in NMSSM may have m   < 2mb 
– Not excluded by LEP 

– Observed three anomalous events at Hyper-CP could be interpreted as an  
A0  → μ+μ-  with mass 0.214 GeV 
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NMSSM Parameter Space 

• BR( ϒ → γ A0) depends on several 
parameters, including 

– m 

• BF decreases as mass increases 

 

– The non-singlet fraction cosθA 

 

 

 
– The ratio of the VEV’s of the up- 

and down-type MSSM Higgs 
doublets 
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A0 Branching Fractions 
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•  The A0 branching ratios to lepton pairs or hadrons are dominant in different 
mass regions and tanβ values 



BABAR light Higgs searches 
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Previous results 

        ϒ(2S,3S) → γ A0,    A0→μ+μ- PRL 103, 081803 (2009)  

ϒ(3S) → γ A0,    A0 →τ+τ- PRL 103, 181801 (2009)  

       ϒ(1S) →γ A0,     A0 →invisible PRL 107, 021804 (2011)  

   ϒ(2S,3S) →γ A0,    A0 →hadrons PRL 107, 221803 (2011)  

Our newest results, and focus of today’s talk: 

ϒ(1S) →γ A0,    A0→μ+μ- PRD 87, 031102(R) (2013)  

ϒ(1S) →γ A0,    A0 →τ+τ- PRD 88, 071102 (2013)  

      ϒ(1S) →γ A0,     A0 →gg or ss PRD 88, 031701(R) (2013)  

•  Two main search types for A0 radiative decays    
  Direct from ϒ(2S,3S)  
  From ϒ(1S) , tagged from ϒ(2S,3S) → π+π- ϒ(1S) 

 



The BABAR Experiment 
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• The datasets used in the analyses 
described in this talk: 
– 117M  ϒ(3S)  

– 99M    ϒ(2S) 

– 23M    ϒ(1S)  
• from ϒ(2S,3S) → π+π-ϒ(1S) 

Nucl.Instrum.Meth. A 479, 1 (2002)  
Nucl.Instrum.Meth.A 729, 615 (2013)  



ϒ(1S) → γA0 , A0 → μ+μ- 
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• Fully reconstruct the decay chain  
                  ϒ(2S,3S) → π+π-ϒ(1S),   ϒ(1S) →γ A0,   A0 → μ+μ-  

 

 

 

 

 

 

 

 

 

 

 

 

 

• The reduced mass is calculated for each A0  candidate: 

 

 
– Twice the momentum of the muons in the A0 rest frame 
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ϒ(1S) → γA0 , A0 → τ+τ- 
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• The mass recoiling against the dipion system peaks at ϒ(1S) for signal 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• The square of the mass recoiling against the photon, in the ϒ(1S) frame is 
calculated for each A0  candidate: 
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• The signal yield is extracted by performing a series of max likelihood fits for nsig, nbkg 

– Signal PDF determined by MC, Bkg PDF is a Chebyshev polynomial 

– Scan in steps of half the signal mass resolution (btw 2 and 9 MeV) 

• Signal significance calculated according to likelihood ratio test 

 

 

 

 

 

 

 

 

 

ϒ(1S) → γA0 , A0 → μ+μ- 
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•  Largest significance: 3.62σ  at m   = 7.85 GeV 
•  Using pseudo experiments, 18.1% probability     
of observing a 3.62σ+ fluctuation 
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90% CL UL for A0 → l+l- 
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These limits set 
significant constraints 
on large sections of 
the NMSSM 
parameter space 

BR(ϒ(1S) → γA0) x BR(A0 → μ+μ-) 

BR(ϒ(1S) → γA0) x BR(A0 → τ+τ-) 

m    [GeV/c2] 

No significant signal 
through the entire 
mass region 
analyzed:  
0.212 < m    <  9.20 GeV 

A0 

9.7x10-6 

1.3 x 10-4 

0.28 x 10-6 

0.9 x 10-5 

A0 

m    [GeV/c2] 
A0 
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• The mass recoiling against the dipion system peaks at ϒ(1S) for 
signal 
 

 

• 26 gg channels are fully reconstructed 
– Out of which the ss subset channels  

contain 2 or 4 kaons 

 

 

 

 

 

 

 

 

 

 

 

 

• To improve the A0 mass resolution, the photon and A0  
candidates are constrained so that the total invariant mass  
equals the ϒ(1S) mass, and the A0  decay vertex is at the beam spot 
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• A0 mass distribution after final selection 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

• The main bkg source is from ϒ(1S) → γgg and ϒ(1S) → ggg, where the gluons 
hadronize to more than one daughter 
– A π0 from the hadronization is mistaken as the radiative photon 

 

ϒ(1S) → γA0 , A0 → gg or ss 
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PRD 88, 031701(R) (2013)  

- 



ϒ(1S) → γA0 , A0 → gg or ss 
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PRD 88, 031701(R) (2013)  
• 90% CL Upper limits are set on 

t 

 
 

 

• The red boxes denote the 
approximate range of the 
NMSSM theory predictions  
[PRD 76 051105, 2007]  
[PRD 76 075003, 2010] 

 

• Our limits exclude some 
NMSSM parameter space, 
especially in the range  
m   <  2mτ 

 
A0 

- 

BR(ϒ(1S) → γA0) x BR(A0 → gg) 
BR(ϒ(1S) → γA0) x BR(A0 → ss) 
 

- 



Summary and Outlook 
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• BABAR has seen no evidence for  
a CP-odd light Higgs boson 
– We set limits which constrain a wide  

range of the NMSSM parameter space 

 

• Analyses searching for A0 → cc and A0 → γγ in progress 
 

• Other Higgs hunting analyses at BABAR 

– Search for dark Higgs in e+e- → h’A’, h’ → A’A’  [PRL 108, 211801 (2012)] 

• The three A’s are reconstructed in 11 combinations of leptonic and hadronic modes 

– Work in progress: search for long-lived particles decaying through the 
Higgs-portal, into lepton or hadron pairs 

 

- 



Backup Slides 

Higgs Hunting, July 2014 15 Search for LoLiPs 



NMSSM 

• μ  is the supersymmetric Higgs-mass parameter 

• The NMSSM Higgs sector is characterized by 7 free parameters. Its potential is 
given by 

 

 

 

 

 

 

 

 

 

 

– Where Hu and Hd are the two MSSM Higgs doublets, and S is the additional gauge 
singlet chiral field 
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(taken from Pantelis Mitropoulos’s thesis) 



Other light Higgs searches 
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• CMS: gg → A0 → μ+μ-    (PRL 109 121801 2012) 

• Belle:  

– ϒ(1S,2S) → γ A0;  A0 → μ+μ- (preliminary) 

– ϒ(1S,2S) → γ A0;   A0 → τ+τ- (preliminary) 

Belle’s upper limits as presented at Lake Louise 2013 



Other light Higgs searches 
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m    [GeV/c2] 

m    [MeV/c2] 

• CLEO: 

– ϒ(1S) → γ A0;  A0 → μ+μ-  

– ϒ(1S) → γ A0;   A0 → τ+τ- 

A0 

A0 



Other light Higgs searches 
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• CMS results as 
presented 
yesterday by 
Felix 



Limits on the Yukawa coupling 
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• Limits on the Yukawa coupling  
between A0 and the b quark are  
set when combining the results of  
the following BABAR searches: 
 

• ϒ(1S)      → γ A0;  A0 → μ+μ- 

• ϒ(2S,3S) → γ A0;  A0 → μ+μ- 

 

   

PRD 87, 031102(R) 2013 

• ϒ(1S) → γ A0;   A0 → τ+τ-  

• ϒ(3S) → γ A0;   A0 → τ+τ-  

 

PRD 88, 071102 2013 

Χb(2P) 



A0 → μ+μ- : Event selection 1 
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A0 → μ+μ- : Event selection 2 
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A0 → μ+μ- : Systematics 
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A0 → τ+ τ- : Event selection 1 
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A0 → τ+ τ- : Event selection 2 
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ϒ(1S) → γA0 , A0 → τ+τ- 
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• Used two mass regions in order to achieve a balanced selection efficiency 
– Differences in the kinematics of each range call for two sets of selection criteria 

– Signal yield extracted similarly to A0 → μ+μ- 

– Bkg PDF is a combination of Chebyshev polynomials and Err functions 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

• The largest obtained significance is 3.0σ at m   = 8.93 GeV   

• Using pseudo-experiments, 7.5% probability of observing a 3.0σ+ fluctuation  

 

2.7σ 

3.0σ 

A0 



A0 → gg or ss : Event selection 
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A0 → gg or ss : Signal region and sidebands 
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A0 → gg or ss : Dipion tagging 
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• ϒ(1S)  dataset 

• Dipion tagging is done by: 
– Leptonic modes: full reconstruction of the decay process 

– Hadronic modes: selecting on the invariant  
mass recoiling from the dipions 

 

 
• Peaks at the ϒ(1S) mass 

• The backgrounds are low after  
a selection of 9.45 < mR < 9.47 GeV/c2 
 

 

PRD 88, 031701(R) (2013)  



mR
2  M(2S )

2 M
2 2M(2S )E

mY(1S)=9.4603 GeV 



ϒ(1S) → γA0 , A0 → gg or ss 
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• Mass windows are defined, centered at the hypothesis A0 mass, that 
contain 80% of the signal events. 

– Sideband regions are half of the mass window size adjacent to both sides of 
the mass window 

• The mass spectrum is scanned in 10 MeV steps, nsig = nwindow - nsidebands 

• The probability of seeing nsig or more, given nsidebands : 

 

The probability of seeing a 2.9σ fluctuation anywhere is 59%, calculated using simulated experiments 

Highest significance: 2.9σ 
Highest significance: 2.7σ 

A0 → gg A0 → ss 

- 

- 



Parameter space excluded by data 
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Dots = prediction at different masses 
Box = range of exclusion by data at different masses 

 

We reject the space above the boxes 
(horizontal location of boxes separated for visual purposes) 

0 < mA < 2mτ 

2mτ < mA < 7.5GeV 
7.5 < mA < 8.8GeV 
8.8 < mA < 9.2GeV 

μ+μ- τ+τ- PRD 81, 075003 (2010) 


